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Preface

Organoborane chemistry expanded very rapidly after the hydroboration pro-
cess developed by Nobel Laureate, Late Prof. Herbert C. Brown. Organoborane
intermediates can be converted to almost every class of functionality present in
organic molecules. This continent has contributed immensely for the welfare of
mankind and is continuing to do so.

Among the various hydroborating reagents, 9-borabicyclo[3.3.1]nonane di-
mer (9-BBN), has found the most extensive use because of its unique proper-
ties, convenient preparation, commercial availability and enormous synthetic
applications.

Many research papers and some review articles have been published on the
synthetic importance of 9-BBN and its derivatives, B-R-9-BBN. However, no
single manuscript is available on the burgeoning literature of B-R-9-BBN for the
convenient access to working chemists, teachers and students.

The aim of the book is to provide organoborane chemistry of B-R-9-BBN in a
fast, organized and illustrated, easily readable, and introductory fashion.

The second aim to prepare this book is to classify a variety of organic reac-
tions of B-R-9-BBN and describe these reactions in a clear manner so that or-
ganic chemists can use for the synthesis of intricate molecules.

I hope the book will stimulate the chemists to explore, further, the potential
of B-R-9-BBN intermediates for developing new synthetic methodologies and
in designing organic syntheses. It is my opinion that organization of topics of
the book will attract advanced organic chemistry students, industrial and aca-
demic chemists.

I am grateful to Prof. Akira Suzuki, Professor Emeritus, Hokkaido University,
Sapporo, Japan who introduced me to this subject and without his help it would
not have been possible to complete this book. I thank Prof. S. Hara of Hokkaido
University, Dr. (Ms.) V.K. Gautam, Dr. (Ms.) Shikha, Ms. Urvashi and my wife
Sukhjinder for their help. I also thank Editorial Board of Springer-Verlag for
their help and suggestions.

Ludhiana, January 2007 Ranyjit S. Dhillon
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1

Introduction

Hydroboration constitutes one of the most important and facile methods for the
synthesis of organoboranes from unsaturated compounds [1]. The organobo-
ranes serve as valuable intermediates for the synthesis of a wide variety of organic
compounds. Thus, there is a huge interest in exploring their chemistry, and the
hydroboration reactions of major significance in synthetic organic chemistry
have been reviewed [1-15]. Selective hydroboration with various hydroborating
agents and their application in organic synthesis has also been reviewed [16].
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2 General Remarks

The hydroboration of unhindered carbon-carbon double bonds with diborane
leads conveniently to trialkylboranes (Eq. 2.1).

RCH==CH, + BH; ——> (RCH,CH,);B (2.1)

The presence of another unhindered carbon-carbon double or triple bond
or functional group often affords a complex mixture of products resulting from
competing hydroboration. As a result, the hydroboration of dienes, enynes, or
functionally substituted alkenes produces a considerable amount of other prod-
ucts, which is highly undesirable for the subsequent utilization of the resulting
organoborane. In addition, the stereoselective addition of borane is very poor in
the absence of steric bulk, as shown:

Moreover, the regiochemistry of hydroboration of terminal, unhindered, al-
kene is only 94:6 in favor of the terminal position. The regioselectivity further
drops in cases where the carbon-carbon double bond is not surrounded by large
steric bulk.

RCH==CH, gy,
T """ (]
T <----80%

6% 94%
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In addition, in many synthetic reactions that involve trialkylboron, only one
or two alkyl groups are utilized, and this results in the loss of valuable alkyl
groups.

The competitive reduction of functional groups and the formation of minor
hydroboration products can be minimized by the use of disiamylborane (Sia,BH)
or other dialkylboranes as hydroborating agents instead of diborane [1-3]. How-
ever, these reagents are relatively unstable and must be freshly prepared prior
to use, a serious handicap for their utilization. The 9-borabicyclo[3.3.1]nonane
dimer (9-BBN),, which was first identified by Koster [4], has been found to be
an unusual dialkylborane with some valuable properties [5-8]. The utility of this
unusual heterocyclic dialkylborane, and the rearrangement of ate complexes of
it have been reviewed [6, 7]. Since then, 9-BBN has been extensively studied and
utilized by synthetic organic chemists. It has also been converted into various
derivatives for asymmetric reduction and other reactions. Among the various
hydroborating agents, 9-BBN has found the most extensive use in various reac-
tions due to its unique properties, thermal stability, and convenient prepara-
tion.
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3 Preparation and Properties

Koster [1] was the first to report the preparation, isolation, and characterization
of 9-borabicyclo[3.3.1]nonane as a dimer; (9-BBN), has been obtained from the
thermal disproportionation of tetra-n-propyldiborane and B-n-propyl-9-BBN
(Eq. 3.1). B-alkyl-9-BBN preparation is itself a two-step process, thus restricting
the utility of the 9-BBN for synthetic purposes.

AN A \
2 /B—n—Pr + n-PrB,H, — > 2 /B—H + 2(n-Pr);B

(3.1)

However, the direct and convenient synthesis of (9-BBN), has been reported
by Knights and Brown [2], and this development opened the door for its appli-
cation in hydroboration [2-5]. The synthesis involves the cyclic hydroboration
of 1,5-cyclooctadiene with a borane-tetrahydrofuran (THF) complex [2, 3] in a
1:1 ratio, followed by refluxing the mixture at 65 °C, thus producing a solution
containing (9-BBN), in ca. 90% yield.

In fact, the borane adds to 1,5-cyclooctadiene to afford 1,4- and 1,5-isomers
in a 30:70 mixture. With simple thermodynamic considerations, it is apparent
that the 1,4-isomer, which has a seven-membered ring fused to a five-membered
ring, is less stable. Consequently, the 1,4-addition product is easily isomerized to
the 1,5-isomer at 65 °C (Eq. 3.2). This process affords a microcrystalline prod-
uct with a melting point (m.p.) of 142 °C. This material is further purified by
vacuum sublimation, with an increase in m.p. to 152-155 °C [5].

9-BBN exists as the dimer [A] both in the vapor state and in a crystalline
solid state. The chair-chair conformation of the dimer and the B-H bridge has
been confirmed by spectral studies [5] and crystal structure determination [6].

IR (THEF): 1,490 (w), 1,567 (s) cm™. The IR of (9-BBN), exhibits a strong
absorption at 1,567 cm™! either as a mineral oil mull of the solid or in solution
(THE benzene, hexane), indicating a B-H bridge. This confirms that 9-BBN
must exist as the dimer [A]. '"H NMR (benzene-TMS) exhibits a broad singlet at
6 1.8. "B NMR (THF)® shows absorption at § —28 relative to external BF,-OEt,;
(benzene) at § -28 relative to external BF,-OEt, (broad singlet). The mass spec-
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HB

H-B B L
BH, THF 2 — / 1,4-Isomer (kinetic product)
_—>

THF, 0°C

65°C
1h

HB
1,5-Isomer (thermodynamic product)
65% yield

(3.2)

trum [5] (70 eV) shows a prominent cluster of peaks (m/e 242, 243, 244) in the
approximate ratio 1:8:16. This is the expected ratio of molecules containing two
boron atoms, since the natural abundance of '°B is 20% and that of ''B is 80%.

In solvents like carbon tetrachloride, hexane, benzene, and diethylether,
9-BBN exists exclusively as the dimer. However, in THF and Me,S an equilib-
rium between the (9-BBN), dimer and solvent-complexed 9-BBN monomer
(9-BBN-solvent) is observed [7]. From the kinetic studies (vide infra), it has
been proved that the 9-BBN monomer is actually the hydroborating agent. For
convenience, 9-BBN is represented in the shorthand notation as shown in [B].
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The preparation of (9-BBN), from BH,-THF suffers from some practical diffi-

culties:

1. The choice of BH,-THF as the reagent used for hydroboration necessarily
requires that THF be used as the reaction solvent.

2. (9-BBN), is significantly soluble in THF and exists in an equilibrium with a
9-BBN-THF complex (Eq. 3.3):

THF

(9-BBN), 2 9-BBN-THF (3.3)

3. The microcrystalline product (9-BBN), obtained from THF solvent occasion-
ally contains minor amounts of impurities which render it pyrophoric. These
factors, thus, diminish the yield and purity of 9-BBN.

The complexation of 9-BBN with basic solvents is summarized in Table 3.1 [8].

Table 3.1 Complexation of 9-BBN with basic solvents [8]

Base Complex (%) "B chemical shift (J'';_y)
THF 14 13.9 (~90 Hz)

SMe, 46 3.9 (107 Hz)

NC.H, 100 -0.7 (88 Hz)

The molar solubility of 9-BBN dimer is summarized in Table 3.2 [8].

Table 3.2 Molar solubility of dimeric 9-BBN in representative solvents [8]

Solvent Temperature

0°C 25°C
Monoglyme 0.01 0.07
Diglyme <0.01 0.04
1,4-Dioxane 0.03 0.07
1,3-Dioxolane <0.01 0.04
Diethyl ether 0.09 0.18
THF 0.12 0.29
CH,CI, 0.11 0.28
CHCL, 0.21 0.50
CCl, 0.15 0.36

Pentane 0.13 0.23
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Table 3.2 (Continued) Molar solubility of dimeric 9-BBN in representative solvents [8]

Solvent Temperature

0°C 25°C
Hexane 0.11 0.25
Benzene 0.19 0.36
Cyclohexane 0.03 0.08
Toluene 0.14 0.33
Dimethylsulfide - 0.6

These studies also reveal that the hydroboration of 1,5-cyclooctadiene using
borane-dimethylsulfide to prepare a solution of 9-BBN can be carried out in
solvents other than THF [9].

Consequently, an efficient route for the synthesis of a high purity crystalline
(9-BBN), dimer has been reported [8], and it has been found that 1,2-dime-
thoxyethane (monoglyme) possesses a major advantage as the reaction solvent
over THE. Accordingly, the cyclic hydroboration of 1,5-cyclooctadiene is car-
ried out in this solvent using a borane-methylsulfide complex as a hydrobo-
rating agent. Removal of dimethylsulfide yields 88% of 9-BBN dimer in large
crystal form, with more than 99% purity (m.p. 153-155 °C).

Brown and Mandal [10] have reported another convenient procedure for the
preparation of (9-BBN), using borane-1,4-thioxane (BOT) as the hydroborat-
ing reagent. BOT is readily synthesized [11] by adding diborane to 1,4-thioxane
(Eq. 3.4). It is a stable liquid at 25 °C and crystallizes out at 0 °C with a m.p.
of 11-15°C. Neat BOT is 8 M in borane. ''B NMR of BOT exhibits only one
absorption at § -23 (relative to BF,-OEt,), supporting the boron-sulfur coordi-
nation (BH,-SMe,, § -20.3; BH,-THE, 6 +1) [10] BOT as a neat reagent is indefi-
nitely stable at 0 °C.

250
BzHé + 2 0O S i’ 2 0 S°BH3

(3.4)
BOT

The hydroboration with BOT can be carried out in a wide variety of solvents,
such as THE diethylether, methylene chloride, and pentane, or with neat re-
agents at 0 or 25 °C.

1,5-Cyclooctadiene undergoes hydroboration in a 2-M THF solution of BOT.
The hydroboration is complete after 0.5 h at 25 °C, and thermal isomerization
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in refluxing THF leads to complete formation of 9-borabicyclo[3.3.1]nonane
after 1 h (Eq. 3.5). After completion of the reaction, the supernatant liquid is re-
moved, crystals are washed with pentane, and recrystallization from THF gives
pure (9-BBN), dimer (m.p. 153 °C).

(1) 25°C, 0.5h
THF
+ BH,'S O ————————» H—B
(2) Reflux, 1h

BOT

(3.5)

The neat reaction is performed by the addition of 1,5-cyclooctadiene to BOT
at 0 °C. Hydroboration is complete after 0.25 h at 0 °C and after 0.25 h at 25 °C.
After thermal isomerization at 165-170 °C for 1 h, 1,4-thioxane is distilled com-
pletely from the reaction mixture, leaving (9-BBN), as a pure, stable crystalline
solid. Both procedures afford (9-BBN), almost as a pure solid, which on recrys-
tallization from THE, affords (9-BBN), crystals, m.p. of 153 °C. Moreover, it is
now commercially available [12] in crystalline and in solution forms.

In an indirect method for the synthesis of 9-BBN, Brown and Kulkarni [13]
have revealed that exchange between borane-methylsulfide (BMS) and B-MeO-
9-BBN is effected to get 9-BBN and B(OMe), as the reaction products (Eq. 3.6).

3[B-Me0-9-BBN] + BH;-SMe, ——> %[9-BBN]2 + B(OMe),

(3.6)

1,2-Dimethoxyethane (MG) is a superior solvent for crystallization [8] of
9-BBN; Soderquist and Negron [14] reported the reaction of B-MeO-9-BBN
with H,B-SMe, in a 2:1 stoichiometry, employing MG as the reaction solvent to
afford 9-BBN in 93% yield (m.p. of 154-156 °C; Eq. 3.7).

2[B-Me0-9-BBN] + H,B-SMe, —Y » [9-BBN], + (McO),BH + (McO);B

(3.7)

Both crystalline 9-BBN and its solutions are indefinitely stable when stored
under an inert atmosphere, and no noticeable change in activity has been re-
corded even after more than 4 years. The stability of colorless, crystalline
(9-BBN), toward air oxidation is unique among dialkyl boranes. As a conse-
quence, a fresh, unopened bottle of commercial crystalline (9-BBN), can be
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opened in the air and the entire contents can be transferred rapidly to a nitrogen-
flushed flask with minor loss of activity. However, small amounts should not be
removed in air at frequent intervals, but must be weighed out and transferred
with approximately the same precautions and relative convenience accompany-
ing the utilization of sodium borohydride and lithium aluminum hydride. On
the other hand, 9-BBN in the solution form is very reactive to both water and
oxygen. Such a solution must be rigorously protected from the atmosphere for
both preparative and quantitative studies in the manner utilized in handling air-
sensitive reagents [15].

The inertness of crystalline (9-BBN), toward oxygen is due to the unusual
stability of the B-H-B bridge in the dimer and is supported by the observa-
tion that neat B-methoxy-9-BBN, solid B-chloro-9-BBN, and solid B-hydroxy-
9-BBN are all pyrophoric. Moreover, it is found that B-alkyl-9-BBN derivatives
are very reactive toward oxygen, more so than the corresponding trialkylbo-
ranes [16]. Hence, with the B-H-B bridge no longer present, the exposed boron
atom makes these derivatives of 9-BBN unusually reactive toward oxygen.

The boiling point of 9-BBN, 195 °C (12 mm), is unusually high in contrast
to dialkylboranes. Simple dialkylboranes dissociate and distill as the monomer,
whereas 9-BBN must distill as the dimer. Dissociation of the dimer is accom-
panied by an increase in C-B-C angle from 111.8 to 120°. Such an increase is
readily accommodated in acyclic dialkylboranes but would be resisted in the
rigid bicyclic structure. The unusual stability of the (9-BBN)), is reflected in the
chemistry of 9-BBN.

Another remarkable property of 9-BBN where it distinguishes itself from
other dialkylboranes is its thermal stability. 9-BBN can be distilled at 195 °C
(12 mm) or heated for 24 h at 200 °C under nitrogen, without loss of hydride
activity [2, 5], in sharp contrast to other dialkylboranes. For instance, dicyclo-
hexylborane decomposes at 180-200 °C, yielding cyclohexene and polymeric
boranes, and disiamylborane undergoes isomerization [5, 17] at 75 °C.

The 9-BBN and its 10 B-substituted derivatives have been examined and had
their structures confirmed by their "C NMR data [18]. 9-BBN, B-Cl-9-BBN,
B-OMe-9-BBN, B-t-Bu-9-BBN, and B-CH,-CH,SiMe,-9-BBN, exhibit *C NMR
signals that confirm that C-2, C-4, C-6, and C-8 ring carbon of the bicyclic sys-
tem are identical, and a separate second signal for C-3 and C-7 of the ring re-
veals the symmetric structure of these derivatives. The bulkier B-alkyl groups
containing a chiral center reveal different signals: one for C-2 and C-6, and the
second for C-4 and C-8, corresponding to the asymmetric environment of the
bicyclic structure (Table 3.3) [18].

U
X—B
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Table 3.3 "B and *C NMR spectral data for B-substituted derivatives of 9-BBN [18]. Spectra are
recorded in CDCI, solvent. No attempt is made to determine the chemical shifts of the very broad
signals attributed to B-bonded carbons

llB 13C
X (Compound) C-2,4,6,8 C-3,7 Other carbons®
H (1) 28 334 23.9
Cl(2) 81.5 34,2 23
OCH, (3) 53.2 33.1 23.2 53.3
CH,CH, (4) 88 332 23.4 8
CH,CHCH,CH, (5) 87.3 334 232 25.3,13.9
CH,CHCH(CH,), (6) 88.4 33.8 23.3 30, 23.7
33.6 21.2,10.9
C(CH,), (7) 85.8 336 232 25.9
CH,CHCH,CH, (8) 83.9 339 23.1 131.3,129.1
33.7 128.4, 125.7
14.3,1.1
CH,CH,Si(CH,), (9) 86.4 334 233 8.6, -2
CH(CH,)Si(CHS,), (10) 85.9 332 232 10.3,-0.9
32.7
CH,CH(CH,)Si(CH,),(11)  88.9 33.6 234 179,152
333 -3.6

*Assignments for the “other” carbons are made based on decoupling experiments. In the order
given in the table they are the following: 3, OCHj; 4, CH,; 5, CH,CH; (coincident signals); 6, CH,
3-CH,, 3-CH, 1-CH,; 7 CH; 8, aromatic (1, 3, 2, 4) CH,, CH,; 9, 2-CH,, Si(CH,);; 10, CH,,
Si(CH,); 11, CH,, CH, Si(CH,)..

9-BBN forms a stable isolable 1:1 complex with pyridine and exhibits in its
C spectrum the nonequivalence of two halves of the bicyclic ring system.

One of the two halves is syn to the pyridine ring, and the other is anti to
the pyridine ring. The C-2 and C-4 positions occupy a gauche relationship to
the pyridine, and these carbons correspond to the upfield signal at 29 ppm [19]
(Table 3.4).

Similarly, the B-CI-9-BBN derivative also forms a 1:1 complex with pyridine
and gives separate signals for syn and anti halves (relative to pyridine [Py]) of
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the 9-BBN ring system. Quaternary nitrogen exerts a slightly greater upfield ef-
fect than does chlorine; thus the C-2 and C-4 positions are assigned to 30.8-ppm
absorbance [19] (Table 3.4) [18]. The *C NMR spectrum of B-OCH,-9-BBN and
pyridine reveals incomplete formation of a 1:1 complex but full equivalence of
the two halves of the 9-BBN ring. The spectrum of B-Et-9-BBN shows the com-
plete formation of a 1:1 complex, and the *C spectrum reveals full equivalence
of the two halves, which is attributed to rapid dissociation and recombination
of the complex.

Table 3.4 "B and *C NMR spectral data for pyridine complexes of B-substituted derivatives of
9-BBN [18]. Spectra are recorded in CDCI, solvent. No attempt is made to determine the chemical
shifts of the very broad signals attributed to boron-bonded carbons

llB 13Ca

X (Compound) C-2,4,6,8 C-3,7 Py®

H (12) -0.7¢ 35.1 254 145.9, 138.8, 125.3
29 24.8

Cl(13) 9.5 31.9 23.9 145, 141.7, 126.3
30.8 23.7

CH,CH, (14) 1.3 31.6 25 146.3, 138.3, 124.8

CH,CHCH,CH, (15) 1.4 31.2 24.7 147, 137.9, 124.1

CH,CHCH(CH,), (16) 0.1 31.6 24.6 147.1,138.2, 124.4
31.2

CH,CH,Si(CH,), (17) 2.1 316 25.1 146.1, 138.3, 124.8

*Alkyl carbons are assigned as in Table 3.3. The corresponding signals (parts per million) are
observed at 8.5 (14); 24.7, 14.2 (1-CH,), 12.9 (4-CH,) (15); 26.3, 26.1, 18.1, 7.8 (16); 9.4, -1.7 (17).
®Order follows a, B, y.

‘Doublet, ] = 88 Hz.

However, with bulky groups such as t-Bu and 1-trimethylsilylethyl, the com-
plex formation with pyridine is incomplete, even with excess pyridine.

The BC NMR spectra of the interaction of 9-BBN with two series of amines
with regular increasing steric requirements are studied (1) for the role of strain
as a factor, (2) for the stability of addition compounds formed, and (3) for their
exchange with an amine. One set of a Py bases includes Py and 2-methyl-,
2-ethyl, 2-isopropyl-, and 2-tert butylpyridine; the second set is aliphatic amines
such as n-propylamine, isopropylamine, diethylamine, diisopropylamine, and
triethylamine, which are of increasing steric requirements and are examined for
their interaction with 9-BBN. Quinuclidine (QN), a base with relatively low ste-
ric requirements, is compared with triethylamine, a base with very large steric
requirements.

These two families of amines reveal four types of behavior: (1) formation
of stable complexes with no observable exchange, even with excess amine (Py,
n-PrNH,, i-PrNH,, Et,NH, QN); (2) formation of stable complexes with rapid
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exchange of amine (2-MePy); (3) formation of partially dissociated complexes
with rapid exchange (2-EtPy, 2-i-PrPy, i-Pr,NH); and (4) no detectable interac-
tion of 9-BBN with amine (2-t-BuPy, Et,N). These results are summarized in
Table 3.5 [20].

Table 3.5 Summary of *C NMR observations on the interaction of 9-BBN with amines [20]

Associated 100%, Associated 100%, Partially associated, ~ Not associated

no exchange rapid exchange rapid exchange

Py 2-MePy 2-EtPy 2-t-BuPy
2-i-PrPy

n-PrNH, i-Pr,NH EtL,N

i-PrNH,

Et,NH

QN

In general, there is a regular progression from (1) to (2) to (3) to (4) along
these four types of behavior, with increasing steric requirements in both series of
amines. Consequently, triethylamine fails to show any interaction with 9-BBN,
whereas QN forms a stable that does not exchange with excess amine. These
studies confirm the earlier results of the stabilities of these addition compounds
conducted with IR spectroscopic methods [21]. However, the *C NMR provides
considerable additional information about the exchange or lack of exchange in
addition compounds that are completely associated under the experimental con-
ditions. Consequently, the *C NMR method separates these compounds into
two separate classes, (1) and (2), providing a more sensitive probe into the effects
of steric strains over in systems where association is essentially complete.

Soderquist and Najafi [22] have reported the selective monoxidation of
B-substituted derivatives of 9-BBN to afford in good yield the exclusive forma-
tion of 9-oxa-10-borabicyclo[3.3.2]decane products (Eq. 3.8; Table 3.6). The re-
action proceeds smoothly using 1 equiv of anhydrous trimethylamine N-oxide
(TMANO) in CHCI, at 0 °C.

\ (0]
B—R TMANO > (3.8)
/ CHCI,, 0°C, 1h
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Table 3.6 Oxidation of B-substituted 9-BBN derivatives with 1 equiv of TMANO [22]

R of B-R-9-BBN Yield of isolated Reaction temp (°C)  Time (h)
9-oxa-10-borabicy-
clo[3.3.2] series?

Me 81 0 1
n-Hx 84 0 1
c-Hx 84 0 1
t-Bu 80 25 20
CH,SiMe, 93 0 1
C(SiMe,)=CHMe 87 0 1
2

OMe 85 0 1
O-(n-Hx) 86 0 1

“Reactions are carried out by the dropwise addition of a solution of TMANO in CHCI, to the
organoborane.

The reaction involves the exclusive ring B-C bond oxidation, and this specific
process has a conformational dependence. The selectivities are rationalized in
terms of the required antiperiplanar relationship of the B-C ring bond, which
undergoes oxidation (case 1).

Me3N)Q
O\ -_R +/O\ -~R
B Me;N B
XX
Case 1 Case 2

It is significant to mention that 9-oxa-10-borabicyclo[3.3.2]decane deriva-
tives, selectively, transfer only the alkyl group of B-alkyl and consequently, are
valuable intermediates in the syntheses of variety of compounds (vide infra).

Matos and Soderquist [23] reported the synthesis of (9-BBN-D), through
the reduction of MeO-9-BBN with LiAl(OEt)D,, and the latter facilitates the
separation of the 9-borata complex from the insoluble [AID(OMe)(OEt)],
(Eq. 3.9) [24]. The treatment of the borohydride with TMSCI affords crystalline
(9-BBN-D), in a 31% yield.
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D._ _D
MeO-9-BBN 1Y &8
LiAI(OEt)D >
HALOEOD; “[DAI(OMe)(OED)], v (3.9)
MG |TMSCI, 31%
(9-BBN-D)2
References

(a) Koster R (1960) Angew Chem 72:626; (b) Koster R, Griaznov G (1961) Angew Chem
73:171

Knights EE, Brown HC (1968) ] Am Chem Soc 90:5280

Soderquist JA, Negron A (1991) Org Synth 70:169

In sharp contrast, 1,5-cyclooctadiene on hydroboration with equimolar amount of thexylbo-
rane followed by oxidation gives an 80:20 mixture of cis-1,4- and cis-1,5-cyclooctanediols in
93% yield. Brown HC, Neigishi E J (1972) Am Chem Soc 94:3567

Brown HC, Knights EF, Scouten CG (1974) ] Am Chem Soc 96:7765

Brauer DJ, Kruger C (1973) Acta Crystallogr B 29:1684

Brown HC, Wang KK, Scouten CG (1980) Proc Natl Acad Sci USA 77:698

Soderquist JA, Brown HC (1981) ] Org Chem 46:4599

Brown HC, Mandal AK, Kulkarni SU (1977) ] Org Chem 42:1392

Brown HC, Mandal AK (1992) ] Org Chem 57:4970

Brown HC, Mandal AK (1980) Synthesis 153

Aldrich Chemical, Milwaukee, Wisconsin

Brown HC, Kulkarni SU (1979) ] Organomet Chem 168:281

Soderquist JA, Negron A (1987) ] Org Chem 52:3441

Lane CE, Kramer GW (1977) Aldrichim Acta 10:11

Brown HC, Midland MM (1971) Chem Commun 699

Brown HC, Zweifel G (1966) ] Am Chem Soc 88:1433

Brown HC, Soderquist JA (1980) ] Org Chem 45:846

Wehrli FW, Wirthlin T (1976) Interpretation of carbon-13 NMR spectra. Heyden, London
Brown HC, Wang KK (1980) ] Org Chem 45:1748

Brown HC, Wang KK (1979) Recl Trav Chim Pays Bas 98:117

Soderquist JA, Najafi MR (1986) ] Org Chem 51:1330

Matos K, Soderquist JA (1998) J Org Chem 63:461

Singaram B, Cole TE, Brown HC (1984) Organometallics 3:1520



4 Kinetic Studies

Kinetic studies provide valuable information in the areas of both mechanistic
and synthetic chemistry concerning the effects of substituents in alkenes and
alkynes. The effects of substituents that donate or withdraw or polarize electrons
of C=C or C=C provide information regarding the mechanism of hydrobora-
tion. On the other hand, relative rates of hydroboration of substituted or un-
substituted C=C or C=C give synthetic chemists improved means of predicting
the selective hydroboration of C=C or C=C or their functionalized derivatives.
9-BBN has proven to be the best candidate for the investigation of mechanism
and kinetics of hydroboration because:

1. It has high thermal stability and purity.

2. Itis convenient to handle compared to other boranes as it has lower sensitiv-
ity to oxygen and water vapors.

3. With only one center per boron, its overall reaction with an alkene involves
only one dissociation step and one hydroboration step; in contrast, borane
(BH,) has three consecutive addition reactions, three redistribution equilib-
ria, and five monomer-dimer equilibria [1].

4. 9-BBN reactions can be studied in solvents such as carbon tetrachloride,
cyclohexane, and benzene whereas 9-BBN exists exclusively as dimer, thus
eliminating complexation [2] with solvents and simplifying the kinetics.

5. 9-BBN is highly regio- and stereoselective, which assures the study of only
one reaction.

6. In addition, the progress of the reaction can easily be monitored via IR
where disappearance of the 1,570 cm™ absorption of bridged B-H bonds
occurs.

Consequently, kinetic studies of 9-BBN have yielded very useful data for its
relative reactivity toward various types of unsaturation and the effect of solvent
on the reaction.

It is significant to mention that in compounds that display first-order kinet-
ics, the values differ in THF and CCl, solvents. The first-order rate constant in
THEF is about 10 times that in CCl, solvent. This is due to the catalytic effect of
THEF [3] on the (9-BBN), dimer that breaks the B-H bridge bond [4].
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4.1
Hydroboration Kinetics of Alkenes

The hydroboration reactions of (9-BBN), with more reactive olefins have been
found to be the first-order kinetics (Eq. 4.1) [1].

d[(9-BBN
- OB po-N) ) 1)
and three-halves kinetics, with less reactive olefins (Eq. 4.2) [2].

_@ — k. [(9-BBN), | [olefin] (4.2)

3
2

The kinetics for hydroboration of alkenes are conducted in various solvents
such as carbon tetrachloride, hexane, cyclohexane, benzene, and THE 9-BBN
exists predominantly as the dimer (9-BBN), [2]. After the addition of olefins,
at 25 °C, the aliquots from the reaction mixture are removed after appropri-
ate intervals of time, quenched with an excess methanol, and analyzed by GLC
for residual olefin. All operations are performed under nitrogen until identical
rates are observed for more reactive olefins such as 1-hexene, 2-methyl-1-pen-
tene, 3,3-dimethyl-1-butene, and cyclopentene, and variation of olefin concen-
tration does not alter the rate. These results establish that the reaction is first
order (Eq. 4.1). Typical data for cyclopentene and cyclohexene are presented in
Table 4.1 [1].

Table 4.1 Rate data and rate constants for the hydroboration of cyclopentene (0.400 M) and cyclo-
hexene (0.400 M) with (9-BBN), (0.200 M) in carbon tetrachloride at 25 °C [1]

Time (s)  Cyclopentene®  10%k,’s™ Time (s)  Cyclohexene®  10%k;,,°
M) M) e
mol 25!
0 0.400 0 0.400

298 0.382 1.50 6,001 0.339 0.321
1,205 0.332 1.54 15,380 0.262 0.343
2,713 0.263 1.55 21,605 0.225 0.344
4,540 0.202 1.51 42,494 0.148 0.338
6,297 0.153 1.52 61,769 0.108 0.336
9,001 0.102 1.52 72,007 0.096 0.324

2 Concentration of (9-BBN), is one half that of olefin.
b Calculated from the equations



4.1 Hydroboration Kinetics of Alkenes 19

kyt = In[ 4 T and ky, 1 = \2[(b-2x) Vi p A (4.3)

where b is the initial concentration of olefin and b-2x is the concentration at
time (¢).

The first-order rate constants are quite similar in solvents other than THE,
which are 1.52 in CCl,, 1.97 in hexane, 1.52 in cyclohexane, and 1.95 in benzene,
and 2 in diethylether. However, in THE k, is considerably larger, at 10.8.

The less reactive olefins such as cyclohexene, 1-methylcyclohexene, and 2,3-
dimethyl-2-butene exhibit rates that are slower and vary with concentration and
the structure of individual olefins. The kinetics establishes these reactions to
be first order in olefins and one-half order in the 9-BBN dimer (Eq. 4.2). The
calculated three-halves-order rate constants also do not change as the reaction
proceeds. The rate constants observed both for the first-order and three-halves-
order kinetics are summarized in Table 4.2 [1].

These studies unequivocally establish that the hydroboration of alkenes with
(9-BBN), proceeds through the prior dissociation of the dimer to the monomer
(Eq. 4.4), followed by the reaction of monomer with the unsaturated substrate
(Eq. 4.5).

k

(9-BBN), — 2 9-BBN (4.4)
1
kZ

9-BBN + alkene ——2— B-alkyl-9-BBN (4.5)

Table 4.2 First-order- and three-halves-order rate constants for the hydroboration of representa-
tive olefins with (9-BBN), in carbon tetrachloride at 25 °C [1]

Olefin® 10%;,, s! 10% k), 2 M2 571
1-Hexene 1.54

2-Methyl-1-pentene 1.53

3,3-Dimethyl-1-butene 1.45

Cyclopentene® 1.52

Cyclohexene® 0.323
1-Methylcyclohexene 0.051
2,3-Dimethyl-2-butene 0.02

* Rate constants in table are for initial concentration of olefin (0.4 M), and (9-BBN), (0.2 M).

® Variation of the initial concentrations of the olefin and (9-BBN), do not change the observed
rate constants, significantly: cyclopentene (0.4 M), (9-BBN), (0.1 M), 10*k, 1.58; cyclopentene
(0.2 M), (9-BBN), (0.1 M), 10*k, 1.58; cyclohexene (0.4 M), (9-BBN), (0.1 M), 10%k,,, 0.324;
cyclohexene (0.2 M), (9-BBN), (0.1 M), 10*k;, 0.345.
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This mechanism leads to the following kinetic expression (Eq. 4.6) utilizing
the usual steady state approximation.

B d[(9-B]§N)2] _ k, [O-BBN)] ( 1k, [olet:m] J (4.6)
t k., [9—BBN] + 1k, [olefin]

If 1/2k, [olefin] >> k_, [9-BBN] Eq. 4.6 reduces to Eq. 4.1, the reaction be-
haves like a unimolecular reaction and exhibits first-order kinetics. However, if
1/2k, [olefin] << k_, [9-BBN], Eq. 4.6 reduces to Eq. 4.2. The reaction exhibits
three-halves-order kinetics. Consequently, kinetics reveals that the hydrobora-
tion with dimeric 9-BBN of representative alkenes proceeds through prior dis-
sociation of the dimer to the monomer, leading to simplified kinetic expression,
as expressed in Eqs. 4.1 and 4.2 for reactive alkenes and for less reactive alkenes,
respectively. However, for olefins like 2-methyl-2-butene and cis-3-hexene 1/2 k,
[olefin]=k_, [9-BBN], and the kinetics fail to follow the simplified rate expres-
sion Egs. 4.1 and 4.2.

To test the proposed dissociation mechanism with (9-BBN),, a detailed study
is conducted using quantitative IR spectrometry [3]. (9-BBN), exhibits a very
strong IR absorption at 1,570 cm™ due to B-H bridges [4]. This method is conve-
nient and more reliable and thus has an advantage over tedious GLC analyses.

The hydroboration kinetics are studied by addition of alkenes to the solu-
tion of (9-BBN), in the solvent maintained at 25 °C. The reaction mixtures are
pumped through a sodium chloride IR cell. The rates of the disappearance of
B-H bridges of (9-BBN), at 1,570 cm™ are monitored by quantitative IR spec-
trometry. The absorbance is recorded on chart paper.

In IR studies, an exponentially decaying curve of the absorbance of B-H
bridges is noticed which also reveals that the reaction follows first-order kinet-
ics. Six representative points on the exponentially decaying curve are calculated
(Table 4.3) [3].

[(9-BBN),],= [(9-BBN),], [ 2] (4.7)

where [(9-BBN),], is the initial concentration of (9-BBN), and [(9-BBN),], is its
concentration at time #; a is the initial absorbance; c, is the absorbance at time t;
and b is the background absorbance

kot =27 [(b-2x) /b (4.8)

where b is the initial concentration of cyclopentene and b-2x, is the concentra-
tion at time ¢.
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Table 4.3 Rate data and rate constants for the hydroboration of cyclopentene (0.4 M) with (9-BBN),
(0.2 M) in CCl, at 25 °C [3]

t [(9-BBN), ] [Cyclopentene] 10k
(s) (M) (M) (s
0 0.2 0.4 -

500 0.185 0.370 1.55
1,000 0.173 0.346 1.46
3,000 0.131 0.262 1.42
5,000 0.096 0.191 1.48
7,000 0.07 0.139 1.5
9,000 0.05 0.1 1.54

* Calculated from Eq. 4.7
® Calculated by Eq. 4.8.
< The three-halves-order rate constant obtained by the quenching method, is 0.323x10* M2 5!

The first-order constants remain essentially the same with varying initial
concentrations of (9-BBN), and cyclopentene (Table 4.4) [3].

The IR exponentially decaying curve for various more reactive alkenes in dif-
ferent solvents (Table 4.5) [3] also shows a good agreement with the correspond-
ing first-order rate constants realized by the quenching method.

Table 4.4 Effect of concentration on the rate constants for the hydroboration of cyclopentene, cy-
clohexene, and cis-3-hexene with (9-BBN), in carbon tetrachloride at 25 °C [3]

Initial concentration 10%k, 10%ks), 10%k,?
) (C) M) (MTsT
Alkene (9-BBN),

Cyclopentene 0.4 0.2 1.54 241 7.76
0.4 0.1 1.58 1.21 4.81
0.2 0.1 1.58 3.54 16.4

Cyclohexene 0.4 0.2 0.194 0.314 1.05
0.4 0.1 0.456 0.324 1.58
0.2 0.1 0.176 0.345 1.37

cis-3-Hexene® 0.4 0.2 1.07 1.69 5.52
0.4 0.1 1.45 1.08 4.75
0.2 0.1 0.925 2.07 9.49

* The kinetic data do not fit well to any of the integrated kinetic expressions.
b The second-order rate constants.
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Table 4.5 First-order rate constants for the hydroboration of representative alkenes with (9-BBN),
in various solvents at 25 °C [3]

Alkene 10k,

(C)

CCl, THF Cyclohexane Benzene Et,0
1-Hexene 1.54 (1.53)* 13.9(14.2)* 151 (1.45)*  2.05 2.83
2-Methyl-1-pentene 146 (1.54)  13.7(143)  1.51(1.51) 1.99 2.81
3,3-Dimethyl-1-butene  1.45 (1.45) 14 (13.2) 1.48 (1.43) 2.02 2.80
Cyclopentene 1.54 (1.52) 11.8 (10.8)>  1.46 (1.52) 2.06 2.77

2 Numbers in parentheses are from quenching method.
b The reaction is not a clean first-order reaction.

The kinetic data obtained by quantitative IR spectrometry also reveal that for
more reactive alkenes (cyclopentene, 2-methyl-1-pentene, 1-hexene, and 3,3-
dimethyl-1-butene), the rate-determining step is the dissociation of the dimer,
thereby showing first-order kinetics (Eq. 4.1). For the less reactive alkenes such
as cyclohexene, the reaction of monomer also becomes the rate-determining
step, and thus exhibits three-halves-order kinetics (Eq. 4.2; Table 4.6) [3], first
order in cyclohexene, and half order in (9-BBN),. For certain alkenes such as 2-
methyl-2-butene and cis-3-hexene, neither of these two steps are a decisive rate-
determining step. Therefore, the reaction exhibits intermediate kinetic behavior
between that of first-order and three-halves-order kinetics.

Table 4.6 Rate data and rate constants for the hydroboration of cyclohexene (0.400 M) with
(9-BBN), (0.200 M) in carbon tetrachloride at 25 °C [3]

t (9-BBN),* Cyclohexene 10%k;),,><
(s) M) M) (M5
0 0.200 0.400 -
12,000 0.148 0.295 0.307
18,000 0.129 0.258 0.304
24,000 0.114 0.228 0.303
30,000 0.101 0.202 0.303
42,000 0.081 0.161 0.308
72,000 0.049 0.098 0.316

2 Calculated from Eq. 4.7.
b Calculated from Eq. 4.8.
¢ The three-halves-order rate constant obtained by the quenching method is 0.323x10* M5!
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The reported 9-BBN preference for trans isomer [5], on reinvestigation via
the kinetics of regiospecificity hydroboration of isomeric cis- and trans-alkenes
by 9-BBN in THE, reveal that 9-BBN predictably hydroborates neither the cis
nor the trans isomer selectively (Table 4.7) [6]. These isomers obey three-halves-

order kinetic, first order in alkene, and half order in (9-BBN),.

Table 4.7 Relative reactivities and rate constants for the hydroboration via 9-BBN of several cis-
trans pairs at 25 °C in THF solvent [6]

Alkene Structure Relative  k,/k,... k,(cis)/ 10%k,),
reactivity ks, (trans)  (M™*s7)
1-Hexene — 100 14.3
\/\/_ (first order)
cis-3-Hexene —\_/— 0.68 2.1 1.7 4.53
trans-3-Hexene _\:\_ 0.32 2.65
cis-4-Methyl-2-pentene \_>/ 0.53 4.20
trans-4-Methyl-2-pentene \_>\ 016 33 33 1.28
cis-1-Phenylpropene Ph , 0.024 0.39 0.39 0.227
Ph
trans-1-Phenylpropene \:\ 0.062 0.579
cis-2,5-Dimethyl-3-hexene \<_>/ 0.0017 0.076 0.6 0.011
trans-2,5-Dimethyl-3-hexene \<_>\ 0.022 0.183
cis-1,4-Dichloro-2-butene Cl—/=\—Cl 0.0144 4.4 2.3 0.218
cl
trans-1,4-Dichloro-2-butene _\=\_ 0.0033 0.096
a
is-1-Chloro-1-but - 0.0093 3 2 0.115
cis oro-1-butene Cl/_\—
Cl
trans-1-Chloro-1-butene 0.0031 0.058

!
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The bulkier groups, because of greater steric requirements, preferably direct
hydroboration at the less hindered carbon (Chart 4.1) [6] except in the case of 1-
phenylpropene. Also the directive influence is less in trans isomers of alkenes.

66 34 99 0.1 99.6 04

Ly #/J ¢ 'y
I\

99¢.8 342 95 1 d 17¢5 32.5 2 96.8
/1 /:}/ -

Chart4.1

w
-

The C-4 Me in an alkene (Chart 4.1) increases the placement of boron at the
C-2 position and also decreases the rate of hydroboration (Chart 4.2). Appar-
ently, the steric effect and hyperconjugation by the methyl group, which would
tend to direct hydroboration to the C-3 position, are outweighed due to steric
effects of the alkyl group.

100 61 59

Chart4.2

However, 1-phenylpropene undergoes hydroboration at the C-1 position.
This is not what one would expect based on the steric effect of a phenyl group.
This is because of the combined effects of phenyl conjugation (-K) and methyl
hyperconjugation (+K), which act to decrease the amount of electron density at
the C-2 position and to increase it at the C-1 position (Fig. 4.1) [6]. Evidently,
these mesomeric effects are strong enough to override the steric effects of the
phenyl group.

The directing effect of bulkier alkyl groups is pronounced in cis-alkene due to
their nonplanar geometry as compared to trans-alkene. This allyl strain in cis-
alkene is termed the A®¥ strain [7]. Consequently, the trans isomer of 1-phenyl-
propene and trans-2,4-dimethyl-3-hexene isomers react at a faster rate than do
the corresponding cis isomers (Chart 4.3) [6].
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Fig. 4.1 Diagram to show combined effects of phenyl conjugation (-K) and methyl hyperconjuga-
tion (+K) in 1-phenylpropene [6]

2
— — o=
E—
39 100

O — O TS

7 100

Chart4.3

Rotation of phenyl group out of the plane of n-electron cloud, which disrupts
phenyl conjugation in cis-1-phenylpropene, is supported due to the greater hy-
droboration at the C-2-postion (17.5%), than in the trans isomer (3.2%). How-
ever, the rate-retarding steric effects of phenyl rotation prevail.

In the styrene system, the rate-increasing effects of C-2-Me are larger. Here
the A®? strain [7] causes rotation of the phenyl ring out of the plane of the 7 sys-
tem, disrupting the rate-retarding phenyl conjugation. Consequently, 2-methyl
substitution in this system causes a larger rate increase than it does in 1-hexene.
In this system, steric and hyperconjugative effects work together and direct hy-
droboration to C-1. Evidently, methyl hyperconjugation (+K) and removal of
phenyl conjugation (-K) act together to override the steric effects due to phenyl
rotation.
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© B0

is seen that C-2-methyl substitution in open-chain olefins increases the
relative reactivity by a factor of about 2 due to hyperconjugative effects [8].

Ny

1.00

On the other hand [6], in cyclic systems such as cyclopentene and cyclohex-
ene, identical methyl substitution retards the rate of hydroboration. In a cyclic
system, the steric retardation by methyl far outweighs the hyperconjugative con-
tribution. Here, the interaction between the methyl group and a-methylene unit
causes rotation of the methyl group, disrupting the hyperconjugation, which
otherwise contributes to rate enhancement. In the case of an ethyl group, the
steric interaction with a-methylene causes the rotation of the ethyl group so that
the terminal methyl group is moved away. By doing so, some hyperconjugation
is gained. The following representations indicate the kind of interactions that
are responsible for these phenomena [6

o o O

1.00 0.261 0.421
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The reaction rate is governed by two electronic modes [8, 9], inductive (I)
and conjugative (K), and by steric effect. In most cases increasing steric effect
decreases the reaction rate (Chart 4.4).

100 0.68
Chart4.4
However, in -substituted olefins, the steric effect is slightly overridden by

the inductive and hyperconjugation of the methyl group to place more electron
density [10] at C-1 than at C-2 (Chart 4.5).

| | N

6+

100 Induction 57

Hyperconjugation

Chart 4.5

The results are summarized in Table 4.8 [8].

The effect of an alkyl group, o, on the site of hydroboration is different than if it
is B. B-Substituent (type A) increases the reaction rate by factor of ~1.87, whereas
alkyl substituent a (type B) lowers the rate of reaction by an average of ~170.
The calculation, e.g., for three alkyl substituents, two a and one p, to the site of
hydroboration are done as (f‘;;ﬂ‘f;‘.f =42 —1 56x10* (rate reduction). The estimate
is in good agreement with the experimentally observed effect of |1.64x10* (rate

reduction).

4.2
Hydroboration Kinetics of Alkynes

The hydroboration of alkynes with (9-BBN), exhibits kinetics similar to those
for the hydroboration of alkenes. The kinetics are studied (1) by pumping the
reaction mixture through a sodium chloride IR cell and monitoring the disap-
pearance of B-H bridges of (9-BBN), at 1,570 cm™ by quantitative IR spectrom-
etry [1]; and (2) by quenching the aliquots of the reaction mixture periodically
with excess methanol and analyzing by GLC for residual alkyne. For the more
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Table 4.9 First-order rate constants for the hydroboration of alkynes with (9-BBN), in various sol-
vents at 25 °C [2]

10*k, (s™)
Alkyne THF Cdl, Cyclohexane  Benzene
1-Hexyne 14.1 1.52 1.48 1.98
3-Methyl-1-butyne 14 - - -
Cyclohexylethyne 14.3 - - -
3,3-Dimethyl-1-butyne 13.9 - - -

reactive alkynes such as 1-hexyne, 3-methyl-1-butyne, cyclohexylethyne, and
3,3-dimethyl-1-butyne, each reaction exhibits first-order kinetics, first order in
(9-BBN), only, and the data are summarized in Table 4.9 [2].

Apparently, in these solvents (Table 4.9) [2], the rate of dissociation of 9-BBN
dimer is the rate-determining step. The much higher first-order rate constant in
THEF is of immense interest.

Although the hydroborations of 1-hexyne, 3-methyl-1-butyne, 3,3-dimethyl-
1-butyne, and cyclohexylethyne all exhibit the same first-order rate of reaction,
they have very different relative reactivities toward (9-BBN), (Table 4.10) [2].

The relative reactivities obtained by the competitive studies are the relative
values of k, of the alkynes. The fact that these alkynes exhibit different k, val-
ues, and yet have almost identical k, values, further supports the dissociation
mechanism.

Table 4.10 Relative reactivities of representative alkynes and alkenes toward (9-BBN),, Sia,BH, and
HBBr,"SMe, at 25 °C [2]

Alkyne or alkene Relative reactivity

THF, (9-BBN),  THE, Sia,BH CH,Cl,, HBBr,-SMe,

1-Hexene 100 100 100

(of 1-Octene)
cis-3-Hexene 0.68 1.85 20

(of cis-4-Octene)
1-Hexyne 15.3 373 290
1-Decyne 18 - -
3-Methyl-1-butyne 48.5 - -
3,3-Dimethyl-1-butyne 86 - -
Cyclohexylethyne 41 - -
Phenylethyne 1.41 - -
3-Hexyne 0.64 225 5,900
4,4-Dimethyl-2-pentyne 0.63 - -

Diphenylethyne 1.77x107 - -
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It is clear from Table 4.10 that unlike the corresponding alkenes, the branching
in terminal alkynes at the 3 position increases the relative reactivity in the follow-
ing order: 1-hexyne < 3-methyl-1-butyne < 3,3-dimethyl-1-butyne. On the other
hand, the relative reactivities of corresponding alkenes decrease with branching in
the following order: 1-hexene > 3-methyl-1-butene > 3,3-dimethyl-1-butene [3].

The rate of hydroboration of diphenylethyne, with (9-BBN), is slower than
that of 1-hexyne in CCl, at 25 °C. The reaction exhibits three-halves-order ki-
netics, first order in diphenylethyne and one-half order in (9-BBN),. The kinetic
behavior; intermediate between first order and three-halves order is observed
with phenylethyne in CCl, at 25 °C, which is between that of 1-hexyne and
diphenylethyne.

It is important to note that unlike the disiamylborane dimer [4] and the dibro-
moborane-dimethylsulfide complex [5], (9-BBN), does not exhibit a large in-
crease of relative reactivities toward alkynes. The relative reactivity of 1-hexyne
is only one seventh that of 1-hexene, and 3-hexyne shows about the same rela-
tive reactivity as does cis-3-hexene. Consequently, one can selectively hydrobo-
rate the terminal alkene in the presence of internal alkyne [6].

4.2.1
Relative Rates between Monohydroboration
and Dihydroboration of Alkynes

Unlike the disiamylborane dimer [4] and the dicyclohexylborane dimer [7],
the hydroboration of a terminal alkyne, such as 1-hexyne with equimolar ratio
of 9-BBN produces, also, a considerable percentage of gem dibora derivatives
(Scheme 4.1, Eq. 4.10) [8].

Sia,BH R _H
—_— C —
H~ \BSia2
R—C=CH—
ChX2 BH R\ /H
I — _

C=
H/ \BChX2
R = CgHs; CH3; ¢ ) :C(CH3)= CHj
Scheme 4.1

The studies reveal that the ratio between k, (Eq. 4.9) and k,' (Eq. 4.10) for
terminal alkynes is relatively small, and this ratio for internal alkynes is much
larger (Table 4.11) [2] and thus explains the much larger percentage of dihy-
droboration for terminal alkynes. In fact, the percentage of mono- and dihy-
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droboration are in direct correlation with k,/k',. A computer program using the
Runga-Kutta numerical method [9] is written to establish the k,/ k', relationship
[2]. The correlation between f* and the percentage of monohydroboration is ob-
tained by this calculation method.

H,C(CHy)y~___H
9-BBN 4+ CH,CH),C=CH  —2 5 2;>—<B< )

(4.9)

k )

9-BBN + H3C(CH2)3>:<H/ M, CH,(CH,),CH
H B\ \B/)

(4.10)

Table 4.11 Relative rates between mono- and dihydroboration of alkynes with (9-BBN), in THF
at 25 °C [2]

Alkyne Relative rate k,/k',
1-Hexyne 1.92
3-Hexyne 193

The calculated and experimental data [2] for mono- and dihydroboration
during the entire reaction of 1-hexyne are in good agreement.

The data reveal [2] that 6 equiv at 25 °C (2 equivat 0 °C) of 1-hexyne is required
to achieve 90% monohydroboration. These calculations are extended to other al-
kynes. The above information is very useful for synthetic application and one can
calculate the amount of excess alkyne required to achieve a relatively clean mono-
hydroboration [2].

4.3
Hydroboration Kinetics of Haloalkenes

Allylic haloalkenes with terminal C=C undergo hydroboration primarily at C-1
position, whereas all other haloalkenes place boron on the carbon f to the halo-
gen. However, the product undergoes rapid elimination of B-halo-9-BBN, fol-
lowed by rapid rehydroboration with another 9-BBN as shown in Scheme 4.2. It
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is important to mention that in the reaction of 1 equiv of each of haloalkene and
9-BBN, no haloalkyl-9-BBN is detected by "B NMR spectroscopy.

§
>:B¥Ha1 + 9-BBN —> BD — >t Hal—B<>

Hal
> ) — >
AN
N\
Scheme 4.2

The kinetic results of haloalkenes and their unsubstituted parent compounds
are summarized in Table 4.12 [1].

Table 4.12 Relative reactivities and rate constants for the hydroboration of haloalkenes and their
parent compounds in CCl, and THF at 25 °C [1]

Alkene Relative 10*k,, s or 10*k;,, M5!
reactivities
CCl, THF
2-Methyl-1-pentene 196 1.53 14.3 First-order kinetics
1-Hexene 100 1.54 14.2
Methallyl chloride 13.6 1.65 13.5
Allyl iodide 7.1 1.63 13.6*
Allyl bromide 4.6 1.57 120
Allyl chloride 4 1.55 12.3
2-Methyl-2-butene 1.13 - 6.91°  Intermediate kinetics
cis-3-Hexene 0.68 = 4.53
1-Chloro-3-methyl-2-butene 0.64 - 3.34
1-Bromo-3-methyl-2-butene 0.61 - 2.90
trans-3-Hexene 0.32 - 2.65
cis-1,4-Dichloro-2-butene 0.0144 0.161 0.218
cis-1-Chloro-1-butene 0.0093 - 0.115
2,3-Dimethyl-2-butene 0.0061 0.02 0.049  Three-halves-
order kinetics
trans-1,4-Dichloro-2-butene 0.0033 0.024 0.048
trans-1-Chloro-1-butene 0.0031 - 0.029

* The reaction displays at least some intermediate behavior in the indicated solvent.

The results of Table 4.12 [1] reveal that terminal haloalkenes with an unhin-
dered end of double bond are faster reacting, and these display first-order kinet-
ics. Most of the haloalkenes with internal C=C follow kinetics of three-halves
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order, first order in haloalkenes, and one-half order in (9-BBN),. Several of
other haloalkenes display intermediate kinetic behavior.

Like the other slower reacting haloalkenes, the first hydroboration of the
compounds is followed by rapid elimination and rehydroboration and displays
three-halves-order kinetics. Apparently, the first hydroboration is rate deter-
mining, with elimination and rehydroboration taking place at a much faster rate
(Eqgs. 4.11-13).

(9-BBN), P 2 9-BBN
- (4.11)
k
9-BBN + haloalkene ——» B-haloalkyl-9-BBN
. o fast . oo (4.12)
B-haloalkyl-9-BBN — > alkene + B-halo-9-BBN :
9-BBN + alkene —fast > p_alkyl-9-BBN (4.13)

To compare the rate of hydroboration for compounds that undergo elimina-
tion-rehydroboration with that of the other haloalkenes, the rate of first hy-
droboration step (Eq. 4.11) must be determined. This is obtained by the follow-
ing kinetic expression (Eq. 4.14).

-d[(9-BBN),]
dr

~ K [(9-BBN),] ( ] J (4.14)
1

[9-BBN] + k,[haloalkene]

If k, [haloalkene] >> k, [9-BBN], Eq. 4.14 reduces to Eq. 4.1. If k, [halo-
alkene]<<k_, [9-BBN], three-halves-order rate expression is represented by
Eq. 4.15.

-d[(9-BBN),]

- i P (4.15)
% 2k ¥ [(9-BBN),]/2 [haloalkene]

where k;), is the three-halves-order rate constants for hydroboration of unsubsti-
tuted alkenes. From the above equations and approximations, the three-halves-
order rate expressions for the substituted and unsubstituted cases differ only by
a factor of 2. Consequently, rate constants of the first hydroboration step can be
calculated for compounds that exhibit rapid elimination-rehydroboration.
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Table 4.13 Effect of halogen substitution on the relative reactivity of alkenes in hydroboration with
(9-BBN), [1]

Haloalkene Parent Type of  Position of  Factor by which
halogen hydrobora- relative reactivity of
tion relative haloalkene is lowered
tohalogen ClBrl
— — Allylic 25 21.7 14.1
_\— Hal 7 v
_Q Hal {/\ Allylic 13.6
— > —\ Allylic 177 1.85
>_\— Hal Y P
— — Allylic , 48
Hal—/_\—Hal —/_\— Y Py
Hal
H = Allylic B,y 100
Hal
—/ - — Vinylic f 73
- - Vinylic 103
Rﬁal S e

On comparing the relative reactivity of a haloalkene with that of a parent
compound, the effect of halogen substituent has been determined (Table 4.13)
[1].

The electronic effects become significant in allyl halides. The CI, Br, or I sub-
stituent at the y position (allyl halides) has a rate reducing effect of 25, 21.7, or
14.1, respectively, as compared with 1-hexene.

l g " f
T\
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The order of rate reduction Cl > Br > I is the same as the increasing electron-
withdrawing effect, (cumulative inductive and mesomeric) of the halogen. The
effect is slightly reduced in methallyl chloride.

RCZHS l_{a

100 6.9

In the 1-halo-3-methyl-2-butene, hydroboration is directed to the position
B to the halogen substituent, with a rate-retarding effect of about 2, much less
as compared with the above examples where the hydroboration occurs at the
Y position.

<-ql B

100 57 54 @

T

Table 4.14 Breakdown of the effects of chlorine substituents that influence the electron availability
in allylic chlorides [1]

Increases in indicated interactions in going
from parent to substituted compound

Allyl chloride  Parent Factor by Inductive Hyperconjugative
which relative interaction effect of Cl at position
reactivity is of Cl with relative to chlorine
lowered mtbond (-1)

(-Kyp) (-K))

a ‘\_L 25 1 0 1

:<; :</\ 13.6 1 0 1

Cl
H =\ 1.77 1 1 0
Cl
a—"" ¢ /7 \
48 2 1 1
cl
H ‘\:\; 100 2 1 1
cl
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In 1,4-dichloro-2-butene, two equivalent sites are available for hydrobora-
tion. Both are P to one chlorine and y to others and exhibit cumulative effect
of B- and y-chlorine substitution. Employing the data for allyl chloride and 1-
chloro-3-methyl-2-butene (Table 4.14) [1], the rate change is calculated as (]25)
(J1.77) = |44, which is in good agreement with experimentally observed values
of |48.

The relative data in another form is as:

!
e, of

100 0.0093

'y :
VAN of

100 1.4
o
\_\~Cl
100 0.97

100 33 Chart 4.6
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Chlorine substitution at the terminal position (vinyl chlorides) has a dra-
matic rate-retarding influence on rate of reaction. Moreover, the hydroboration
is forced to take place at C-2 position (Chart 4.6) [1]. In each pair (for compari-
son) the higher rate is chosen as 100.

In allyl halide, both inductive and hyperconjugative are electron withdrawing
and thus rate reducing at either the  or the y position.

5
Cl N &
0. / S Q>§CD
5 CH C—=
5 v (B9 Q%
Induction Hyperconjugation

Relative to propene

In vinyl chloride, inductive effect of chlorine reduces the electron availability
of the mbond to retard severely the rate of reaction. On the other hand, conjuga-
tion returns some electron density to the site B to chlorine, which becomes the
preferred site of hydroboration.
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8" S

Inductive Conjugative

Relative to ethylene

In all the above cases, the hydroboration proceeds via dissociation of the di-
mer (Eq. 4.4) and subsequent reaction of the monomer with the unsaturated
compound (Eq. 4.16).

alkene alkyl
9-BBN + haloalkene ——» B— | haloalkyl| —9—BBN (4.16)
alkyne alkenyl

4.4
Hydroboration Kinetics of Haloalkynes

Unlike 1-alkynes, which give considerable amount of dihydroboration at the 1
position [1], the 1-halo-1-alkynes afford only monohydroborating products and
hydroboration occurring at the 1 position (Eq. 4.17) [2].

Table 4.15 Relative reactivities and rate constants for the hydroboration with (9-BBN), of haloal-
kynes and their parent compounds in CCl, at 25 °C [2]

Relative reactivities Rate constants

Haloalkyne 10*k,, s or Type of

—/\/\:100 :/\/:100 10*k,,, M""2s7! Kinetics

a 15.3 100 1.52 First order
H %/\/
1.88 12.3 Intermediate
——/V

1.41 9.22 Intermediate

A A/ 1.31 8.56
| —=
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Table 4.15 (Continued) Relative reactivities and rate constants for the hydroboration with (9-
BBN), of haloalkynes and their parent compounds in CCl, at 25 °C [2]

Relative reactivities

Rate constants

Haloalkyne 10k, s or Type of
:/\/\ =100 E/\/:100 10%k,,, M2s7!  kinetics
I——=—~"Ph 0.515 3.36 Intermediate Inter-
mediate
Br— / 0.304 1.99
/\/\ / 0.303 1.98
Br——=
Bra 0.250 1.63
YAV 0.155 1.01 Intermediate
T —
/A\/\/ 0.110 0.721 0.651
Cl—=
/\ / 0.0645 0.422 0.372 Three-
Cl—=
halves
order
Br—=—=—Ph 0.0189 0.124 0.149
Cl—==—"Ph 0.00838 0.0548 0.057

@ Data from Wang KK, Scouten CG, Brown HC (1982) ] Am Chem Soc 104:531.

Table 4.16 The effect of halogen substitution on the reactivity of various alkynes toward 9-BBN

[2]

Factor by which

reactivity is lowered
Haloalkyne Parent® Cl Br I
Hal == == 164 59.6 13.7
Hal———"Ph H—=——Ph 168 74.4 2.74
Hal —== H—== 237 99 8.13
Hal% H% 194
Hal% H% 439

@ Data from, Wang KK, Scouten CG, Brown HC (1982) ] Am Chem Soc 104:531.
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9-BBN + Hal—=—R —> B>:\ (4.17)

The kinetic results [2] for hydroboration of haloalkynes and their unsubsti-
tuted parent alkynes are shown in Table 4.15.

Even internal alkynes like 3-hexyne undergoes dihydroboration to yield a
gem derivative, whereas 1-haloakynes undergo only monohydroboration at the
1 position. This reveals that the electronic rather than the steric factor is more
important in limiting the reaction of 9-BBN with 1-haloalkyne to the monohy-
droboration product only.

The relative effects of halogens in 1-halo-1-alkynes are summarized in Ta-
ble 4.16 [2].

Thus, in general, replacing a hydrogen or an alkyl group with a group, which
reduces electron availability; such as halogen or phenyl results in decrease the
rate of reaction. The time required for these reactions (0.4 M) to 95% comple-
tion are as follows: 1-chloro-1-hexyne, 2.5 days; 1-bromo-1-hexyne, 11 h;
1-iodo-1-hexyne, 8 h. The relative time, thus, indicates that the reaction is use-
tul for synthetic chemist.

It is noteworthy that none of the 1-halo-1-alkynes including 1-iodo-1-al-
kynes give enough hydroboration at the C-2 position to be detected by GC or
NMR. However, both terminal and internal alkynes give the gem dibora prod-
ucts, suggesting it must be electronic rather than steric effects causing the gem
products to be preferred. This is explained in terms of change the alternation
effect, which would be the result of the combined inductive and mesomeric ef-
fects. The effect of a boron substituent in the direction of hydroboration of an
alkene is opposite to that of halogens. A vinyl halide favors placement of boron
at the 2 position, whereas a vinylborane favors placement of boron at the 1 posi-
tion. This is because the inductive and conjugative effects of halogen and boron
act in an opposite manner (as depicted below). Consequently, hydroboration
occurs at the site of greatest electron availability, which results primarily due to
mesomeric effect.
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The contrasting regiochemistry of hydroboration for 1-chloroalkynes and 1-
chloroalkenes is explained that the +M effect [3], in the chloroalkyne is a small
one relative to the stronger charge pattern of the alkyne moiety, which places

more electron density at the 1 position.

The steric and electronic effects of halogen substituents bring about dramatic
rate decrease in the order ClI > Br > I, the trend one expects if the induction by

Table 4.17 Rate constants for the reduction of representative aldehydes and ketones with (9-BBN),

at 25°C [1]
Compound 10%k,, s! 10*k,,,, M12s7!
THF CCl, CH,, THF
Hexanal 14.2 1.42 1.41
Propanal 12.8
2-Methylpropanal 13.2
2,2-Dimethylpropanal 11.7
2-Phenylpropanal 12.4
Benzaldehyde 13.7
p-Methoxybenzaldehyde 13.1
p-Chlorobenzaldehyde 15.2
Cyclohexanone 14.4 1.41 1.49
2-Methylcyclohexanone 12.8
Cyclopentanone 11.7
Cycloheptanone 12.7
Acetone 13.7
Norbornanone 12.7
Acetophenone 12.8
p-Methylacetophenone 11.9
p-Methoxyacetophenone 11.9
2,4-Dimethyl-3-pentanone 0.98
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halogens are important. Since the iodine has the smallest effect, the electronic
effect must outweigh the steric effects in cases of bromine and chlorine.

AV /A VA VA A V4

100 0.422 1.01 12.3

Table 4.18 Relative reactivities for the reduction of representative aldehydes and ketones with
(9-BBN), in THF at 25 °C [1]

Relative rate

Compound 1-Hexene = 100 Hexanal = 100
p-Methoxybenzaldehyde 1,154 142
p-Tolualdehyde 911 112
Hexanal 813 100
Benzaldehyde 672 87
p-Chlorobenzaldehyde 494 64
2,2-Dimethylpropanal 479 62
Cyclohexanone 197 25.5
Cyclopentanone 51 6.61
p-Methoxyacetophenone 32.1 4.15
Cycloheptanone 22 2.85
Norbornanone 19.6 2.54
p-Methylacetophenone 16.8 2.18
Acetone 13.8 1.78
2-Butanone 11.3 1.46
Acetophenone 9.8 1.27
2-Heptanone 9 1.17
3-Methyl-2-butanone 8.9 1.15
Benzophenone 7.2 0.93
p-Chloroacetophenone 7 0.9
3,3-Dimethyl-2-butanone 6.9 0.89
Cyclooctanone 39 0.5
Camphor 3.6 0.46
3-Pentanone 3 0.39

2,4-Dimethyl-3-pentanone 0.94 0.122
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4.5
Reduction Kinetics

The kinetic reduction of a number of aldehydes and ketones with (9-BBN), is
studied at 25 °C. The reduction of aldehydes and reactive ketones follows first-
order kinetics (Table 4.17) [1], thus supporting the dissociation mechanism.

9-BBN + Aldehyde/Ketone L» Product

In THF solvent, a much larger first-order rate constant, similar to hydrobora-
tion [2], is observed. This solvent effect is attributed [2] to the direct attack of the
THF molecule on (9-BBN),, which breaks the B-H bridge bond [3] (Table 4.17)
[1].

As in the case of hydroboration, the reduction rate of sterically hindered ke-
tones such as 2,4-dimethyl-3-pentanone is considerably slower and exhibits three-
halves-order kinetics, first order in ketone, and one-half order in (9-BBN),.

Many ketones such as 2-methylcyclopentanone, 2-heptanone, 3-methyl-2-
butanone, camphor, cyclooctanone, benzophenone, p-chloroacetophenone, 3,3-
dimethyl-2-butanone, and 2-methyl-3-pentanone do not show either first-order
or three-halves-order kinetics cleanly. Apparently, in these cases, the rates of
dissociation of (9-BBN), and reduction by 9-BBN monomer are comparable,
which leads to complex kinetic behavior.

Although many aldehydes and ketones exhibit essentially the same first-order
constant, they by no means have the same reactivity toward (9-BBN),. The rela-
tive rates of reduction of representative aldehydes and ketones are determined
by competitive method (Table 4.18) [1], since the kinetic study cannot reveal the
effect of structure on reactivity.

A comparison behavior of the acidic reducing agent 9-BBN with that of ex-
tensively studied [4] nonacidic NaBH, has been conducted [6]. The data reveal
that reduction of carbonyl compounds with 9-BBN is less susceptible to steric ef-
fects than is NaBH,, in spite of the bulky nature of the former reagent. The lower
susceptibility of 9-BBN to steric effect indicates that the boron atom of 9-BBN
monomer is coordinated with carbonyl oxygen of the substrate during reduc-
tion; such a coordination will keep the bulky cyclooctyl moiety of 9-BBN away
from the alkyl groups of the substrate including the acyclic ketones. The relative
reduction rate factor of (9-BBN), and NaBH, is shown in Charts 4.7 and 4.8.
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(9-BBN),  NaBH,

Cyclopentanone 26 4.35
Cyclohexanone 100 100
Cycloheptanone 11 0.64
Cyclooctanone 2 0.049
Chart 4.7
(9-BBN), NaBH,
1.0 1.0
Il
(0}
0.18 0.011
Il
(6]
Chart 4.8

Increasing the steric hindrance on one side of the carbonyl function in ke-
tones brings a modest decrease, while on both sides leads to a considerable rate
decrease. For example, for two methyl groups at the a position in acetone, i.e.,
3-methyl-2-butanone, there is only modest decrease as compared with 3-pen-
tanone, having methyl groups on both the a positions of acetone. The relative
rates are listed in Chart 4.9.

Relative rate

Acetone 1
3-Methyl-2-butanone 0.67
3-Pentanone 0.2
2,4-Dimethyl-3-pentanone 0.069

Chart4.9
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Electron-withdrawing substituents decrease and electron-releasing ones in-
crease the rate of reduction of aldehydes and ketones with 9-BBN (Chart 4.10)
[1]. These facts strictly suggest that the boron atom of 9-BBN monomer is com-
plexed with the carbonyl oxygen during the reduction process.

i
X X CHO X C—CH,

OMe 1.63 3.27
Me 1.29 1.72
H 1.00 1.00
Cl 0.74 0.71
Chart4.10

The opposite electronic effects are exhibited in BH, reduction [5].

B-3-Pinanyl-9-BBN is a highly effective asymmetric reducing agent for alde-
hydes [6] and for acetylenic ketones [7], with enantiomeric excess approaching
100%. Similarly, B-3-methyl-2-butyl-9-BBN shows high chemoselective abili-
ties to reduce aldehydes in the presence of unhindered ketones [8]. The reac-
tion is proposed to proceed via a cyclic mechanism reminiscent of the Meer-
wein-Ponndorf-Verley (MPV) path [9, 10]. Unlike most other organometallics
or metal alkoxides that undergo similar type of reaction, the organoborane re-
duction is not complicated by oligomerization of the reagent, reversibility of
the reaction, addition of the organometallic to the carbonyl, or other problems.

Table 4.19 Second-order rate constants for the reduction of p-substituted benzaldehydes with
B-n-octyl-9-BBN [12]

Substituent Temp (°C) &, Substituent  Temp (°C) k,

M1s!x10* M-1s!x10*
NO, 0 66.4+4.1 H 55 227%15
NO, 15 173£18 CH, 25 21.7£1.1
NO, 25 311441 OCH, 25 8.19+0.64
CN 25 233+37 OCH, 40 19.8+0.6
Cl 25 55.5+0.7 OCH, 55 38.9+2.3
H 25 45.8+1.1 N(CH), 25 0.825°

H 40 105+3
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Table 4.20 Relative rate constants for the reduction of p-substituted benzaldehydes with B-3-pina-
nyl-9-BBN and B-n-octyl-9-BBN at 25 °C [12]

ky/ky
Substituent B-3-Pinayl-9-BBN* B-n-Octyl-9-BBN®
NO, 2.3 6.8
CN - 5.1
Cl 1.8 1.2
H 1 1
CH, 0.84 0.47
OCH, 0.35 0.18
N(CH,), 0.17 0.018

* From competition experiments.
® From data in Table 4.19.

However, with slower-reacting and sterically hindered carbonyl compounds,
the organoborane reduction may take an alternate pathway involving a prior
dehydroboration process (Eqgs. 4.18, 4.19) [11].

R,B —> R,BH + Olefin (4.18)

R,BH + O=CHR —> R,BOCH,R (4.19)

The rate of reduction of aldehydes with B-alkyl-9-BBN compounds is greatly
dependent on the structure of the alkyl group on boron [9]. In general, rate of
reduction is very fast when alkyl group has tertiary B-hydride, while with a pri-
mary B-hydride provides a very slow rate. For example, B-3-pinanyl-9-BBN
reacts rapidly and exothermally at room temperature and the VPC and NMR
techniques have proven futile, since the reaction is so fast. Consequently, the

Table 4.21 Activation parameter for the reduction of p-substituted benzaldehydes with B-n-octyl-
9-BBN [12]

Ei AG,y* AH,f AS?
Substituent kcal mol™! kcal mol™! kcal mol™! cal deg™' mol™!
NO, 10.1£1.7 22.3%£3.5 9.5+1.7 -43+6
H 10.4+0.8 23.2+1.7 9.84+0.8 -45%3

OCH, 10.5%1 23.7%2.2 9.1+1 -49+4
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slower reacting B-n-octyl-9-BBN is examined [12], where the formation of 1-
octene (Eq. 4.20) is conveniently monitored by VPC.

+  n—CgH;;CH=CH,
(4.20)

The reaction of B-n-octyl-9-BBN shows second-order rate constants with
para-substituted benzaldehydes (Table 4.19) [12].

The relative rate constants for the reduction at 25 °C are given in Table 4.20
[12]. As the reductions with B-3-pinanyl-9-BBN are too fast, the relative rates
are obtained by competition experiments.

A Hammett plot of the log of the relative rate constants versus o+ [13] gives a
linear correlation with o of +1.03 (correlation coefficient of 0.9995).

The activation parameters are listed in Table 4.21 [12].

The reaction of tri-n-butylborane with benzaldehydes is reported to require
forcing conditions of 100-150 °C [10], though thermodynamically, reaction
should be very favorable as the conversion of B-C bond to B-O bond is ener-
getically favorable. However, activation parameters (Table 4.21) suggest that the
major barrier to this reaction is entropy. The larger negative entropies of activa-
tion (-43 to —49 eV) indicate that reduction proceeds through a highly ordered
transition state.

It is postulated that the reduction of benzaldehydes proceeds predominately
through a cyclic process [9]. This conclusion is based on the second-order ki-
netic data, the change in rate with structural and electronic changes in the alde-
hydes, and the results of asymmetric reduction. However, greater steric effects,
both in the organoboranes and substrate, lead predominantly to the dehydrobo-
ration process.

To determine the rate of reduction, it is important that the B-C-C-H group
forms a syn coplanar arrangement [9]. For example, B-cyclopentyl and B-trans-
2-methyl-cyclopentyl-9-BBN react very fast with benzaldehyde, whereas B-
cyclohexyl and B-trans-2-methyl-cyclohexyl-9-BBN are usually slow reducing
agents. To achieve the syn coplanar B-C-C-H arrangement, the boat cyclohex-
ane conformation is favored; as in the case of B-4-isocaranyl-9-BBN, the reduc-
tion is rapid (Scheme 4.3) [12].
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Scheme 4.3. Reaction of B-alkyl-9-BBN compounds with benzaldehyde to form olefin [5] (¢, is
the time for 50% completion of reaction at reflux THF (65 °C)).

11/2= 67 min

The syn coplanar arrangement probably allows a maximum overlap of the
developing 7 system of the displaced olefin. This need for coplanar B-C-C-H
arrangement is also probably the cause for the large negative entropies.

The rate of reduction with B-n-octyl-9-BBN of p-substituted benzaldehydes
correlates with o* (p + 1.03) [12]. Relative rates of p-substituted benzaldehydes
with B-3-pinanyl-9-BBN gave o of + 0.49. Electron-withdrawing groups in-
crease the rate of reduction of substituted benzaldehydes. This effect is presum-
ably also important for alkynyl ketones [7], where the small steric size of the
acetylene and its negative inductive effect can combine to make the reduction
possible.

It is postulated that the reaction involves an organoborane-carbonyl oxygen
complex as an intermediate in the reaction. The hydride transfer, k,, is presum-
ably the rate-determining step (Eq. 4.21) [12].

Initial concentration Rate constants
(9-BBN), Py 10%;,, s7! 10%;,, M*s
0.065 0.26 0.209 1.13

0.065 0.13 0.069 1.2
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H H\+/ H
\ < n gl
L e o R
B— © B B —B
| | |
(4.21)

4.6

Kinetics of Complex Formation

The complex formation of (9-BBN), with representative amines, which are more
powerful nucleophiles than alcohols, are studied [1]. The symmetrical cleavage
of the bridged B-H bonds is reported to yield 9-BBN-amine complexes [2]. The
"B NMR spectrum of 9-BBN-Py [3] and C NMR spectra of representative 9-
BBN-amine reveal the formation of these complexes [4].

Table 4.22 Kinetic data for the complex formation of amines with (9-BBN), in cyclohexane at

25°C[1]
Amine 10%,, M's7! 10%;,, st
Pyrrolidine 27.5
Piperidine 5.63
n-Butylamine 1.73
Neopentylamine 1.4
Pyridine 1.2
Benzylamine 0.95
Cyclohexylamine 0.51
Cycloheptylamine 0.45
Cyclopentylamine 0.44
sec-Butylamine® - -
2-Methylpyridine - 1.46
N-Methylpyrrolidine - 1.4
di-n-Butylamine - 1.61
Quinuclidine - 1.37
t-Butylamine - 1.42
Aniline - 1.37

* The data do not fit the integrator rate expression of either second or first order.
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Table 4.23 Effect of solvent on the complexation of amines with (9-BBN), at 25 °C [1]

Amine Cyclohexane  Benzene THF

Second-order kinetics, kx10> M~ s!

Pyrrolidine 27.5 86.3 101.5
Piperidine 5.63 10.2 15.7
Pyridine 1.2 1.8 4.03

First-order kinetics, kx10* s

2-Methylpyridine 1.46 2.16 14.1
N-Methylpyrrolidine 1.4 1.92 13.3
Di-n-butylamine 1.61 2.37 14.2
: ks .
(9-BBN)2 + amine ~ 9-BBN-amine + 9-BBN (4.22)
2
. fast , .
9-BBN + amine =——  9-BBN-amine (4.23)

Unlike hydroboration or reduction [5], the complex formation of pyridine
(0.130 M) with (9-BBN), (0.065 M) in cyclohexane at 25 °C displays second-or-
der kinetics. Moreover, the rate of reaction is faster than the rate of dissociation
of (9-BBN),. The first half-life of the reaction is only 10.7 min (k,= 1.20x107
M-'s™!, Table 4.21) which is about eight times shorter than is the half-life of the
dissociation of (9-BBN), (¢,,, = 78 min, k, = 1.50x10~*s™").This suggests that the
complex formation with Py cannot proceed through dissociation mechanism.
Thus, bimolecular direct mechanism can explain the observed kinetic behavior
(Eqgs. 4.22, 4.23). As 9-BBN-Py complex formation is more than 99% complete,
reverse reaction of Eqs. 4.22 and 4.23 are ignored [6]. Although dissociation and
the direct attack mechanisms operate simultaneously, the latter one is the pre-
dominant pathway, as is evident by kinetic observations [1]. The second-order
rate constants remain also unaffected by doubling the initial concentration of
pyridine, whereas the first-order rate constants change very much.

The results of complexation of (9-BBN), by several other amines are given in
the Table 4.22.

Sterically unhindered amines such as pyrrolidine, piperidine, n-butylamine,
and neo-pentylamine, etc., all react faster than Py, and the reaction exhibits sec-
ond-order kinetics, indicating that the rate-determining step involves the direct
reaction between the dimer and the amine. Sterically more-hindered amines,
such as tert-butylamine, di-n-butylamine, and quinuclidine, exhibit first-order
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kinetics, first order in (9-BBN),. Apparently, in these amines the reaction pro-
ceeds by dissociation of the dimer, followed by the reaction of the amine with
the monomer. sec-Butylamine displays intermediate kinetic behavior. Thus, the
mechanism of this reaction is strongly affected by moderate changes in the ste-
ric requirement and also on the nucleophilicity of the amines.

To understand the role of solvents in the reaction, complexation reactions
of some amines are studied [1] in cyclohexane, benzene, and THF (Table 4.23).
The reaction proceeds faster in THF and benzene, irrespective of the mecha-
nism. The rate of complexation is ~10 times more in THF than in noncomplex-
ing cyclohexane solvent. THF assists in breaking up the bridged B-H bonds of
the (9-BBN), [7].

The increase in the rates of complexations proceeding by the direct attack
mechanism is about four times for THE compared with cyclohexane, as that
observed in reaction proceeding through the dissociation mechanism.

Consequently, the systematic kinetic studies [1] of the reaction of alkenes,
alkynes, aldehydes and ketones, alcohols, and amines with (9-BBN), reveal the
following spectrum of mechanistic pathways:

1. Second-order kinetics:

(9-BBN), + N 2 » o BENN<+ 9-BBN

9-BBN + N —8s g ppN.N

2. First-order kinetics:

(9-BBN), — 2 9-BBN

9-BBN + N fast 5, product

3. Three-halves-order kinetics:

k
(9-BBN), -——T!‘ 2 9-BBN

9-BBN + N slow, product

Less hindered amines react by mechanism (1). More hindered amines follow
mechanism (2). Reactive alkenes react by mechanism (2). Less reactive alkenes
follow mechanism (3). And, in certain cases, intermediate kinetic behavior is
observed. Clearly, the nucleophilicity of the substrate plays a very important
role in determining the reaction pathway.



52 4 Kinetic Studies

4.7
Kinetics of Protonolysis

The kinetic of protonolysis of (9-BBN), with representative alcohols and phe-
nols are followed [1] in THF and CCl, at 25 °C. The protonolysis of (9-BBN), in
CCl, with tert-butyl alcohol exhibits first-order kinetics, first order in (9-BBN),,
and is in good agreement with those obtained in alkenes [1], alkynes [1], and
reduction of aldehydes and ketones [2].

(9-BBN), ’]‘cﬁl 2 9-BBN

—1

9-BBN + #BuOH —2L> £ Bu0-9-BBN + H,

(9-BBN), + CH,OH —2 » B.CH,0-9-BBN + 9-BBN + H, (4.24)
9-BBN + CH,0H —» B-CH;0-9-BBN + H, (4.25)

However, with unhindered alcohols (in carbon tetrachloride) such as metha-
nol and ethanol, there is a competition between the dissociation pathway and
a pathway involving direct attack of the alcohol on the dimer (Eqs. 4.24, 4.25).
The reaction when carried out under pseudounimolecular conditions (with ex-
cess ROH) at several different concentrations, and k_, plotted versus [ROH],
linear plots are realized. The rate constants for the dissociation pathways (k,)
and the direct attack pathway (k,) can be evaluated from these plots.

The rate equation for the overall process is Eq. 4.26.

d[(9-BBN
—% = k,[(9-BBN),] + k,[CH,OH][(9-BBN), (4.26)

As mentioned (Table 4.24), the k, values are essentially the same for all three
alcohols and agree well with rate constants for the dissociation of (9-BBN), in
noncomplexing solvents such as hexane, CCl,, and cyclohexane. As expected, k,
decreases in the order methanol > ethanol > isopropyl alcohol (Table 4.24) [1].

Table 4.24 Kinetic data for the protonolysis of (9-BBN), by unhindered alcohols in CCl, at 25 °C
(1]

Alcohol k;, 10 s7! k,, 10° M ¢!
Methyl 1.45 7
Ethyl 1.44 33

Isopropyl 1.42 1
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The rate constants were obtained under pseudo-first-order conditions, and the k,; were plotted
versus the initial concentration of the alcohol. The linear plots had correlation coeflicient better
than 0.995.

The protonolysis of (9-BBN), in THF with hindered and unhindered alco-
hols and phenols follow first-order kinetics (Table 4.25) [1], indicating that the
dominant pathway involves prior dissociation of (9-BBN),.

Table 4.26 Relative rates for the protonolysis of (9-BBN), by representative alcohols and phenols
in THF at 25 °C [1]

Relative rate

Compound 1-Decene = 100 Methanol = 100
p-Nitrobenzyl alcohol 1,360 1,470
p-Chlorobenzyl alcohol 465 502
Benzyl alcohol 400 432
1-Decene 100 108
Methanol 92.6 100
p-Methoxybenzyl alcohol 84 90.7
Ethanol 62.9 67.9
Isopropyl alcohol 437 47.2
Cyclopentanol 42.9 46.3
Cyclohexanol 41.7 45
Cycloheptanol 35.3 38.1
tert-Butyl alcohol 24.7 26.7
2,3-Dimethyl-2-butanol 15.7 17
p-Methoxyphenol 13.4 14.5
Triethylcarbinol 12.5 13.5
o0-Cresol 12.5 13.5
Phenol 12.1 13.1
2,6-Dimethylphenol 10.2 11
p-Nitrophenol 2.6 2.8
o-tert-Butylphenol 1.1 1.2
2,6-Diisopropylphenol 1.1 1.2

2,6-Di-tert-Butylphenol 0 0
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Table 4.25 Kinetic data for the protonolysis of (9-BBN), with representative alcohols and phenol
in THF at 25 °C [1]

Compound k, 10! Compound k, 10 st
Methanol* 15.4 tri-n-Octylcarbinol 14
1-Hexanol* 14.1 2,2,4-Trimethyl-3-pentanol 15
tert-Butyl alcohol 14.2 Phenol’ 114
2,3-Dimethyl-2-butanol 15.2

* Data from Brown HC, Krishnamurthy S, Yooon NM (1976) ] Org Chem 41:1778.
® Shows slight intermediate behavior.

In order to understand the effects of structure on the protonolysis reaction,
the relative rates of protonolysis of number of representative alcohols and phe-
nols are determined in THF at 25 °C, utilizing competitive experiments. The
major difficulty encountered here is rapid B-alkoxy-9-BBN product exchange
with alcohols (Eq. 4.27).

<>B—OR+ R'OH =—= <>B— OR’ + ROH (4.27)

However, it is possible to compare the relative rate of protonolysis of (9-BBN),
by an alcohol with that of hydroboration of an alkene of suitable reactivity, such
as 1-decene, employing the competition method. Consequently, equimolar
quantities of an alcohol and an alkene are allowed to react with an insufficient
amount of 9-BBN, and the amount of H, evolved is measured. The amount of
alcohol reacted is calculated from the hydrogen evolved. From this quantity;
the amount of alkene reacted is deduced. The relative rates are then obtained by
employing the following Ingold-Shaw expression [3].

kalcohol _ 1n[aICOhOI]initial B ln[3~1COh01] final
k - In[alkene] —In[alkene]

alkene initial final

The data are summarized in Table 4.26 [1].
The data indicate the increasing steric hindrance in the alcohol decreases the
protonolysis rate. The same trend is observed for ortho-substituted phenols.
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CH;OH (CH3);COH (C,H;);COH
1.0 0.27 0.14
OH OH OH OH
@ H3C\©/ CH3 MezHC CHM62 Me3C CMe3
1.0 0.85 0.09 0

As far as electronic factors are concerned benzyl alcohol is considerably more
reactive than methanol. This reflects that -I effect of phenyl substituent increases
the acidity of the O-H bond.

CH,0OH PhCH,OH PhOH
1.00 432 0.13

However, this cannot be sole factor for phenol, which is far more acidic, yet
its rate of protonolysis is far slower. One of the probable reasons is that pro-
tonolysis proceeds through a prior coordination of oxygen atom of the alcohol
with the boron.

BH + CH;0H =——= \%iHs* — \B—OCH3 + Hy
/ /o /
CH,4

\S;H

Blg§g" —> B—OPh + H,

e
Ph

BH + PhOH —

The observed rates thus seem to be a complex function of the relative ability
of the oxygen atom of the alcohol or the phenol to coordinate with the boron
and relative acidity of the contained proton. The much lower donor properties
of the oxygen atom in phenol thus result in a markedly decreased formation the
complex, resulting in a decreased rate of formation of H,.

The effect of substitution both in benzyl alcohol and phenol are surprising
and are found to have opposite effect.

In benzylic alcohols, electron-withdrawing substituents enhance and elec-
tron-releasing ones decrease, the rate of protonolysis, suggesting that the dis-
sociated 9-BBN monomer forms a complex with alcohol which loses H,.
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CH,0H CH,0H CH,0H CH,OH
NO, cl OCH,
3.4 12 1.0 021

Phenols protonolyze (9-BBN), considerably slower than do alcohols. More-
over, opposite electronic effects are observed. In case of phenols, probably, the
complex formation is difficult due to their poor nucleophilicity, leading to de-
creased rates of protonolysis.

OH OH OH

N02 OMe

0.21 1.0 1.1
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5 Hydroboration

5.1
Hydroboration of Alkenes

5.1.1
Hydroboration of Acyclic Alkenes

Simple alkenes, such as 1-hexene, undergo hydroboration with BH; to place 6%
of the boron at the 2 position and 94% on the terminal position and this distri-
bution is not significantly influenced by branching [1].

o
CHy(CH,);CH=CH, CHy—C—CH=CH,
ok
6% 94% 6% 94%

Moreover, the polyfunctional nature of BH,, its relative low selectivity and its
low steric requirements cause various difficulties. To overcome these problems,
various types of borane derivatives have been developed [2]. The regioselectiv-
ity [2] of addition of these boranes to an alkene is dependent on both steric and
electronic effects exerted by the substituents present on C=C and also on the
bulkiness of the hydroborating agent [3].

However, the instability of most of the hydroborating agents and their deriva-
tives has limited their use in hydroboration and their subsequent synthetic ap-
plications. On the other hand, both 9-BBN and B-R-9-BBN compounds exhibit
remarkable thermal stabilities. The hydroboration with 9-BBN is carried out at
25 °C or at a higher temperature to achieve essentially complete hydroboration
of alkenes of widely different structural types [4] as compared with disiamylbo-
rane, where the reaction is normally carried out at 0 °C. In general, the hydrobo-
ration with 9-BBN is carried out in THF as the solvent, but carbon tetrachloride,
benzene, and hexane are also employed for the reaction.

The reactions of 9-BBN with terminal alkenes in THF are complete at room
temperature in 2 h, whereas the internal alkenes undergo hydroboration at re-
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flux (65 °C). Under these conditions almost all the alkenes are quantitatively
converted to B-R-9-BBN. The hydroboration of tetrasubstituted 2,3-dimethyl-2-
butene, alkene has been achieved in 8 h at 65 °C (Eq. 5.1) [5].

HsC CH;
H3C\ /CH3 THF | |
BH + /c = °C 3h B—C—C—H
/ HAC CH3 ’ /1]
H;C CH;

(5.1)

9-BBN exhibits a remarkable regiospecificity in the hydroboration of alkenes
[6] (Chart 5.1).

CH,4(CH,),~CH=CH, (CH), Ol o CHs

H/T T\H
BH, 6% 94% 43%  57%
Sia,BH 1% 99% 3%  97%
9-BBN —- >99.9% 0.2% 99.8%

Chart5.1

The facile reaction of 9-BBN with highly substituted alkenes indicates that
the reagent is less steric than disiamylborane. However, the heterocyclic struc-
ture of 9-BBN is rigid where the steric crowding in the transition state cannot be
relieved by internal rotation. Thus, the rigid bicyclic 9-BBN reagent has proven
to be more sensitive to subtle differences in steric environment than the more
flexible, acyclic disiamylborane.

Trialkylboranes (B-R-9-BBN) derived from hydroboration of alkenes with
9-BBN are remarkably stable to thermal isomerization [6]. The alkylborane, de-
rived from (Z)-hex-3-ene by hydroboration with 9-BBN, requires the heating at
150 °C for 163 h to attain the equilibrium distribution of boron along the hexyl
chain. At the same temperature the isomerization of the alkylborane derived
from (Z)-hex-3-ene using borane-THF is complete in 1 h.

The relative reactivities of various olefins toward hydroboration by 9-BBN in
THEF solution have been determined [7], and the results are illustrated below:
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5.1.1.1
Terminal Olefins

The rate of hydroboration of 1-alkene (RCH=CH,) is nearly independent of the
length of the straight chain. However, branching in the R group, decreases the
rate of hydroboration:

CH, CH,

CH,(CH,),—CH =CH, CH,CHCH=CH, CH,CCH=CH,
CH,

9-BBN 1.00 0.50 0.23

Sia,BH 1.00 0.57 0.047

Branching at position more remote from the double bond, such as at position
C-4, has little or no effect on the rate.

5.1.1.2
Internal Olefins

The rate of 9-BBN hydroboration of cis-2-pentene is 100 times slower than that
of 1-hexene.

H H
CH,(CH,);CH =CH, CH,CH,C = CCH,
9-BBN 100 1.00
Sia,BH 50 1.00

One-side branching of internal olefins only moderately reduces the rate. The
behavior follows from the fact that 9-BBN reacts almost exclusively at the less
hindered site of the double bond.

(I:H3 HC O
H;C—CHo _ _CHy HC—CH_ _ _CH; HC—C_ _ _CHs

9-BBN 1.00 0.61 0.59
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The branching on both sides of the double bond drops the rate of hydrobora-
tion sharply.

CH3 CH, CHj CH;

| H,C | |
HC—CH, _ CH; >< o CHs HC=CH, _ _CH—CH,
9-BBN 160 100 1.00
Sia,BH 6.25 1.00 1.25
5.1.1.3

cis and trans Isomers

The cis-alkenes undergo hydroboration with disiamylborane at a rate consider-
ably faster than that of trans-alkenes. However, the reverse is true for 9-BBN,
although, the selectivity is low—only a factor of 2 or 3.

H;CH)GN |, ~CH,CH, H;CH,GN ,__ ~H
~C=C_ ~C=C_
H H H CH,CH,4
9-BBN 1.00 2.16
Sia,BH 10.00 1.00

This phenomenon is general and holds for other isomers with highly branched
alkyl groups.

?H3 ?H3 |CH3
H;C—CH_ ___CH—CHj H;C—CH__ _H
H ~H H \|CH—CH3
CHj3
9-BBN 1.00 2.90
Sia,BH 2.50 1.00

The relative rates of some cis—trans pairs are summarized in Table 5.1 [8].
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Table 5.1 Relative reactivities and rate constants for the hydroboration via 9-BBN of cis-trans

pairs at 25 °C in THF [8]

Alkene Structure Relative reaction Keio/ Kypans
(1-hexene = 100)

1-Hexene \/\/: 100

cis-3-Hexene \N__/ 0.68

trans-3-Hexene ‘\_\; 0.32 2.1

cis-4-Methyl-2-pentene \_>/ 0.53 33

trans-4-Methyl-2-pentene \=>\ 0.16

cis-1-Phenylpropene Ph / 0.024 0.39
Ph

trans-1-Phenylpropene \:\ 0.062

cis-2,5-Dimethyl-3-hexene \<_>/ 0.0017 0.076

trans-2,5-Dimethyl-3-hexene \<_>\ 0.022




64 5 Hydroboration

5.1.1.4
Effect of a-Methyl Substituents

An a-methyl substituent increases the rate toward 9-BBN over that of the parent
1-alkene due to hyperconjugative affect. However, opposite is true for disiamyl-
borane.

The ethyl substituent, on the other hand, increases the steric interactions with
the 9-BBN moiety.

CH; C,Hs
| |
CH3 (CH2)3 CH= CH2 CH3 (CH2)2C= CH2 CH3 (CH2)3C= CH2

9-BBN 1.00 1.96 1.68
SiazBH 1.00 0.049 —

The electronic factor thus controls in the case of 9-BBN, which has the relative
openness of the boron atom. The inductive effect of the methyl group increases
the availability of electron of the double bond. The transition state involves the
development of electron deficiency at C-2, with partial hydridic character at the
>B-H moiety.

CH,
|

R:CTWCHZ
' | I—
81 18
SH---- B

Transition state

The much greater steric congestions in disiamylborane must swamp these
small electronic contributions, and the steric factor prevails.

Addition of an a-methyl group in butene with internal C=C has little effect
on the rate with 9-BBN, whereas the rate with disiamylborane is very low. In
2,3-dimethyl-2-butene there is drastic drop in rate with 9-BBN, and disiamyl-
borane fails to react.
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5.1.1.5
Effect of a-Conjugated Substituents

Both aromatic and cyclopropyl groups conjugate strongly with an electron-de-
ficient center. Styrene, the simplest olefin with phenyl substituent, is much less
reactive than the simple 1-alkene.

CH3((|3H2)3
CH= CH2
CH= CHZ
9-BBN 1.00 40
SiazBH 1.00 36

On the other hand, cyclopropyl enhances the reactivity of the double bond.

CHs(ICHz)s
Lh=ci, CH=CH,
9-BBN 2.3 1.0

The electron-donating substituent on aromatic ring enhances the rate,
whereas the effect is opposite for electron-withdrawing substituent.

OCH, H CF,
CH=CH, CH=CH, CH=CH,

9-BBN 2.95 1.00 0.2

Sia,BH 1.4 1.00 0.9

The relative rates of reaction of p-CH,O, p-CH,, unsubstituted, p-E p-Cl, m-Cl,
and m-NO, systems with 9-BBN are determined as shown in Chart 5.2 [9].
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OCH,

sjsfo)efeYogen

CH=CH, CH=CH, CH=CH, CH=CH, CH=CH, CH=CH, CH=C
2.95 1.51 1.00 0.89 0.69 0.63 0.60

Chart5.2

A Hammett plot, using o*, is reasonably linear with p = -0.49, which cor-
responds to a small buildup of positive charge at the a-carbon of the styrene
and reaction with B>*~H?® bond. In all these cases the p-phenylethyl alcohol is
formed in more than 97.4% yield.

The electron-withdrawing substituents on cyclopropyl decrease the rate:

cl
cl
CH=CH, CH=CH,
9-BBN  1.00 0.044

An a-methyl substituent enhances the rate of both styrene and vinylcyclo-
propane derivatives.

CH=CH, C=CH,
|

CH=CH C=CH
2 | 2 CH3

9-BBN 1.00 5.62 1.00 2.8

It has been found that cyclopropyl group largely overcomes the deactivating
effect of phenyl ring.
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CH3(CH2)3CH: CH2

C=CH,
CH=CH,

9-BBN 0.025 0.28 1.0

The hydroboration at the C-1 position in phenylpropene with 9-BBN is con-
trary to factors of steric effect. This is reasoned due to the combined effects of
phenyl conjugation (-K) and methyl hyperconjugation (+K), which act to de-
crease the amount of electron density at the 2 position and to increase it at the
1 position (Fig. 5.1) [8].

5 S,
5 5
5 5

Fig. 5.1 Diagram to show combined effects of phenyl conjugation (-K) and methyl hyperconjuga-
tion (+K) in 1-phenylpropene

Because of nonpolar geometry in cis-1-phenylpropene, it displays enhanced
steric effects as compared with trans-1-phenylpropene. Rotation of the phenyl
group out of the plane of the 1 system in cis-1-phenylpropene also leads to a
greater amount of hydroboration at the C-2 position (17.5%) than in the trans
isomer (3.2%).

39 100

The relative reactivities of olefins with 9-BBN have been summarized in de-
creasing order (Table 5.2) [7].
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Table 5.2 Relative reactivities of representative olefins toward 9-BBN in THF at 25 °C (1-hexene =1)

(7]

2-Cyclopropylpropene 6.37 Styrene 0.025
Vinylcyclopropane 2.3 1-Methylcyclopentene 0.015
2-Methyl-1-pentene 1.94 trans-3-Hexene 0.012
Norbornene 1.45 cis-2-Pentene 0.01
1-Dodecene 1.12 cis-2-Butene 9.5x107*
1-Octene 1.1 2-Methyl-2-butene 8.6x107
1-Decene 1.08 trans-4-Methyl-2-pentene 7.6x107
1-Hexene 1 cis-4-Methyl-2-pentene 6.1x107°
3-Methyl-1-butene 0.50 cis-3-Hexene 5.6x107
p-Methoxystyrene 0.349 p-Trifluoromethylstyrene 5.2x107
a-Cyclopropylstyrene 0.28 cis-4,4-Dimethyl-2-pentene 3.8x107
3,3-Dimethyl-1-butene 0.236 Cyclohexene 6.7x10™*
2-p-Tolylpropene 0.21 trans-Propenylbenzene 6.3x10™*
a-Methylstyrene 0.14 cis-Propenylbenzene 2.5x10*
2,2-Dichlorocyclopropylethene 0.1 trans-2,5-Dimethyl-3-hexene 1.1x10™*
Cycloheptene 0.076 1-Methylcyclohexene 1.1x10™*
Cyclopentene 0.072 4-tert-Butylcyclohexene 7.7x107°
Cyclooctene 0.069 2,3-Dimethyl-2-butene 6.1x107°

cis-2,5-Dimethyl-3-hexene 3.8x10°°

The relative reactivities of alkenes are influenced by the steric, inductive, and
hyperconjugative factors of the alkyl group. In Table 5.3, changes in relative re-
activity toward hydroboration with 9-BBN has been summarized [10] for acy-
clic alkyl-substituted alkenes. The effect of alkyl group is obviously different if it
is to the site of hydroboration than if it is } to the site. A few empirical rules have
been drawn from the available data. An alkyl group o to the site of hydrobora-
tion (type B, Table 5.3) has an effect of decreasing the rate of reaction by an
average of about 170, whereas the B-substituent (type A, Table 5.3) has an effect
of increasing the rate of reaction by a factor of =1.87.

These empirical rules can be employed to demonstrate the regularity of the
effects, e.g., two a- and one B-alkyl group at the site of hydroboration would
figure this effect as (a effect)?/ (P effect) = |1712/11.87 = |1.56x10* and is rate
reduction. The calculated effect is in good agreement with that experimentally
observed, | 1.64x10* (rate reduction), in comparing the relative reactivity of tetra-
methylethylene with that of 1-hexene.

5.1.2
Hydroboration of Cyclic Alkenes

The relative rates of hydroboration [7] of cyclic alkenes depend on the presence
of strain[11] on the carbon-carbon double bond. The double bond of cyclopen-
tene is considerably more strained than the double bond of cyclohexene, and
this strain is responsible for higher reactivity of cyclopentene.
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Table 5.3 A breakdown of the effects of alkyl groups that influence the change in reaction rate in

alkenes [10]

Alkyl- Factor Type Hyperconjuga- Steric effect
substituted by which tive effects of of additional
alkene relative additional alkyl  alkyl groups
reactivity substituent(s) at position
changes at position relative to
relative to site of  site of hy-
hydroboration droboration
Inductive
a P effectson «a B
nbond
)\/\ =N 11,96
_ A 0 1 1 0 1
~ e uw
_/TN\ TN 156
_< )\/\ B 10 1 1 0
1173
)\/\ 13.21x10* 2 0of B 2 0 2 2 0
>:< 7
— ES Y
~=< 188.5 10f A &
>_< _/:\_ 1of B 1 1 2 1 1
= 1105
>_< 11.64x10* 2 of B&
= —_—
1of A 2 1 3 2 1

O O

9-BBN  1.00 107
Sia,BH  1.00 140

Similarly, high-strained carbon-carbon double bonds [11] of cycloheptene
and cyclooctene also exhibit [7] reactivities remarkably higher than that of
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cyclohexene toward both 9-BBN and Sia,BH. However, Sia,BH distinguishes
considerably among the three strained olefins, whereas 9-BBN does not. Nor-
bornene containing a highly strained double bond is even more reactive toward

~N O O A

9-BBN 1.0 1.10 0.96 20.0
Sia,BH 1.0 18.60 68.60 —

Unlike a-methyl-substituted acyclic terminal olefins, in the cyclic systems
such as cyclopentene and cyclohexene, similar methyl substitution retards the
rate of reaction [8]. Here, the steric interactions between the methyl group and
the a-methylene unit causes rotation of the methyl group, resulting in the dis-
ruption of the hyperconjugation, which otherwise contributes to the rate en-
hancement. The disruption of conjugation is indicated by the representations as
shown in Chart 5.3 [12].

o 8

1.0 0.261 0.421
H H H
:/ N We/ N\
H H
H H
Chart5.3

Ethyl substituent reduces the rate of retardation. In this case, the steric in-
teraction with a-methylene causes rotation of the ethyl group so that terminal
methyl group is moved away. Consequently, some conjugation is gained, and the
rate is higher than that of methylcyclopentene. The diagram (Chart 5.3) indi-
cates the interaction, which is responsible for the increased hyperconjugation.
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9-BBN exhibits remarkable stereoselectivity toward cyclic olefins, e.g., nor-
bornene reacts to afford exo isomer almost exclusively (Eq. 5.2) [13], whereas
7,7-dimethylnorbornene leads to the formation of endo isomer (Eq. 5.3) [14].

Lb som, Lb@ .

99.5% (exo)

B

\
97% (endo)

It has been observed that in general, hydroboration of 1-alkylcycloalkenes
with 9-BBN affords the corresponding trans-2-alkylcycloalkyl-9-BBN in es-
sentially quantitative yields [15]. The reactions of 1-methycyclohexene [10] and
1-methylcyclooctene [7] are exemplified in Eqgs. 5.4 and 5.5, respectively. How-
ever, the organoborane derived from 1-methylcyclooctene with borane or disia-
mylborane undergoes rapid isomerization [16].

9-BBN "

L2 (5.4)

9-BBN
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The hydroboration of 3-alkyl cycloalkenes with diborane or disiamylborane
form significant amounts of the cis-1,2-isomer. However, it is important to note
that none of this isomer is produced when 3-alkylcycloalkenes are hydroborated
[17] with 9-BBN. This amazing selectivity shown by 9-BBN with 1-methyl and
3-methylcycloalkenes gives, exclusively, the trans-dimethylcycloalkyl-9-BBN
derivative [18]. It is evident from 1,3-dimethylcyclopentene, which is exclu-
sively converted into ¢-2,t-5-dimethylcyclopentanol (Eq. 5.6).

/ )

B

N\
Y O Y

(5.6)

H

mnQ

The time required to achieve essentially the complete hydroboration of ole-
fins of different structural types with 9-BBN is summarized in Table 5.4 [4].

Table 5.4 Reaction of various olefins with 9-BBN in THF at 25 °C [4]

Olefin reacted (%)
Olefins® 2h 4h 24h
1-Hexene 100
3,3-Dimethyl-1-butene 100
Styrene 94 100
2-Methyl-1-pentene 100
cis-3-Hexene 81 92 100
cis-4,4-Dimethyl-2-pentene 77 90 99
2-Methyl-2-butene 91
2,3-Dimethyl-2-butene 11 15 33
Cyclopentene 100
Cyclohexene 30 46 88
Cycloheptene 100
Cyclooctene 100
Norbornene 100

2 Olefins concentration is 0.4 M. An equivalent amount of 9-BBN is used.
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5.1.3
Hydroboration of Chloro-, Acetate-, and Acetal-Functionalized Alkenes

9-BBN reduces many of the functional groups at a relatively slower rate [18]
than that of hydroboration.

However, electronegative substituents present in an alkene influence sig-
nificantly the direction of the addition of the hydrogen—boron across the car-
bon-carbon double bond [3c]. Terminal alkenes containing remote functional
groups are hydroborated with remarkable regioselectivity (=98% terminal) [19],
producing the corresponding stable organoboranes. 9-BBN hydroborates the
functionalized allylic alkenes containing a terminal double bond so as to place
the boron essentially at the 1 position (297%). The directive effect is further
enhanced (= 99%) in the case of B-methylallyl derivatives. The data are sum-
marized in Chart 5.4.

H,C=CHCH,CI H,C=CHCH,0Ac 17c: CHOCH,
BH, 60 40 65 35 81 19
Sia,BH 95 5 98 2 98 2
9-BBN 98.5 1.1 97.6 24 98.4 1.6
JOEt /o |CH3 /o
H,C=CHCH H,C= CHC\H) H,C=C— C\H)
OFEt o) 0
BH,.SMe, 67 33 67 33 84 16
Sia,BH 9 8 92 8 98 2
9-BBN 98 2 98 2 100 0
ci o
H,C=CHCH H,C=C—CH,CI H,C=C—CH,0Ac
\ OFt
BH,.SMe, - - 88 12 - -
Sia,BH - - 100 0 - -
9-BBN 99.5 0.5 100 0 99 1

Chart 5.4
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However, all other allylic haloalkenes with an internal double bond undergo
hydroboration by placing the boron { to the halogen substituent. These prod-
ucts immediately undergo elimination, followed by rapid rehydroboration of
the new terminal double bond (Egs. 5.7, 5.8) [13].

B
- e
— + 9-BBN I
Hal o —Hal
—_— >—\ + Hal—B/>
\ \

>—\\ + 9-BBN — >—\' (5.8)
)

The electronic effects of the hydroboration of allyl halides have been studied
and it is found that a Cl, Br, or I substituent at the y position has a rate-reducing
effect of 25, 21.7, or 14.1, respectively [11].

; l l ;

100 4.0 4.6 7.1

(5.7)

The order of rate reduction CI > Br > I is in the order of increasing electron-
withdrawing effect (inductive and mesomeric) of the halogen. However, in a
1-halo-3-methyl-2-butene system, the rate-retarding effect of halogen substitu-
ent on hydroboration at the  position is a factor of =2, much less as explained
above, where hydroboration occurs, at the y position.

100 57 54
In 1,4-dichloro-2-butene, there are two sites for hydroboration, p to one

chlorine and y to the other, and involves rapid elimination and rehydroboration.
The rate reduction of hydroboration is rather large when compared with the
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corresponding hydrocarbon; it is 48 with respect to cis-alkene and is 100 with
respect to trans-alkene [5].

100 2.1 100 1.0

When chlorine is directly attached to double bond, there is dramatic rate re-
duction by a factor more than 10, and the hydroboration with 9-BBN occurs at
the 2 position.

; ;
:\—C3H7 Cl/:\—

100 0.0093

The relative rates of other 1-halo-1-alkenes are given below in comparison
with the parent alkene.

100 1.4 100 0.97

The relative reactivities of dichloro- and monochloro-cis-, trans-butenes are
summarized in Table 5.5 [8].

The rate-retarding effect of the allylic halogen substituent is accounted both
for inductive and hyperconjugation. Both of these are electron withdrawing and
therefore, rate reducing at either the B position or y position [10].

+ +

) )
5
Cl
/
S
Induction Hyperconjugation

Relative to propene
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Table 5.5 The relative reactivities of rate constants for the hydroboration via 9-BBN of cis-trans
pairs at 25 °C in THF [8]

Alkene Structure Relative reaction Keio / Kipans
1-hexene = 100

cis-1,4-Dichloro-2-butene Cl—/_\—C1 0.0144 44
Cl
trans-1,4-Dichloro-2-butene ‘\:\; 0.0033
Cl
cis-1-Chloro-1-butene Cl/_\— 0.0093 3
Cl
trans-1-Chloro-1-butene 0.0031

!

In a vinylic system, the chlorine not only retards the rate of reaction but di-
rect the hydroboration to the 2 position. The inductive effect of chlorine here
reduces the electron availability of the m bond, thus severely retarding the rate of
the reaction, while some conjugation returns some electron density to the site
to the chlorine, which then becomes the preferred site of hydroboration.

—>»(l cC—C—Cl
C—C—Cl
. (T) ® O
Induction Conjugation Site of hydroboration

Relative to ethylene

5.1.4
Hydroboration of Allylsilanes

The silyl group is both larger and more electropositive than carbon, and these
factors direct the hydroboration of allylsilanes to place exclusively the boron on
C-3 of the allyl unit [20],in contrast to 1-butene, which gives 6% of hydrobora-
tion with diborane on C-2 [1]. Fleming and Lawrence [20] have compared the
placement of boron of diborane and 9-BBN on a variety of allylsilanes as shown
in Scheme 5.1.
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The highly selective hydroboration of allylsilanes with 9-BBN affords the
products having the silicon and boron in a 1,3-relationship (Scheme 5.1) [20].
As already evident [4] the addition of 9-BBN is affected significantly by steric

factors.

PhMe,Sj PhMe, Si
90 (80)
— 86 (77)
10 (20) 14 (23)
94% 91%
PhMe,Sj PhMe,Si PhMe,S;j
> 99 (80)
)\/\ )\) > 95 (83) M@O)
<1 (20) <5 (17) <1 (10)
93% 79% 98%
PhMe, Si PhMe,Si PhMe, Si
> 95 (80) )\)
>95 (80
Ph = Ph = =0 Ph = =P
<5 (20) <5 (20) <1 (<1)
88% 79% 96%

Scheme 5.1 Regiochemistry of hydroboration of allylsilanes using 9-BBN (in parentheses of BH,
(21])

Consequently, the synthetic utility of both different metals, silicon and boron,
which are in a 1,3-relationship, can be exploited as both can be replaced, inde-
pendently of each other by a hydroxy group. The boron in the usual way, using
alkaline hydrogen peroxide and the phenyldimethylsilyl group by electrophilic
removal of the phenyl group, followed by treatment with peracid [22]. This pair
of reactions can also be carried out in one pot [23], with the overall sequence to
construct 1,3-diols from allylsilanes.

Fleming and Lawrence [24] have further demonstrated that hydroboration of
allylsilane is highly stereoselective with 9-BBN and the selective conversion to
1,3-diols is shown in Scheme 5.2.
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PhMe, Si PhMe, Si OH OH  OCOPh
P (1) 9-BBN H (1) (PhCO),0,DMAP, Et;N £
(2)H,0,-NaOH (2) KBr, AcOOH, NaOAc
96% AcOH, r.t.,, 18 h 71%
PhMe, Si PhMe; g OH OH  OCOPh
) Sim /E\/E\ _Sim o /E\/E\
79% 74%
PhMe, Si PhMe, Si OH OH OH
Sim_, : Hg(OAc),, AcOOH /E\/
Ph Ph - AcOH,rt,5h  Ph .
76% 70%
Scheme 5.2
5.1.5

Hydroboration of Chiral Allyl Amines and Chiral Allyl Alcohols

Substrate-controlled diastereoselective hydroboration of protected chiral allylic
alcohols [25-27] or amines [28, 29] with 9-BBN gives almost always anti selec-
tive products. On the other hand, catalyzed hydroboration in most of the cases
using catecholborane as hydroborating agent tends to be syn selective [28-30]

(Eq. 5.9).

TsNH

(1)Hydroboration

P
' r\/\/ (2)H,0,/NaOH
Me

TsNH ~ OH TsNH OH
i-Pr = 4 @Pr A
Me 87% Me
syn anti
6.7 1.1 (Catechol borane/

rhodium complex)
7.4 (9-BBN)

(5.9)

The diastereoselectivity is, however, lowered in cases of less hindered amines.
The amines are prepared from (S)-amino acids via methylenation [31] of N-to-

sylaminoketones (Eq. 5.10).
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HTs

Zn CH,1,, TiCl CH
A 2
(S)-Amino acids ——» /\’/ THF20° /ﬁ/

|||||Z
mn'z

35-61%
(5.10)

The catalyzed hydroboration of allylic amines conforms to the model wherein
predominant syn product arises from approach of the rhodium complex anti to
the group that is the largest and has the best o-electron-withdrawing capac-
ity, i.e., the NHTs entity. Uncatalyzed hydroboration with 9-BBN of the same
substrate (except when R = i-Pr) shows poor anti selectivity [28], as is seen for
protected allylic alcohols. The observations for allylic amines reflect two oppos-
ing factors: (1) the electronic influences favoring a reaction conformation in
which the R functionality orients anti to the approaching borane, and (2) ste-
ric demands that guide the NHTs group to this same position [31, 32]. With
larger alkyl (i-Pr) substrate, the steric differences between isopropyl and NHTs
groups are outweighed by electronic factors, and anti selectivity results as shown
(Fig. 5.2) in the reactive conformation. Though steric demands of i-Pr and Ph
groups are similar, but latter is less 0-donating; hence, no anti selectivity is ob-
served when R = Ph. The other alkyl groups are smaller, so the opposing steric
and electronic effects balance, and very little selectivity is observed.

a b
NHTs
Me— CH2 H\ B
H '
R A :'
[Rh] TsHN Y
/
H H
Me — CH2
-Pr

Fig. 5.2 Reactive conformations in catalyzed and 9-BBN by hydroboration of N-tosyl-protected
allylic amine derivatives. a Preferential orientation in catalyzed hydroboration of n-tosyl-protected
allylic amine derivatives. b Preferential orientation in 9-BBN hydroboration of N-tosyl-protected
allylic amine substrate (R = i-Pr)
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To increase the steric demands and to remove the acidic NH group, N-tosyl-
ated allylamine derivatives are converted to NTsBn, using benzylbromide-potas-
sium carbonate—catalytic tetra-xn-butylammonium iodide in acetone (Eq. 5.11),
a reaction that is more convenient and affords the products in excellent yields.

NHTs NTsBn
CH BnBr, K,CO, : _CH (5.11)
~CH, — %o~ e '
R/\ (n-Bu), NI /\
Me Me
85-96%

This enhanced bulk around nitrogen accentuates steric effects in hydrobora-
tion of these alkenes. Electronic parameters reinforce these steric effects in the
catalyzed process for syn selectivity. Hindrance in 9-BBN hydroborations ex-
cludes NTsBn from the same face of the alkene as the borane, even from the out-
side position; hence, these conversions are also syn selective. The borane, on the
other hand, is smaller, so it can tolerate the NBnTs group from the outside posi-
tion; consequently anti selectivity is observed from this reaction conformation.

The above results are different from those of Still’s pioneering study [33], and
which are also beyond the realm of Houk’s calculations [31, 32] for hydrobora-
tions of chiral allylic compounds.

The excellent syn selectivity of chiral allylamine derivatives, using catalyzed
hydroboration with 9-BBN and borane-THF complex, can be explained by the
following reactive conformations (Fig. 5.3).

a
NBnTs
NBnTs
Me— CH

Me— HCH2 R H 2

[N

R A y
q __—[Rh] H _B

~H
c H—p
BnTsN y
H
Me— CH 2
R

Fig. 5.3 Relative conformations with catalyzed reagent, 9-BBN, and borane reveal (Table 5.6) [28]
that: a preferential orientation in catalyzed hydroboration is governed by steric and electronic ef-
fects, b preferential orientation in 9-BBN hydroboration is governed predominantly by steric ef-
fects, and ¢ preferential orientation in BH, hydroboration is governed predominantly by electronic
effects
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Table 5.6 Hydroboration of N-(benzyltosyl) substrate [28]

NTsBn ' IE\ITSBH NTsBn

N e T
Me Me Me

syn anti

Product R Method syn:anti

PhCH, C,H,0,BH/cat [Rh] 18:1

PhCH, 9-BBN 13:1

PhCH, BH, 1:17

Bu C¢H,0,BH/cat [Rh] 10:1

Bu 9-BBN 7:1

Bu BH, 1:21

PrCH, C¢H,0,BH/cat [Rh] 6:1

PrCH, 9-BBN 25:1

PrCH, BH, 1:20

‘BuO,CCH, 9-BBN 5.3:1.0

‘BuO,CCH, BH, 1:52

Burgess and Ohlmeyer [30] have reported that electronic effects are important
in catalyzed hydroboration, e.g., allylic acetates are hydroborated with less syn
selectivity than allylic trifluoroacetate is [25], and proposed the general model
[A] (Fig 5.4) for catalyzed hydroboration of chiral allylic alcohols. The model
predicts that the OCOCEF, substituent (good o acceptors) will preferentially ori-
entate anti to the approaching rhodium complex. The largest of the other two
substituents on the chiral center will occupy the outside position, and the small-
est will reside in the inside (crowded) site and thus, syn selectivity will result.

Rhodium complex

outside
Me —\%

anti

[A]

Rhodium complex

Fig. 5.4 Electronic factors orient catalyzed hydroboration
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However, according to Houk [34] uncatalyzed hydroboration (Eq. 5.12) with 9-
BBN tends to be anti selective due to the following most reactive conformation.

9-BBN
XO, y
H
Me— CH,
R
[B]
0X OH OH OH OH
n—Bu)\/ (1)Hydroboration _ n—Bu/l\_) + n_Bu)\l)\OH
(2)Oxidation and :
M hydrolysis Me Me
anti syn

(5.12)
The results are summarized in Table 5.7 [35].

Table 5.7 Catalyzed and uncatalyzed hydroboration of chiral allylic alcohols [35]

X HBO,CH,/Rh-cat 9-BBN
(syn:anti) (syn:anti)
COCH, 2.7:1 1:7.5
COCF, 7.5:1 1:14
CO'Bu 6.5:1 1:15

Similarly, Evans et al [36] have also found that several classes of allylic alco-
hols on rhodium-catalyzed hydroboration afford allylic alcohols with high dia-
stereoselectivity-syn product and isomer complementing to that furnished by
uncatalyzed variant of the reaction (9-BBN)—the anti product.

The proposed model [B] implies that syn selection in catalyzed hydroboration
should decrease as the o-accepting character of the anti substituent decreases.
This explains the higher syn selectivity in catalyzed hydroboration of allylic
trifluoroacetates as compared with reactions of allylic acetates and carbamates
[25]. The less diastereoselectivity of cationic complexes in hydroboration of chi-
ral allylic systems than in the neutral catalyst systems [29, 30] is rationalized,
as the latter have more electron density to shed via back-bonding. The anti se-
lectivity in catalyzed hydroboration of the allylic acetate and trifluoroacetate is
rationalized in terms of competition between the phenyl and acetate groups for
the role of o acceptor. The further evidence is obtained in the case of pentafluo-



5.1 Hydroboration of Alkenes 83

rophenyl allylic acetate. The C,H, lowers the o* orbital of the aryl ring relative
to the phenyl derivative, because the C/F, substituent is a better ¢ acceptor, and
anti selectivity predicted is confirmed experimentally (Chart 5.5) [30].

0X OH OH OH OH
R _~ (1)Hydroboration R R
(2)[0]

i

syn anti

Catecholborane-rhodium complex

Syn anti

(a) R=Ph, X=COCHj; 1 : 35
(b) R=Ph, X=COCF; I : 15

(c) R=C¢Fs, X=COCHj; I : 69
9-BBN

(a) R=C¢Hs, X=COCHj; 1 : 45

() R=C¢Fs, X=COCHj; 1 :3
Chart 5.5

The pentafluorophenyl substrate affords predominantly anti product in the
catalyzed hydroboration, whereas the uncatalyzed reaction’s is much less anti
selective. It reveals that the catalyzed hydroborations are more sensitive to elec-
tronic effects than are the corresponding uncatalyzed reactions [30].

The N-protected allylic amines as phosphorated N-allylic amines also hin-
der N-B coordination, and clean hydroboration is achieved by 9-BBN [37]
(Chart 5.6).

R R

I 9-BBN, 25°C |
(HSCZO)zlP‘—N—CHZCHZCHz —1h> (HSCZO)zlPl—N—(CHz)rB\
0(S) )
! :
(1\/1e21\1)2|1>‘—1\1—cr12CH:cH2 —Sim__ (Mezmzﬁ—N—(CHz)g—B<>

R=CH; or CH,C¢H;
Chart 5.6
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5.1.6
Hydroboration of Alkenylheterocycles

Brown and coworkers [38] have conducted a systematic investigation of hydrob-
oration of 2-vinylfuran, 2-vinylthiophene, and vinyl-substituted pyridines, and
found that directive effects observed for 2-vinylfuran and 2-vinylthiophene are
similar to those realized in styrene [38] (Chart 5.7). The vinyl substituent has
strong +M effect and directs the boron to the p position, and many allylic sub-
stituents also direct the boron predominantly to the p position.

L

CH CH, CH—TCHZ CH_CH2
BH,.SMe, 19 81 16 84 12 88
9-BBN 2 98 397 2 98
Chx,BH 0 100 0 100
Sia,BH 2 98 0 100 0 100

Chart5.7

These results in Chart 5.7 explain that as the bulkiness of the dialkylborane
increases, for example, from 9-BBN to Chx,BH to Sia,BH, the boron atom pre-
fers to add to a less hindered primary carbon atom. In addition, the heteroatoms
in 2-vinylthiophene and 2-vinylfuran donate electrons to the B-carbon of the
vinyl group, thus making it more electronegative (Eq. 5.13) and preferred attack
of the boron of the dialkylborane.

%.( ) CH=CH, N —CH—CH, (5.13)
X

®

The results of hydroboration of 2-vinylfuran and 2-vinylthiophene are sum-
marized in the Table 5.8 [38].

Hydroboration of trans-2-(1-propenyl)furan and trans-2-(1-propenyl) thio-
phene with BMS, 9-BBN, Chx,BH, and Sia,BH proceeds smoothly, and the or-
ganoborane thus obtained on oxidation with alkaline hydrogen peroxide yields
the main product 1-(2-furanyl)-propan-1-ol, in about 90% yield arising from
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a-C-B bond. Similar results are obtained from 2-(1-propenyl)thiophene (Ta-
ble 5.9) [38].

2-Vinylpyridine affords different products distribution with different molar
ratios of hydroborating reagents. 2-Vinylpyridine on treatment with 9-BBN (1:1
molar ratio) also gives a 2-vinylpyridine-9-BBN complex. This complex has lose
association with 9-BBN, and dissociation occurs with concurrent hydrobora-
tion. The strong electron-withdrawing power of the pyridine ring greatly re-
duces the electron density at the p-carbon atom as compared with five-mem-
bered heterocycles. However, addition of boron to the p-carbon is still favored
due to the powerful regioselective properties of 9-BBN, and hydroboration pro-
ceeds smoothly at 25 or at 65 °C. Oxidation of the organoborane gives 2-ethyl-
pyridine and 2-(B-hydroxyethyl)-pyridine in a 3:7 ratio in good yields (Table
5.10). The formation of ethylpyridine is explained by the organoboranes of the
benzylic type being susceptible to hydrolysis under the influence of alkali under
very mild conditions [39b]. Consequently, due to the strong electron-withdraw-
ing properties of the pyridine nitrogen, the C-B bond of the a-boron derivative
is prone to alkaline hydrolysis, as shown in Scheme 5.3.

= o~ =
PN e N e
X X X AN
N N N
B B~
\ ©
< on leo

= ©
| + OH
~
N

Scheme 5.3

4-Vinylpyridine, on the other hand, is strongly complexed with 9-BBN and
no hydroboration has been observed. Moreover, the unreacted starting material
cannot be recovered following usual alkaline hydrogen peroxide oxidation. 4-
Vinylpyridine is known to undergo polymerization [40] readily.

The complex formed by treatment of 2-methyl-5-vinylpyridine with 9-BBN
(1:1 molar ratio) gets dissociated readily at 25 or 65 °C due to 2-methylsubstitu-
ent, and hydroboration proceeds smoothly to place the boron atom predomi-
nantly at the B-carbon [38]. The electron-withdrawing property of pyridine
nitrogen here is transmitted weakly as compared with vinylpyridine. The com-
parable hydroboration with BMS, 9-BBN, Chx,BH, and Sia,BH for their steric
and electronic consideration along with their molar ratio studies are presented
in Table 5.10 [38].
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5.1 Hydroboration of Alkenes 91

The complexation adducts of vinylpyridines and BF, can be hydroborated
with a 1:1 molar ratio of 9-BBN, but without much success (Table 5.11) [38].

trans-2-(1-Propenyl)pyridine on hydroboration with 9-BBN (1:2 molar ra-
tio) gives a-organoborane in more than 92% yield. In an alternative procedure
trans-2-(1-propenyl)pyridine is complexed with borontrifluoride-etherate, and
then the hydroboration is achieved in a 1:1 molar ratio with identical success.
After the completion of the hydroboration, the boron trifluoride is recovered by
treatment with N,N,N',N'-tetramethylethylenediamine (TMEDA) (Scheme 5.4).
The products formed are identified after the alkaline hydrogen peroxide oxida-
tion. The comparative data with BMS, Chx,BH, and Sia,BH are presented in
Table 5.12. This remarkable increase in the formation of a-organoboranes com-
pared with that of a-vinylpyridine is attributed to the terminal methylsubstitu-
ent on the olefinic double bond.

\
X BF; OFt, = S -
| —m | — '
= \ : P> \ = B\
N N oo
BF; BE;
X
0.5TMEDA, 1yEpA.2BF, - |
DN
N \

Scheme 5.4
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96 5 Hydroboration

The comparative distribution of boron in the hydroboration of 2-prope-
nylheterocycles, compared to that of trans-1-propenylbenzene [9] is shown in
Chart 5.8 [38].

IRRIEETI Y

BH;,SMe, 85 15 91 9 89 11 9% 4 99
9-BBN 97 3 9% 4 94 6 93 7 99 1
Chx,BH 98 2 95 5 95 5 99 1
Sia,BH 95 5 9% 4 99 1 100 0
Chart5.8

5.1.7

Hydroboration of Enamines

Singaram and coworkers [41, 42] have conducted a comprehensive study of the
hydroboration of B,p-disubstituted enamines with BMS and 9-BBN. The hydro-
boration studies with BMS reveal that cyclic six-membered secondary amines
such as morpholine and piperidine direct initially the addition of the boron atom
of BMS to a positions, which then rearrange mainly to f-isomers while all other
amines direct the boron either predominantly or exclusively to the B position
(Eq. 5.14; Table 5.13). The unexpected a-directing effect of a six-membered cy-
clic moiety in ,B-disubstituted enamines is explained in the same way that the
rate difference in the reduction of cyclopentanone and cyclohexanone are ex-
plained [43] (see Fig. 5.5). In pyrrolidino enamines, the delocalization of the ni-
trogen lone pair into an exocyclic double bond, with concomitant concentration
of the electron density on the 3-carbon, is favored due to the absence of eclipsing
interactions in the iminium structure [44], whereas the opposite is true for the
six-membered cyclic amine moieties; the delocalization of the nitrogen lone pair
onto the adjacent sp? carbon results an increase of eclipsing interactions and is
highly disfavored. Consequently, the directive effect of the six-membered cyclic
amino group is weak, and the parent isoalkyl moiety exerts a dominant direc-
tive effect, which leads predominantly to the a-adduct. The steric interactions in
B,p-disubstituted enamines favor the a-borane adducts, whereas the resonance
effect shown in Fig. 5.5 clearly outweighs the steric considerations.
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Table 5.13 Directive effect in the hydroboration of enamines derived from 2-methylpentanal

[41].
H,B
/\A/NRZ BMS w NR, + /\></ NR,
25°C
BH,
(5.14)

Amine (NR,) a-RBH, B-RBH,
Diethylamine 20 80
Diisopropylamine 0 100

Pyrrolidine 0 100

Piperidine 80 20

Morpholine 80 20
Hexamethyleneimine 10 90

>
H H
HA\ 1 H
H C% R H N 1
R2 + \ -
N Ns - C— R2
H @ H |
H
Eclipsed interactions; No eclipsed interactions;
not favored favored
H H

H H
WH WH R
> + - 2
Nﬁ N:C.lc_R
1
H/C\ R H‘\‘Il{
&Y,
R

No eclipsed interactions; Eclipsed interactions; not favored
favored

Fig. 5.5 Effect of ring size on the regiochemistry of hydroboration of cyclic amine enamines
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The normal electronic effect of the dialkylamino group strongly directs the
boron to the B-carbon of the enamine. However, when the hydroborating agent
initially complexes with nitrogen atom, the influence of the dialkylamino group
is reversed (Fig. 5.6).

s NS
~ 6_ N— ~ +_ /N_B/_
>C=c Sc=c_ N\

Fig. 5.6 Reversal of the normal electronic effect of the enamines dialkylamino group due to coor-
dination of the hydroboration reagent with nitrogen

Aromatic f3,3-disubstituted enamines do not undergo hydroboration with 9-
BBN. However, their counterpart aliphatic enamines are hydroborated at 25 °C
within 12 h and also place the boron exclusively at the B position (Chart 5.9)
[41, 42], regardless of the greater steric requirement of 9-BBN and the size of the
amine moiety of the enamine. Thus it is explained that 9-BBN attacks the en-
amine double bond without prior coordination with nitrogen atom, while BMS
initially coordinates to the nitrogen atom to a varying degree prior to hydrobo-
ration reaction.

A)?
Y i@
m.p. 100-102°C

O .
o Fo &5

m.p. 156-158°C

g
S
\

%\

B

S

/
\

Chart5.9
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These trialkylboranes of 9-BBN are stable compounds when stored under ni-
trogen. Even the cyclic derivatives do not undergo appreciable isomerization
[45]. The "B NMR chemical shifts of these are in the range of § 12-15, indicat-
ing that their stability is attributed to the strong coordination of boron to the
nitrogen atom.

The morpholinenamines of heterocyclic ketones such as tetrahydro-4H-py-
ran-4-one, tetrahydro-4H-thiopyran-4-one, and 1-benzyl-4-piperidone un-
dergo hydroboration, cleanly, with 1 equiv of 9-BBN to furnish the correspond-
ing trialkylboranes (Chart 5.10) [8].

O

N
0
X

X =0, S, NCH,CHj

Chart5.10

5.1.8
Hydroboration of Heterocyclic Olefins

Brown and his coworkers have systematically studied the hydroboration of 3-
butenyl [3a], 2-butenyl [3b], and 1-butenyl [4] derivatives containing represen-
tative substituents. It was found that organoboranes containing a heteroatom at
the P position tend to undergo 1,2-elimination (Eq. 5.15) [3].

SB-H ~
RCH=CHX ——> RICHCHZX —> RCH=CH, + _

B

B—X (5.15)

The extent of the leaving group depends on the nature of leaving group, the
temperature, and the solvent. For good leaving group like OTs, CI, or Ac, elimi-
nation occurs rapidly [3, 4], whereas it is minimized for poor leaving groups
such as OR and OAr. Moreover, the hydroboration proceeds regioselectively,
placing essentially all of the boron atoms at the B position [4, 48-50]. Thus
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1-ethoxy-2-methyl-1-propene yields 88% of 1-ethoxy-2-methyl-2-propanol on
hydroboration-oxidation, indicating the selectivity of boron for p-carbon even
though it is tertiary (Eq. 5.16) [4].

CH; OH
o (DHB |
H3;C—C=CHOC,Hs ~—~——»  (CH3),CH—CH,0C,Hj5
(2)0] (5.16)
88%

The hydroboration of heterocyclic olefins having oxygen [50-56], sulfur [57],
and nitrogen [58-68] are reported. Brown and coworkers [69] have conducted
detailed hydroboration studies of many heterocyclics with an endocyclic double
bond with borane-methylsulfide BMS, 9-BBN, Chx,BH, and Sia,BH and have
established the optimum conditions for clean and quantitative hydroboration.
The hydroboration of 2,3- and 2,5-dihydrofuran with BMS (3:1 molar ratio) at
25°C for 1h affords trialkylborane, readily oxidized to 3-hydroxytetrahydro-
furan, in excellent yield. But the synthesis of dialkylboranes from these olefins
using olefins, BMS in 2:1 ratio is not possible at 0 °C. However, hydroboration
of 2,3-dihydrofuran proceeds cleanly with 9-BBN in 1:1 ratio and oxidation af-
fords the desired 3-hydroxytetrahydrofuran, in excellent yield. Similar results
are obtained with dicyclohexylborane and disiamylborane (Table 5.14).

At higher temperatures, the ring ruptures to afford 3-buten-1-ol or diol. At
25 °C 2,5-dihydrofuran has also been hydroborated, and comparative results are
summarized [69] in Table 5.14.

The experimental conditions for the hydroboration of 2-methyl-4,5-dihydro-
furan, 2,3-dihydrothiophene and N-(benzyloxycarbonyl)-3-pyrroline have been
optimized (Table 5.15) [69], and no ring cleavage is observed under these ex-
perimental conditions.

The hydroboration of 3,4-dihydropyran with BMS at 25 °C affords the prod-
uct also arising from the ring cleavage, while good yield of 3-hydroxytetrahy-
dropyran is obtained with BH,-THF in 2-olefin-BH,-THE However, 9-BBN,
Chx,BH, and Sia,BH afford 3-hydroxytetrahydropyran in excellent yield (Table
5.16) [69].

Hydroboration of 2-methoxy-3,4-dihydro-2H-pyran and, 2-ethoxy-3,4-dihy-
dro-2H-pyran have been studied, which afford the corresponding 5-hydroxy de-
rivatives in excellent yields but with poor diastereoselectivity (Table 5.17) [69].
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106 5 Hydroboration

All attempts to hydroborate five-membered nitrogen heterocyclics, 3-pyrro-
line, and some of its derivatives, with various hydroborating reagents including
9-BBN and Sia,BH have failed, even in refluxing THF, probably due to complex

N

Bl

X= H, Sﬂ\/[e3, CH3

formation with nitrogen [69]. However, N-(benzyloxycarbonyl)-3-pyrroline
is successfully hydroborated with 9-BBN, Chx,BH, and Sia,BH and affords N-
(benzyloxycarbonyl)-3-pyrrolidinol in excellent yield, after oxidation employ-
ing usual alkaline hydrogen peroxide oxidation (Eq. 5.17).

OH
{ \ (1) 9-BBN / §
N (2) NaOH, H,0, N
COOCH,CgHs COOCH,CgH5

(5.17)

1,2,3,6-Tetrahydropyridine behaves in a manner similar to five-membered
heterocycles except in the case of benzyloxycarbonyl derivative, which deac-
tivates the amino moiety. The hydroboration products of BMS, 9-BBN, and
Sia,BH are readily oxidized to give good yields of N-(benzyloxycarbonyl)-3-
and 4-piperidinols (Eq. 5.18; Table 5.18) [69].

OH
oH
X (1)HB
Sy +
2)[0]
h ) h
COOCH,CH, COOCH,CH, COOCH,CH,

(5.18)

It is observed that strongly basic groups in a heterocyclic ring can greatly
reduce the ease of hydroboration, and the introduction of boron B to the hetero-
atom can lead to elimination.
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However, there is a report for the successful hydroboration of N-benzyloxy-
3-pyrroline with BH,-THF by Joullié and coworkers [70]. This led Brown to re-
investigate [71] the studies of pyrrolines, and he found that excess of BMS in-
deed leads to the desired alcohols, and similar results with equimolar and excess
hydroborating reagents have been compiled [71] in Table 5.19.

The relative rates of hydroboration of representative heterocyclic olefins
with 9-BBN have been studied [72] at temperature 25 °C, as most of the large
amount of data for relative reactivities with 9-BBN is available at this tempera-
ture. These rates of reaction for heterocyclic olefins are compared with Sia,BH
as the hydroborating agent at 0 °C, which is described by Zweifel and Plamon-
don [50].

Table 5.19 Hydroboration of N-substituted-3-pyrrolines at 25 °C [71]

Olefin Product Hydrobora-  Ratio of olefin ~ Reaction  Yield
ting agent to hydrobora-  time (h) (%)
ting agent
BH,-SMe, 1:1 24 0
f_f OH 1:1.33 2 97
N 1:1.66 2 97
b, [N S 1:2 1 100
CH,C H;
9-BBN 1:1 1 96
1:2 0.5 98
Sia,BH 1:1 3 99
1:2 1 100
OH BH3-SMCZ 1:1 48 0
— 1:1.33 36 94
9-BBN 1:2 24 97
A A Sia,BH 1:2 24 98
CH; CH;
OH BH,-SMe, 1:1 48 0
f - § { E 1:1.33 36 95
9-BBN 1:2 24 93
) A Sia,BH 12 24 99
CHyCHyCHyCHy  CH,CH,CH,CHy 2 '
OH BH,-SMe, 1:1.33 1 88
- 9-BBN 1:1 1 92
N (N X Sia,BH 11 3 84
1
CO,CH,CH, CO,CH,C(Hy
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Mesomeric effect in 2,3-dihydrofuran makes this to react 106 times faster
than does cyclopentene, and moving the double bond one carbon atom away as
in 2,5-dihydrofuran reduces the rate drastically, and 2,5-dihydrofuran reacts 4.2
times slower than does cyclopentene (Chart 5.11) [72] with 9-BBN.

Ly O

Relative reaction 0] O
9-BBN 1.0 106 0.24
25°C

Sia,BH 1.0 218 1.26
0°C

Chart5.11

Since the mesomeric effect is absent in the 2,5-isomer, the inductive effect of
oxygen atom deactivates the C=C toward hydroboration. Similar deactivation is
observed in an open-chain system as well:

9-BBN, 25 °C 1.0 0.69

In 2-methyl-4,5-dihydrofuran both mesomeric and inductive effects operate
in the same direction, and a significant acceleration in the rate of hydroboration
is observed (Chart 5.12) [72].

: 0
9-BBN, 25°C 1.0 631

Sia,BH,0°C 1.0 45.4

Chart5.12
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In contrast to 1-methylcyclopentene, which is less reactive than cyclopentene
[11], the trend is opposite in case of heterocyclic system (Chart 5.13).

OO0 X

9-BBN, 25°C 1.0 0.25 1.00 1.5
Sia,BH, 0°C 1.00 2.08
Chart5.13

However, with a six-membered heterocycle, dihydropyran (DHP) when com-
pared with cyclohexene, the effect in the rate is surprisingly marginal, both for
9-BBN and Sia,BH.

9-BBN, 25°C 1.00 6.4

Sia,BH, 0°C  1.00 1.15

However, 2,3,4,5-tetrahydrooxepin reacts 30 times slower than does cyclo-

heptene.
X
o)

9-BBN, 25°C 1.00 0.034

Zweifel and Plamondon [50] have described that this lower reactivity is due
to reduced mesomeric interaction of the nonbonded pair of electrons on the
oxygen with the double bond in the less planar DHP besides the increased steric
hindrance factor. The same explanation is extended to account for the behavior
of 2,3,4,5-tetrahydrooxepin.

The investigation of the corresponding sulfur analogs toward hydroboration
with 9-BBN shows a vast difference in the behavior of rate as compared with
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oxygen heterocycles, though regioselectivity toward the 3 position is same for
both the oxygen and sulfur heterocycles (Chart 5.14).

o 0.0

9-BBN, 1.00 0.02 1.00 0.10

Chart5.14

This behavior is explained by Brown [72] due to (1) poor mesomeric contri-
bution from sulfur and (2) different conformation of sulfur system from those of
oxygen. The C-S-C and C-O-C bond-angles and C-S and C-O bond-lengths
vary considerably [73].

5.2
Hydroboration of Alkynes

The monohydroboration of terminal alkynes with dicyclohexylborane, disiam-
ylborane, catecholborane, and dimesitylborane, and complexes of dihaloboranes
and 9-BBN provides the simple and efficient route to trans-vinylboranes [1, 2].
Unlike other dialkyl(vinyl)boranes, vinyl-9-BBN derivatives exhibit remarkable
stability [3, 4]. However, with 1:1 stoichiometry of terminal alkyne:9-BBN, 9-
BBN adds twice to give a significant amount of diboryl adduct (Eq. 5.19) from
which boron stabilized carbanion can be made [5, 6]. The partial solution to
dihydroboration is achieved either by employing 100% excess of the alkyne [3]
or using silylated derivatives [4e, h].

HB/> / B/>
R—C=C—H —Y 5 H:c:c\/B\ N Rr< /\ (5.19)
R H g )

N
1 2 3

The monohydroboration of internal alkynes, on the other hand, occurs with
an equimolar amount of 9-BBN in THF at 0 °C, to give 90-95% yield of B-alke-
nyl-9-BBN derivatives (Eq. 5.20) [5]. The hydroboration of the internal alkynes
with 9-BBN is greatly influenced by the steric factors to afford the least hindered
product in major quantity [7].
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R R
R=C=C-R + o-BBN ——>  2C=C{ /) (5.20)
B
N

In the case of terminal alkynes, the sacrifice of alkyne, or to add extra reac-
tion steps are highly unsatisfactory for many applications.

5.2.1
Hydroboration of 1-Alkynes

Soderquist and coworkers [8] reexamined the extent of monohydroboration of
1-alkynes (1) (Table 5.20) based on the NMR studies conducted on vinylbo-
ranes (2) and diboryl adduct (3) in THE It is discovered that because 2 but not
3 is partially complexed by THF and thus, its !'B signal in NMR is significantly
shifted upfield (Table 5.21) in THF and product distribution has been assessed
directly, avoiding extra steps associated with GC analyses of protonolysis and
oxidation products. The data (Table 5.20) clearly reveals for the first time that
the relative amount of 2 versus 3 generally increases with size of the R group in
1, with SiMe, exhibiting its expected exceptional behavior [4h, 9].

Midland reduction [10] of a carbonyl compound with trialkylborane, in-
volves dehydroborylation of trialkylborane in a concerted manner to produce
an alkene. However, s-Bu-9-BBN reacts sluggishly with aldehydes to produce
2-butene as a cis:trans mixture (35:65) [10b]. On the other hand, Soderquist
[11] observed that 3 accepts only one hydride from KH, a fact which suggests
that the two boron atoms may act in concert to result in unusual reactivity with
aldehydes compared with that with simple trialkylboranes. Indeed, it is found
that when 1 equiv of PhCHO is added to 3a at 25 °C, B-PhCH,0-9-BBN (4) and
2a are quantitatively formed in 2 h (exclusively with trans geometry). Moreover,
the 3 > 2 conversion is quite general occurring smoothly in all representative
systems to afford 2 quantitatively, as the trans isomer together with the forma-
tion of equal quantity of 4 (Table 5.22; Eq. 5.21) [8]. With the added aldehyde,
when changed from PhCHO to 1-naphthaldehyde, the distillation of 2 in most
cases become greatly simplified.

HB/> B/>> ArCHO /
_ \ N\ 2h,25°C  H _B (5.21)
R—C=C—H = :
IR Seata
B
AN
3

Consequently, a new and completely stereoselective route to trans 2 from 3 is

available from terminal alkynes by the dehydroborylation procedure [8].

1 2
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Table 5.20 Hydroboration of 1-alkynes with 9-BBN [8]
Series R Ratio® 2 (%) 3 (%)
a Me 1:1 20 40
2:1 56 22
b n-Bu 1:1 56 22
2:1 80 10
c Ph 1:1 92 4
2:1 96 2
d i-Pr 1:1 88 6
2:1 94 3
e SiMe, 1:1 38 31
2:1 74 13
Reactions are carried out at 0 °C (0.5 M 9-BBN in THF).
¢ Molar ratio of 1-alkyne:9-BBN is employed.
Table 5.21 Effect of THF on the "B NMR chemical shift of 2 [8]
R d (CDCLy) S (THF)*
Me 77.2 74.5
n-Bu 77 73.1
i-Pr 77.7 73
Ph 78.5 70
SiMe, 77.6 67.4
* There is no significant effect on & for 3 with this change in solvent systems.
Table 5.22 trans-Vinylboranes (2) via dehydroborylation of 3 [8]
Series R Ar Isolated yield of 2 (%)
a Me Ph 89
1-Naph 81
b n-Bu Ph 100
1-Naph 86
c Ph Ph 100
1-Naph 100
0-CH,(CHO), 68
d i-Pr 1-Naph 85
e SiMe, 1-Naph 82
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The earlier concept of syntheses of vinylborane, with excess of alkyne is com-
pletely unworkable for an a,w-diyne if both the carbon-carbon triple bonds are
to be monohydroborated. However, a 4:1 ratio of 9-BBN and 1,8-nonadiyne give
exclusively the corresponding 1,1,9,9-tetra-9-BBN adduct, which on treatment
with 2 equiv of PhCHO results in clean formation of trans,trans-1,9-di-9-BBN-
1,8-nonadiene (Eq. 5.22) [8].

< > 00 O @ .

(5.22)

The new dehydroborylation route to trans-vinyl-9-BBN demonstrates its re-
markable versatility as it undergoes deuterolysis, thermal isomerization, alde-
hyde insertion, oxidation, and Pd-catalyzed Suzuki’s cross-coupling reactions
(vide infra).

Comparing the MMX-minimized conformations [12] of 3a with n-Pr-CH(9-
BBN)CH, and i-PrCH(9-BBN)CH,, the least hindered gauche conformation
3a’ has energetic preference (Fig. 5.7) over the alternative gauche conformation,
with the B-methyl group bisecting the two a-substituents. (1,3-repulsion for the
Me-C-C-9-BBN array are greater than for Me-C-C-Me).

Me H
: >~ H \@ L/ Me g 2
3a’ 3a (AE =+ 2.6 kcal/mol)

Fig. 5.7 Energy difference of conformers

The studies reveal [8] that the delivery of 9-BBN from 3a to an aldehyde shows
a greater trans-selectivity regardless of the actual structural arrangement of
H-C-C-B array (i.e. syn periplanar or gauche).

The dehydroborylation process has been proposed [8] to occur through the
following transition state shown in Fig. 5.8.
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Fig. 5.8 Proposed transition state for the dehydroborylation of 3

Ar

The fast rate of reduction of ArCHO by 3 as compared with simple B-alkyl-9-
BBN derivatives is because of added stability imparted to the transition state of
the empty p orbital on the boron atom in the additional 9-BBN substituent [10,
13]. The stabilization also leads the reaction to occur at lower temperature than
for example, with B-s-Bu-9-BBN, a feature that favors a more selective process.
As noted above 1,3-repulsions for the Me—-C-C-(9-BBN) array are greater than
for Me-C-C-Me, and this aspect disfavors the alternating transition state, lead-
ing to cis-vinylborane. Consequently, the combination of stereo- and electronic
factors favor the transition state, and the whole process makes the preparation
of trans 2 from 3 a highly efficient and selective method [8].

The regioselectivity and stoichiometry of hydroboration of simple 1-silylacet-
ylenes and 1-alkynes with 9-BBN are examined [14] by high-field *C NMR. The
hydroboration of 1-hexyne, 3,3-dimethyl-1-butyne, and 1-decyne in dilute THF
solution with 100% excess of alkynes give 94, 96, and 94% monohydroboration,
respectively.

The hydroboration with 1:1 stoichiometry reduces the percentage of monohy-
droboration, drastically. However, for comparison the hydroboration of alkynes
with 1:1 alkyne-9-BBN under essentially neat condition provides better line
shapes for the carbon a to boron and no interference from solvent absorptions.
(Trimethylsilyl)acetylene (1e) results in only B-mono- (B to TMS) and dihy-
droboration products (Eq. 5.23), the behavior common to nonsilylated terminal
acetylenes, but differing in the extent of mono- and dihydroboration. Moreover,
it is found that this silylalkyne is less reactive toward 9-BBN as compared with
its alkyl counterpart. In addition, the steric repulsions between the substituted
boron atom, and the a-TMS groups are sufficiently large so as to prevent their
site from competing with the alternative, unencumbered position.

/ /
R-C=CH 2225 Hyo 3 c c< HD (5.23)
R H )

1:R= 5
b:n-Bu, e:SiMe,, fit-Bu
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The results describing the extent of hydroboration are summarized in Ta-
ble 5.23 [14].

Table 5.23 Hydroboration of terminal alkynes with 9-BBN under neat conditions at 25 °C [14]

Compound R Yield (%) Time (h)
5a/5p 5 6

1b n-Bu 0/100 32 34 5

le Me,Si 0/100 9 47 8

1f t-Bu 0/100 79 10 7

The neat hydroborations of 1b, 1e, and 1f with 9-BBN with 1:2 stoichiometry
yields the corresponding gem-diboryl adducts (6), and this is the first time that
B-di-boryl products are prepared via hydroboration of silylacetylenes.

The effect of alkyl versus silyl substitution is examined in a 1:1:1 mixture of
le, 1f, and 9-BBN. The 1f undergoes hydroboration (>95%) to provide 5f and 6f
in an 88:12 ratio. On the other hand, hydroboration of 1e is <5% and provides
5e and 6e in a 4:1 ratio. This clearly shows that ¢-Bu group is more effective in
activating the triple bond to place the boron at the B position than is the TMS

group (Eq. 5.24).
/
9-BBN /D Bw

C_
>95% t-Bu/ / B

5f of
88 : 12

t-BuC=CH + Me;SiC=CH

(5.24)

5.2.2
Hydroboration of 1-Silyl-2-Alkyl-1-Alkynes

In comparison to other dialkylboranes, 9-BBN is more sensitive to electronic
factors (in the absence of steric factors). The above data indicate that the TMS
group provides an electronically based preference for the placement of boron to
the a position, a phenomenon consistently observed in the ionic additions to
unsaturated organosilanes [16]. However, because of the limited ionic nature of
the hydroboration process, this effect is less important in these reactions. Steric
effects easily overcome the weak electronic effects of the TMS group so that -
boron placement becomes the dominant process.
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In order to establish the effect of TMS, 1-hexyne (1b), 1-(trimethylsilyl)-1-
hexyne (7), and 9-BBN in 1:1:1 ratio are reacted at 25 °C for 5h (Eq. 5.25). It
is found that 1b undergoes hydroboration (>98%) to produce 5b and 6b in es-
sentially equal amounts with the corresponding quantity of unreacted 1b. The
silylacetylene (7) remains essentially unchanged with only a traces amount of
monohydroboration to vinylborane (8).

9-BBN
nBuC=CSiMe;  +  nBuC=CH  — o 5b +  6b (5.25)
0
7 1b

The above study concludes that TMS group does not result in any net activa-
tion of any position in an alkyne relative to an alkyl group. In fact the addition of
boron of 9-BBN is slowed by the steric bulk of a TMS group and also from add-
ing to that position. However, the hydroboration of 7 (10% excess) with 9-BBN
gives the expected vinylborane 8 (Eq. 5.26).

) H BD
n-BuC=CSiMe, 2BEN Sce=cC (5.26)
>90% n-Bu SiMe;
7 8

It is known that relative hindered vinylboranes such as 5f (R = ¢-Bu) have less
tendency to undergo competitive hydroboration with their alkyne progenitors
in comparison to less hindered products such as 5b (R = n-Bu). In a mixture of
7 and 1b (R = n-Bu), the TMS group essentially prevents the hydroboration of 7
with 1 equiv of 9-BBN.

The hydroboration studies on 1f (R = #-Bu) and 7 conclude that both bulky al-
kyl group and 1-trimethylsilyl substitution block the placement of second boron
on that carbon. Consequently, the clean monohydroboration is achieved [14] with
9-BBN, under stoichiometric conditions when C=C terminals possess these sub-
stituents. The reaction is highly regioselective (Eq. 5.27) and places the boron on
the carbon bearing silyl substituent to afford the product in quantitative yields.

FBuC=CSiMe, —2BN,  Fheo /B® (5.27)
3.5h, 60 °C t-Bu SiMe, .
10

Thus, it is concluded that for 1-alkynes the 1-trimethylsilyl group blocks the
placement of a second boron on that carbon. The large alkyl group on the p-
carbon also effectively blocks this position. Therefore, clean hydroboration is
achieved with 9-BBN under stoichiometric conditions.
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Soderquist and colleagues [14] have further analyzed the behavior of alkynyl-
silanes (11) with 9-BBN with the help of »C NMR. The 1:1 stoichiometry of
1-(trimethylsilyl)-propyne and 9-BBN gives 54% of the (a-borylvinyl)silane
12aa and 23% of the 1,2-diboryl adduct 13a and is devoid of any other posi-
tional isomers. The regiochemistry of the initial monohydroboration is retained
because of the alkyl group’s 3-directive effect (Eq. 5.28).

/ \ H
- H BD ( B Y
MeC=CSiMe; —22Np " Sc=Cla . HoC— o B
Me SiMes / \
Me SiMe;
11a 12aa 13a

(5.28)

However, the regiochemistry and configuration of their dihydroboration
products (i.e., 1,1 versus 1,2-diboryl) are altered. Thus, for alkyl-substituted si-
lylacetylenes, TMS group alters the regioselectivity of the process at the vinylbo-
rane stage. The dominant stereoelectronic pB-directing effect of the alkyl group
is overcome in the case of 12aa, which has both the boryl and silyl group at the
same carbon. Steric repulsion between these two large groups forces the second
hydroboration to place the boron atom at the 2 position. Unlike ¢-Bu group, the
methyl group is too small to stop dihydroboration and afford 1,2-diboryl with
configurations [4b, 16] as depicted in 13a.

(B-Borylvinyl)silane adducts (12f), though difficult to prepare, are important
intermediates, as these have two versatile functional groups [15, 17] attached to
two different carbons. Moreover, since the silyl groups are normally replaced
stereoselectively with hydrogen atom, the whole process becomes equivalent to
the unknown Markovnikov hydroboration of terminal alkyne. Soderquist and
coworkers [14] have conducted a detailed study (Table 5.24) of different silyl-
substituted alkynes (11). The data reveal that groups smaller than triisopropylsi-
lyl (TIPS) give initially the a-adducts (12a) in high regioisomeric purity. These
vinyl adducts compete with 11 for 9-BBN to afford minor amounts of 1,2-dibo-
ryl products (13, Eq. 5.29).

R SiR,

R'C=CSiR, 22BN,
11 120

[
P,I>C=%<BD + @B>CEL/ " (5.29)
R’ IZB\SiR3
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Table 5.24 Influence of the silyl substitution on the boron placement in different alkynylsilanes
(11) with 9-BBN [14]

Series R, R’ Yield (%) Temperature °C
and time (h)
120/128 12 13 ( solvent)

a Me, Me 100/0 54 23 (CDCL,) 25 (48)

b Et, Me 97/3 70 15 (neat) 25 (36)

c (t-Bu)Me, Me 95/5 71 14 (neat) 25 (48)

d (i-Pr), Me 0/100 100 0 (neat) 85 (1)

e (i-Pr), n-Pr 0/100 100 0 (neat) 85 (3)

In contrast, the TIPS substitution not only provides the Z- product cleanly,
but also completely suppresses the formation of 13. Consequently, the 1,2,2-
substitution pattern (12p) with large groups on both the vinylic carbons, unlike
the 1,1,2 (12a) pattern having both the large groups on a geminal position, pre-
vents the dihydroboration of 11 with 9-BBN.

It is noteworthy to mention that alkyl groups principally activate the carbon
to themselves in the hydroboration process. However, when this site is blocked
by steric bulk as in case of TIPS, the boron is forced to accept the internal posi-
tion of the alkyne as a kinetically less preferred process.

It is reported [14] that alkynylsilanes (11, R’ = Me) undergo dihydroboration
with 9-BBN under neat conditions to afford 1,2-dibora adducts. The normal
1,1-diboryl compounds, on heating, isomerize to mixtures of 1,2- and 1,n-dibo-
ryl products [17b]. However, 1,2-diboryl adducts (14b-14d) on heating above
160 °C undergo thermal arrangement to place both the boryl groups away from
the bulky silyl group. Consequently, this “tandem walk” of two boryl groups
to give 1,1-diboryl products is a fascinating synthetically useful process (Eq.
5.30).

— o 29-BBN >160°C@
MeC=C81R3W H""C* /> CHCH CH,SiR,
110°C Me SIR3
11
R&=

b=Et;, c=(t-Bu)Me,, d=(i-Pr);

(5.30)
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5.2.3
Hydroboration of 1-Halo-1-Alkynes

The hydroboration of 1-halo-1-alkynes is a key step in the synthesis of trans-
alkenes [18], trans,trans-dienes [19], and cis-1-halo-1-alkenes [20]. In contrast
to the hydroboration of 1-alkynes, 9-BBN reacts with 1-halo-1-alkyne in an
equimolar ratio, with monohydroboration occurring at the 1 position (Eq. 5.31)
[21].

B
9-BBN + Hal——R —> @% (5.31)

The relative reactivities of 1-halo-1-alkynes are summarized in Table 5.25
[21].

Table 5.25 reveals that replacing a hydrogen or alkyl group attached to triple
bond with a group that reduces electron availability such as halogen or phenyl
decreases the rate of the reaction.

The decrease in the rate is the order of Cl > Br > I, an expected induction
trend of halogens. As the rate reduction in the largest halogen substituent, io-
dine, is the smallest, the electronic effects must outweigh the steric effects in
the case of bromine and chlorine substituents. The results are summarized in
Table 5.26 [21] and Chart 5.15.

eV ="V g= NV =V

100 0.422 1.01 12.3

Chart5.15
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Table 5.25 Relative reactivities for the hydroboration with (9-BBN), of 1-halo-1-alkynes and their
parent compounds in CCl, at 25 °C [21]

Relative reactivities

Com- Halo alkynes
pound no. _/\/\ =100 :/\/\ =100

2 —— / 1.88 123

3 H Ph 1.41 9.22
4 . /\N/\/ 131 8.56
5 [—==——"Ph 0.515 336

0.304 1.99

7 /\N/ \/ 0.303 1.98
Br——=

8 Br% 0.250 1.63

10 /\ / 0.155 1.01
Br———=

11 /\/\/ o110 0.721
Cl———=

12 /\ / 0.0645 0.422
Cl

13 Br—=—=—"Ph 0.0189 0.124
Cl—==—=—=—"Ph

14 0.00838 0.0548
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Table 5.26 The effects of halogen substitution on the reactivity of various alkynes toward 9-BBN
(21]

Factor by which

reactivity is lowered
Haloalkyne Parent Cl Br I
Hal;/\/\/ H;/\/\/\/ 164 596 137
Hal—==—Ph H—==—F"h 168 744 274

Hal _ / \/ H——= / \/ 237 99 8.13
Hﬂ% H% 194
Hal% H% 439

The change in charge polarization across the triple bond has been found
to decrease in the order I > Br > CL. This, thus, corresponds to an increase in
the amount of negative charge or electron density at C-2 and decrease in that
at C-1 by proceeding from the iodo- to the bromo- to the chloro-substituted
compounds. These observations correlate with the rate of hydroboration with
9-BBN at C-1 in the order of I > Br > CL

Another significant phenomenon in bromoalkynes is the rate-retarding ef-
fect on branching as compared with the other monohalogenated alkynes
(Chart 5.16) and is explained due to greater steric requirements for hydrobora-
tion with 9-BBN. Thus, rate-retarding steric effects of methyl groups outweigh
their rate-increasing inductive effects in methyl-substituted bromobutynes.

Br% Br%
100 82 64
100 317 562

Chart5.16
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The sensitivity to a change in alkyl group is the lowest of iodoalkynes among
its counterparts, bromoalkynes, and chloroalkynes (Chart 5.17).

—_ N =N

100 70 27
Br %/\/ Br %/\/\/ Br—=———~P"h
100 196 12
100 171 13
Chart5.17

It is interesting to note that in 1-halo-1-alkynes, electronic and steric effects
act together to make the first hydroboration of the alkyne occur at the terminal
position. However, the second hydroboration also places the boron at the same
carbon atom, yielding the gem-dibora derivative. As the gem derivative is also
obtained in the hydroboration of 3-hexyne, it must be electronic rather than
steric effects causing the gem product to be preferred. This is easily explained
in terms of charge alternation effect, which would be the result of the combined
inductive and mesomeric effects. The effect of the boron substituent on the di-
rection of hydroboration of an alkene is the opposite of that of halogens. A vinyl
halide favors placement of boron at the 2 position, whereas vinyl borane fa-
vors it at the 1 position. This is because the inductive and conjugative effects of
halogen and boron act in opposite manners. Thus, the hydroboration in these
alkenes occurs at the site of greatest electronic availability, determined primarily
by the mesomeric effect.

Chlorine substitution in 1-hexyne reduces the C-1-C-2 “C NMR shift differ-
ence from 15.75 in the parent to 12.51 ppm. This reveals that the effect of chlo-
rine on 1-hexyne makes C-1 more positive and C-2 more negative. This effect of
chlorine on the alkynes agrees with the +M effect analyzed in alkenes. An iden-
tical situation is observed in 1-chloro-1-octyne and in chlorophenylacetylene.

The contrasting regiochemistry of hydroboration for 1-chloroalkynes and 1-
chloroalkenes is explained. +M effect in the chloroalkynes is a smallone relative
to the stronger charge pattern of the alkyne moiety, which places more electron
density at the C-1 position. It is to be mentioned that chlorine, bromine and
iodine are capable of exerting a -M effect as well as +M effect in these com-
pounds [22a], and this is more apparent in the NMR data (Table 5.27) [21] of
bromo- and iodoalkynes than that of chloroalkynes. However, the possibility of
heavy halogen effects [22b] by bromine or iodine makes analysis of NMR data
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on the compounds containing these groups difficult. Consequently, in the chlo-
roalkynes, hydroboration at C-1 is linked to a strong charge pattern set up by
the alkyne moiety, which places a higher electron density at C-1 than at C-2.

The change in charge polarization across the C=C reflected in the *C NMR
data for haloalkynes indicates that polarization decreases in the order I > Br
> Cl. This results in an increase in the amount of negative charge or electron
density at C-2 and decrease in that at C-1, as one proceeds from the iodo- to
bromo- to the chloro-substituted compounds. This thus correlates with the rate
of hydroboration (which occurs at C-1) in the order I > Br > Cl. Further, the
reason for the nucleophilic attack at the C-2 position [23] in 1-chloro-1-alkynes
is the decrease in the electron density at that position caused by the -M effect of
chlorine. Both regioselectivity and rate of hydroboration depend on the electron
availability at specific sites in the molecule, and the above reason explains why
hydroboration does not occur at the 2 position.

Table 5.27 *C NMR data for the 1-haloalkynes, X-C-1=C-2-R, and their parent compounds [21]

13C Shifts (+0.05 ppm)?

X R C-1 C-2
H n-Bu 67.31 83.06
Cl n-Bu 56.71 69.22
Br n-Bu 37.36 79.88
I n-Bu -5.86 94.89
H n-Hex 67.48 83.16
Cl n-Hex 56.75 69.33
Br n-Hex 37.36 79.85
1 n-Hex -6.22 94.73
H Ph 77.14 83.24
Cl Ph 67.83 69.4
Br Ph 50.18 80.39
I Ph 8.96 94.85
H Et 67.3 85

H i-Pr 66.83 89.68
H t-Bu 66.14 92.38
Br Et 37.04 81.15
Br i-Pr 37.38 85.08
Br t-Bu 37.11 87.64

@ Shifts are relative to the external CDCI,.
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The comparative data of *C NMR for 1-hexyne and the 1-halo-1-hexyne de-
scribe the importance of the -M effect, which in haloalkynes decreases in the
order I > Br > CI. In fluoroalkynes, no —-M effect is possible as no d orbitals are
available. Only a +M interaction is possible in the 1-fluoro-1-alkynes, and one
expects their hydroboration at the C-1 position would (1) proceed at a slower
rate than the corresponding chloro analogs, or (2) switch to C-2 position in case
the electron density at C-1 decreases enough. Indeed, in 1-fluoro-1-alkynes the
nucleophilic attack occurs at the C-1 position, whereas the same occurs at C-2
position in 1-chloro-lalkynes [22a]. Their comparative hydroboration studies
are not conducted [21], as fluoroalkynes are difficult to prepare and handle, and
often very unstable [22].

As boron is attached at specific site where electron availability is higher, the
same reasoning is applicable to the question of why hydroboration does not oc-
cur at the C-2 position. Both -M and +M effects are explained in Chart 5.18.

Hal (\: R Hg\:/\ R

o— S5
Hal«——R
Q @ @ C)
Hal—e——R Hal—e——R |
M M effect
effect effect

Chart5.18
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5.3
Hydroboration of Dienes

The rate of hydroboration coupled with relative reactivities of alkenes toward
hydroboration with 9-BBN are used directly to predict hydroboration of un-
symmetrical nonconjugated dienes. 1-Hexene is about 100 times more reac-
tive than is cis-2-pentene and 116 times more reactive than is 2-methyl-2-bu-
tene. Similarly, 2-methyl-1-pentene is 194 times more reactive toward 9-BBN
than cis-2-pentene is. The data, thus, reveal that selective monohydroboration
of terminal C=C of nonconjugated dienes can be achieved, as are illustrated in
Chart 5.19 [1-3].

Me,C= CHCHZCHZCHZ—B® CH3CH=CHCHZCHZCH(CH3)CH2—B<)
99% 99%
CH3CH=CH(CH2)nCH2CH2—E{>

n=1or2
99%

Chart5.19

In comparison, disiamylborane is more sensitive to steric effects than 9-BBN
is, and the latter more sensitive to electronic contributions as is revealed in the
hydroboration of 2-methyl-1,5-hexadiene (Scheme 5.5) [1].

(s
H,C=CHCH,CH,C=CH,
leBH
ICH3 |CH3
R,BH,CCH,CH,CH,C=CH, ~+  H,C=CHCH,CH,CH—CH,BR,
R={)  31% 69%
R,=Sia 95% 5%

Scheme 5.5

Monohydroboration achieved in other dienes is shown in Chart 5.20.
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=
9-BBN
n-Bu l 9-BBN, 99% @
B
NN
83%
Ref. [4] Ref. [1] Ref. [1]
9-BBN
=
tBu
9-BBN
(ex0) g
Me;SiO
Ref. [5] Ref. [6]
Chart 5.20

The hydroboration of symmetrical nonconjugated dienes, such as 1,5-hexa-
diene with 9-BBN, in a 1:1 molar ratio proceeds in an essentially statistical man-
ner, giving approximately 25% residual diene, 50% monohydroboration prod-
uct, and 25% dihydroboration product. On the other hand, conjugated dienes,
for example, 1,3-butadiene, behaves differently and affords equal amounts of re-
sidual diene and 1,4-dihydroboration product. Conjugation markedly decreases
the reactivity of diene toward hydroboration. Consequently, nonconjugated di-
enes like 1,4-hexadiene are selectively hydroborated with 9-BBN in the presence
of 1,3-pentadiene (Scheme 5.6) [3].

CH3;CH=CHCH=CH, CH3CH=CHCH=CH,
9-BBN
+ THF, 25 °C + /
CH;CH=CHCH,CH=CH, CH3CH:CHCH2CH2CH2—B\)
>90%

Scheme 5.6
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The conjugation causes the deactivation toward the first hydroboration step.
However, the formation of a homoallylic double bond in the hydroboration of
1,3-butadiene produces B-(3-buten-1-yl)-9-BBN, whose homoallylic double
bond has reactivity comparable to that of 1-butene and second hydroboration, is
much faster and produces 1,4-dibora product (Eq. 5.32) [3].

9-BBN |

H,C=CH~CH=CH, e %) o2

H,C=CH—-CH=CH,
48%

\ / .
* (/B—CHZ(CHZ)ZCHZ—B\) + 1,3-dibora adduct
48% <0.1%

(5.32)

On the other hand, in cases where the two olefinic centers of the diene pos-
sess structures that differ considerably in reactivity toward 9-BBN, clean mono-
hydroboration [3] is achieved.

Thus, the hydroboration of 2,5-dimethyl-2,4-hexadiene with 9-BBN proceeds
rapidly to the monohydroboration product. The geminal methyl groups direct
the boron atom to the allylic position in contrast to homoallylic position.

The large steric requirements of 9-BBN resist the second hydroboration and
also its placement at the allylic position (Eq. 5.33).

Me
Me _Me go_ Me /
Sc=cucn=c? = 2BBNTHE " c—chcnch (5.33)
Me Me 6h, reflux Me [\
B. Me
PN
90%

The product is in equilibrium with the isomer, but prefer to be attached to the
secondary rather than tertiary center as the oxidation gives, only 2,5-diemthyl-
4-hexen-3-ol. On the other hand, acetone reacts with allylic rearrangement to
afford 2,3,3,6-tetramethyl-4-hepten-2-ol, in 80% yield.

Unlike 1,3-butadiene, cis- and trans-1,3-pentadienes react readily to give the
corresponding monohydroboration derivatives (Scheme 5.7).
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H;C CH=CH ) H;C CHZCHZ—B/>
Se=c” 2 9-BBN Sc=c?

—_—»
H “H THF, 25° C H
95%
H\ - /CH:CHZ 9-BBN H\C—C/CHZCHZ_B©
_C=C_ —_— PN
H;C H THF, 25°C H3;C H
85%
Scheme 5.7

Similarly, 5,5-dimethyl-1,3-hexadiene and 2,4-dimethyl-1,3-pentadiene af-
ford the monohydroboration product [3].

/
Me3CCH=cHCHZCH2—B® Me,C=CHCH(CH3)CH,—B_
99% 99%

Isoprene, which undergoes significant monohydroboration with disiamylbo-
rane, however, produces 1,4-dibora product (46%) with 9-BBN along with the
unreacted residual isoprene (50%).

Hydroboration of cyclic 1,3-dienes also results into three major types of or-
ganoboranes [4]: allylboranes, homoallylboranes, and dibora species. As usual
oxidation of cyclic allylboranes also produces olefins rather than allylic alcohols,
the allylboranes are indirectly estimated by reacting them with acetaldehyde to
derivatized product, before oxidation. Homoallylic and dibora species are in-
ert to acetaldehyde. The oxidation of derivatized product affords homoallylic
alcohols, which estimate the amount of allylborane. The amount of underiva-
tized homoallylic alcohol indicates the percentage of homoallylborane, and the
amount of unreacted dienes gives the amount of dihydroboration (0% diene
= 0% dihydroboration, 50% diene = 100% dihydroboration).

The 1,3-cyclopentadiene reacts slowly with 9-BBN, and its dimerization com-
petes seriously, resulting in a complex mixture of products [3, 4]. The high yield
of monohydroboration is realized only in the six-membered ring diene system.
As the ring size increases, monohydroboration decreases and dihydroboration
increases (Chart 5.21). The high yield of monohydroboration realized in the
six-membered ring system is the result of exceptional inertness due to steric
requirements of the puckered six-membered ring [5].
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/
9-BBN 5
@ -ZS—OC’ O + Dibora product (Refs. [1, 4])

82% 18%
m9 -BBN m + ﬁi / + Dibora product (Ref. [1])
25°C B_
23% 31% 32%

)n9 ]szOI\CIj &)n @;1 + Dibora product (Ref. [4])

n=1, 85% 10% 3%
n=2, 42% 4% 4%
ne3 0% 0% 100%
@ 9235]3% G/BD + Dibora product (Ref. [4])
9% 91%

Chart 5.21

The 1,5-cyclooctadiene gives variable results [4] on hydroboration with 9-BBN.

54
Hydroboration of Allenes

The hydroboration of allenes or certain conjugated dienes leads to the synthesis
of allylic boranes that have immense synthetic importance [1-3]. The chemistry
of allylic boranes differs markedly from that of saturated analogs. Both vinylic
and allylic boranes react readily with many substrates toward which trialkylbo-
ranes are inert [4]. Mikhailov in his book [5] and review [6] has documented the
synthetic applicability of allylic boranes, with cautions of high thermal reactivity
with respect to allylic rearrangement, e.g., 1-methyl-2-propenyl dialkylborane
rearranges spontaneously to the 2-butenyl isomer even at -78 °C (Eq. 5.34).
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CH,
| o
R,B-CH-CH=CH, —3°Cs  CH,CH=CH-CH,-BR, (5.34)

In the case of hydroboration of allenes with 9-BBN, four types of organobo-
ranes: vinylboranes (I) allylboranes (II), 1,2-dibora (III), and 1,3-dibora (IV)
species are expected (Chart 5.22) [7].

AN
H,C=C=CHR + (/BH — > CH3|C:CHR + ICHZCH:CHR + CH2:CH|CHR

B
B B PN

T A=

I I

CH,—CHCH,R + CH3$H—|CHR + CH,CH,CHR

[ I I

B_ B ~Bs B B B
7N ~N N N
O o o o

1II v

Chart 5.22

Among these species, Mikhailov [2] and Brown [8] have shown that allylbo-
ranes, especially those with low-molecular-weight, nonsterically hindered allyl
groups are readily hydrolyzed and produce olefins rather than expected allylic
alcohols under usual alkaline hydrogen peroxide oxidation conditions. Conse-
quently, it is appropriate to convert the allylborane to a derivative that would
give an unambiguous product on oxidation. Such a derivative is prepared by the
reaction of allylborane with ketone, such as acetone, prior to oxidation [9]. The
other potential adducts (I, III, and IV) are inert to acetone under these condi-
tions. After oxidation of this derivatized mixture, the quantity of homoallylic al-
cohol determines the amount of the attack at the terminal carbon of the allenic
system (allylborane), the quantity of ketone determines the extent of internal
attack (vinylborane), and the quantity of unreacted allene reveals the amount
of dihydroboration (0% allene = 0% dihydroboration, 50% allene = 100% dihy-
droboration). The positions of the diol reveal the point of attack in dihydrobora-
tion.

Hydroboration of propadiene leads to dihydroboration, and oxidation of
the reaction mixture produces 1,3-propanediol (48%) and residual propadiene
(50%) [7, 10]. It has been observed that rate of addition of the second 9-BBN
is faster than is the rate of initial hydroboration. Moreover, this reveals that the
attack of boron is exclusively at the both ends of the unsaturated chain in both
steps, since no trace of 1,2-propanediol or acetone is detected.
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The presence of an alkyl group at one end of allene chain, significantly, alters
the course of reaction as hydroboration of 1,2-butadiene with 9-BBN results in
the formation of mainly allylboranes (Eq. 5.35) [7].

\ \
(/BH + HC=C=CHCH, 0 » BCH;CH=CHCH; + Dibora species

CH; CH-
(1) CH;COCH; AR
) [0] ICHZCHZ?HCH3 + (IZHZ(EHCHZCHE + HO—?—CHCH =CH,
OH  OH OH OH CH,
12% trace 74%

(5.35)

The studies reveal [7] that the initial attack of 9-BBN is at the terminal of the
allene chain. However, allylboranes undergo a permanent allylic rearrangement
[2, 8] whereby the boron easily migrates to the less substituted site. For exam-
ple, if any hydroboration occurs at the carbon of the allene bearing the methyl
group, the resulting a-alkyl allylborane rapidly rearranges to place the boron
at the terminal carbon (Chart 5.23) [7]. The permanent allylic rearrangement
also scrambles the stereochemistry of the remaining double bond. Mikhailov [2]
reported that tricrotylborane exists at room temperature as a mixture of cis and
trans isomers with trans-crotylborane predominating (70%).

H< R H
He _R R/
Q ]ér:i/jc/H - << SOy ﬁ Q
— P~ // -
CH, H,C B ey CH

trans-crotyl a-alkylborane cis-crotyl

Chart5.23

The allylboration of ketones occurs with complete allylic rearrangement [2,
7-9] (Eq. 5.36).

(|:H3 HG CH;
0=C—CH, o—C¢ CH,CH
4\ CHCH / \CHCH T
B 7 i— @B / —> HO—C—CHCH=CH,
CH,~CH H,C=—cCH |

CH, (5.36)
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Brown [7, 8] have studied the directive effect of addition of 9-BBN (1 equiv)
toward B-allyl-9-BBN. Oxidation of the bis adduct, formed after rapid hydro-
boration (<30 min), gives 91% of 1,3-propanediol, and no 1,2-propanediol is
detected. This reveals that adduct formed is 1,3-bis-boron derivative.

Similarly, B-crotyl-9-BBN reacts with 9-BBN in less than 30 min at room
temperature and affords after oxidation 1,3-butanediol (95%), a small amount
of 1,2-isomer (3%), and traces of 2,3- and 1,4-diols (Eq. 5.37) [7].

\ /
(/BH+ CH;CH=CHCH,— B\> ——> CHCHCH,CH, + CHyCH,CH—CH,

B B B
7N N 7N N
N/
95% 3%
(5.37)

The above results indicate that the directivity of the attack of the second bo-
ron is due to combination of both steric and electronic factors. The attack at the
C-3 position is favored on steric grounds, and the boron is located next to the
smaller methyl group. As the hydroboration is also prone to electronic effects,
boron is thus directed toward electronegative substituents and away from elec-
tropositive groups. Because boron is electropositive than carbon, the electronic
directive effect thus also places the boron toward the 3 position [7].

Further, the addition of a single methylene unit, as in the case of 1,2-pentadi-
ene, lowers the amount of dihydroboration by 50% (as compared with 1,2-buta-
diene), and increase of steric bulk at one end of the allene further decreases the
amount of dihydroboration. For example, 3-methyl-1,2-butadiene gives nearly
quantitative yield of the corresponding allylborane (Eq. 5.38; Table 5.28) [7].

N\
(/BH © HC=C=CMe, 221, BCH,CH=CMe, (335)
92%

Replacement of the alkyl substituent with aryl moiety does not alter the
regiochemistry, as phenylallene gives almost the same product distribution
as does ethylallene (Table 5.28) [7]. In addition, the electronic nature of aryl
groups does not influence the reaction course since phenylallene and p-anisylal-
lene give almost similar results (Table 5.28) [7].

It is significant to mention that hydroboration of terminal allenes with 9-
BBN gives much a cleaner reaction and affords allylboranes and dihydrobora-
tion products. On the other hand, disiamylborane gives 17% of the vinylborane
derivatives [11].
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Internal allenes on hydroboration with 9-BBN again give the allylboranes as
the major product, as is seen in the case of 2,3-pentadiene (Eq. 5.39) [7]. Di-
cyclohexylborane, on the other hand, gives mixture of both vinyl- and allylbo-
ranes.

CH3
N\ 27h N\
(/BH + CH;CH=C=CHCH; ——> /BCHCHZCHCH3
72%
+
Dibora species
12%

(5.39)

Similarly, trisubstituted allene, 2-methyl-2,3-pentadiene with 9-BBN affords
exclusively the allylborane (Eq. 5.40; Table 5.28) [7].

H3

\ \

BH + CH;CH=C=CMe, —> ({ BCHCH=CMe,
94%

(5.40)

In sharp contrast to the behavior of 9-BBN, hydroboration of an internal al-
lene with disiamylborane and dicyclohexylborane reveals preferential attack
of the boron at the central carbon of the allenic chain, forming vinylboranes.
For example, 2,4-dimethyl-2,3-pentadiene is converted [7] essentially, quanti-
tatively, to the vinylborane with dicyclohexyl- and disiamylboranes, but exclu-
sively to the allylborane with 9-BBN (Chart 5.24). In sharp contrast to acyclic
allylborane, these allylborane products of 9-BBN do not react with acetone;
however, it undergoes usual alkaline hydrogen peroxide oxidation to afford the
corresponding allylic alcohol. No protonolysis is observed on oxidation. This
anomalous behavior of the allylborane is due to the steric bulk surrounding the
boron atom, which prevents the coordination of oxygen of the acetone or water,
necessary for allylboration or protonolysis [2, 8].

The B-allyl-9-BBN derivatives formed by hydroboration of allenes are uti-
lized for addition of the allyl group to the carbonyl moiety of aldehydes, ketones,
and other carbonyl derivatives (allylboration). Since allenes are easily prepared
from corresponding olefins [12, 13], the route the olefin-allene-allylborane—
carbonyl addition adduct is a general allylation procedure, which provides an
attractive alternative to Grignard-based sequences for the syntheses of complex
structures.
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Table 5.28 Hydroboration-derivatization—-oxidation product distribution of reaction of allenes
with 9-BBN and Chx,BH [7]

Allene Hydrobora- Reaction Residual Homo- Diol (%) Ketone
ting agent  time (h) allene allylic al- (%)
(%) cohol (%)
Propadiene 9-BBN 2.5 50 0 1,3-diol 0
(48)
1,2-Butadiene 9-BBN 1.5 7 74 1,3-diol  Trace
(12)
1,2-diol
(trace)
1,2-Pentadiene 9-BBN 1.5 4 82 1,2-and 2
1,3-diols
5)
3-Methyl- 9-BBN 2.5 Trace 92 - Trace
1,2-butadiene
Phenylpropadiene 9-BBN 4 115 86 1,2-and  Trace
1,3-diols
(6)
p-Anisylpropadiene  9-BBN 4 4 87 1,2-and  Trace
1,3-diols
(6)
3-Phenyl- 9-BBN 4 Trace 97 - -
1,2-butadiene
2,3-Pentadiene 9-BBN 2 5 72 2,3-and -
Chx,BH 3 2 26 2,4-diols 28
(12)
(20)
4-Methyl- 9-BBN - - 94 - -
2,3-pentadiene
2,4-Dimethyl- 9-BBN >108 8 86 (0) Trace
2,3-pentadiene Chx,BH 3 3 - (5) 90
Sia,BH 14 3 - (5) 920
1,2-Cyclononadiene ~ 9-BBN 1 Trace 83 (0) 17
Il
\ H,C CH; 9- AN CH; CH;CCH
BH+ 2 >c=c=cl 3 2BBNy B—CCH=CcZ{ _ * 323 No reaction
/ H;C CH; 108 h / I 3
CH;
86%
b CH; HC CH
SipBH o0 B—C—cH=c{ "+ B >cp—c=cl 3
14h | CH; H;C |  "CHs
CH; BSia,
5% 90%

Chart 5.24
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Cyclic allenes also afford the corresponding allyl derivatives (Chart 5.25) [7]
with 9-BBN and vinylboranes with Sia,BH.

RZB
| X
(CHy)s + R,BH —> ” (CHs 4+ RzB_ﬁ (CHy)g
CH

R2— ,83% R, = @ 7%

R, =Sia,, 17% R, =Siay, 83%

Chart5.25

5.5
Hydroboration of Enynes and Diynes

With the availability of wide variety of hydroborating agents, it is now possible
to hydroborate either of the internal or the terminal unsaturation. In a mix-
ture of an alkene and an alkyne, 9-BBN preferentially attacks the carbon-carbon
double bond only (Chart 5.26) [1].

HC—=CHR + HC=CR' —an> @B—CHZ—CHzR + HC=CR

+ CH3C=CCsH,n _9-BBN _ 9BBN ;& <> + CH3C=CCsH, ™"
T - — 9-BBN . —
H,C=CH—CH;;™ + CHC=CCH; =20 > /BCHZCH2C6H13" + C,H,C=CC,H;

Chart5.26
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Consequently, hydroboration of enyne with 9-BBN [1] exclusively yields a
product resulting from the terminal double bond, while on the other hand, di-
bromoborane [2] reacts only on the internal triple bond (Scheme 5.8).

B R—CECCHZCH2CH2—B\>
R—C=CCH,CH=CH, ——
HBBryeSMe, R____CH,CH=CH,

BBr,eSMe,

Scheme 5.8

Similarly 9-BBN differentiates between the internal and the terminal triple
bonds (Eq. 5.41) of diynes, hydroborating only the terminal carbon-carbon

triple bond.
J
HB
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6.1
Synthesis of Saturated Alcohols

Hydroboration-oxidation is now a standard method for anti-Markovnikov’s cis-
hydration [1] of alkenes from the less hindered side of the double bond. The
hydroboration of olefins, mainly in THF solvent, affords conveniently the corre-
sponding organoboranes. Oxidation of the intermediate organoboranes is most
conveniently carried out by successive addition of 3 M NaOH and 30% hydro-
gen peroxide (depicted as [O], Eq. 6.1). Other oxidation procedures, e.g., H,0,
in buffer solutions, H,0, in NaOAc, per acids, and trimethyl-N-oxides are used
in certain cases when the organoboranes are unstable to water or contain func-
tionalities sensitive to alkaline medium.

OH

(3M NaOH

—_— >
(2) 30% H,0,
or

(O]

RCH,CH,—B RCH,CH,OH +

HO

Soluble in water
(6.1)

Among all boranes, 9-BBN shows the highest sensitivity to subtle differences
in steric environment. Though, disiamylborane is sterically more hindered than
9-BBN, but surprisingly, the hydroboration of 1-hexene with 9-BBN in THF at
25 °C is more regioselective than is disiamylborane. The comparative data are
given in Table 6.1 [2].

In general, the intermediate organoboranes on usual oxidation afford the
corresponding alcohols, essentially in quantitative yields. Only in the case of
2,3-dimethyl-2-butene is the primary alcohol (<0.5%) derived from an isomer-
ized organoborane. The results are summarized in Table 6.2 [2].
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Table 6.1. Hydroboration-oxidation products in the reaction of unsymmetrical olefins with dibo-
rane, disiamylborane and 9-boracyclo[3.3.1]nonane (9-BBN) [2]

Olefin Hydroborating agent Product distribution (%)
1-ol 2-ol 3-ol

1-Hexene BH, 94 6

Sia,BH 99 1

9-BBN >99.9
Styrene BH, 80 20

Sia,BH 98 2

9-BBN 98.5 1.5
cis-4-Methyl-2-pentene BH, 57 43

Sia,BH 97 3

9-BBN 99.8 0.2

* Total yields of products are 95+5%.

Table 6.2. Products from the hydroboration-oxidation of representative olefins with 9-BBN in

THEF [2]
Olefin Time (h) Temp (°C)  Product distribution (%)*
1-Hexene 2 25 1-Hexanol, >99.9
3,3-Dimethyl-1-butene 2 25 3,3-Dimethyl-1-butenol, >99.7
3,3-Dimethyl-2-butanol, <0.3
Styrene 4 25 1-Phenylethanol, 98.5
2-Phenylethanol, 1.5
2-Methyl-1-pentene 2 25 2-Methyl-1pentanol, >99.8
cis-3-Hexene 1 65 3-Hexanol, 100
cis-4-Methyl-2-pentene 1 65 4-Methyl-2-pentanol, 99.8
2-Methyl-3-pentanol, 0.2
cis-4,4-Dimethyl-2-pentene 1 65 4,4-Dimethyl-2-pentanol, 99.9
2,2-Dimethyl-3-pentanol, 0.1
2-Methyl-2-butene 1 65 3-Methyl-2-butanol, >99.8
Cyclopentene 2 25 Cyclopentanol, 100
Cycloheptene 2 25 Cycloheptanol, 100
Cyclooctene 2 25 Cyclooctanol, 100
Norbornene 2 25 exo-Norborneol, 99.5
endo-Norborneol, 0.5
Cyclohexene 1 65 Cyclohexanol
1-Methylcyclohexene 8 65 trans-2-Methylcyclohexanol, >99.8
2,3-Dimethyl-2-butene 8 65 2,3-Dimethyl-2-butanol, 99.5

2,3-Dimethyl-1-butanol, 0.5

¢ The combined yield of alcohols is >97%, except for 2,3-dimethyl-2-butene, where it is 95%.
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Table 6.3 Products from the hydroboration-oxidation of representative olefins with 9-BBN in re-
fluxing benzene and hexane solvents [2]

Yield (%)*°
Olefins Product Benzene  Hexane
1-Hexene 1-Hexanol >99.5 >99.5
2-Hexanol <0.5 Trace
3,3-Dimethyl-1-butene 3,3-Dimethyl-1-butanol >99.5 >99.5
3,3-Dimethyl-2-butanol Trace Trace
Styrene 2-Phenylethanol 98 98
1-Phenylethanol 2 2
cis-3-Hexene 3-Hexanol 100 100
2,3-Dimethyl-2-butene* 2,3-Dimethyl-2-butanol 99.5 99.5
0.5 0.5
Cyclopentene Cyclopentanol 100 100
Cyclohexene Cyclohexanol 100 100
1-Methylcyclohexene® trans-2-Methyl-cyclohexanol >99.5 >99.5
Cyclohexanemethanol Trace Trace
Norbornene exo-Norborneol 99.5 99.5
endo-Norborneol 0.5 0.5

¢ Reaction times are 8 h.

b Total yields of 93-100% are obtained.

< Reaction time of 12 h. Total yield of alcohols is 71% in benzene and 40% in hexane.
4 Reaction time of 12 h.

The results of hydroboration-oxidation in solvents benzene and hexane are
summarized in Table 6.3 [2]. Hydroboration is slower in non-ether solvents.

The cis-4-methyl-2-pentene reacts to place 99.8% (Chart 6.1) of the boron
of 9-BBN at the less hindered of the two carbon atoms of the double bond. It is
significant to mention that no selectivity is observed with either thexylborane
or diborane.

OH OH
CH3),CH CH; (1)9-BBN, THF | |
(CHy), Sc=c (1)9-BBN, THF_ (CH3),CHCH,CHCH; + (CH3)>CHCHCH,CH;
H H (2 [0]
9-BBN 99.8% 0.2%
Sia,BH 97% 3%
Chx,BH 97% 3%

Chart 6.1

Hydroboration of the trans isomer is much less regioselective.
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The hydroboration of substituted cycloalkenes proceeds with exceptionally
high regio- and stereoselectivity. The addition of B-H occurs cis. Consequently,
hydroboration of 1-substituted cycloalkenes cleanly produce the trans-2-alkyl-
cyclo-9-BBN, which on oxidation produces the corresponding trans-alcohols
(Chart 6.2) [3].

O e ) B o
N

99.9%
OH
(I)HB \\\\\ + Others
(2) [O]
[ —7
9-BBN >99.9% ~0%
BH; 98.5% 1.5%
HBCI, >99.8% <0.2%
g N OH
Uﬂ» + + Others
2[0]
%{—/
9-BBN >99.9% ~0%
BH; 98% <2%
CMC3 CMC3
(1)9-BBN N\, OH
—
I0]
99.9%

Chart 6.2
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The stereoselectivities of 9-BBN, IPC,BH, Sia,BH, and BH, toward 3-substi-
tuted cycloalkenes are of little significant, as the addition of B-H occurs from
both the faces. Among these hydroborating agents 9-BBN, however, gives the
highest regioselectivity (Chart 6.3) [3].

(2) [O]

‘"
"
"

OH
25% 75%
~OH OH
( 1) HB N
(2) [O] " !
OH
trans cis
9-BBN 20% 0% 80%
Sia,BH 30% 18% 52%
BH; 34% 16% 50%

Chart 6.3
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The regioselectivity of 9-BBN and BH, toward 4-methylcyclohexene is nei-
ther stereoselective nor regioselective. 4-Methylcyclopentene, however, under-
goes hydroboration with 9-BBN, with high stereo- and regioselectivities (Chart
6.4)[3].

O we (.
() [0] 4
OH

0
0
0
”

OH
9-BBN 95% 5%
BH; 83% 17%
C(CHs3)3 C(CH3)3 C(CHsz)3
(1) 9-BBN N
(2)[0]
“OH OH
>99% trace
Chart6.4

Stereoisomeric purities from 97-99.9% have been realized in bicyclic systems
where the attack of 9-BBN occurs from the less hindered side (Chart 6.5) [3, 4].

9-BBN is a reagent of choice for high stereoselective hydroboration of 1,3-
dimethlcycloalkenes, affording only 2,w-dimethylcycloalkyl-9-BBN, with both
methyl groups trans to the 9-BBN moiety (Chart 6.6) [5].

B-Alkyl-9-BBN derivatives are exceptionally resistant to thermal isomeriza-
tion. B-3-Hexyl-9-BBN requires heating at 150 °C for 168 h to attain the equi-
librium distribution of the boron along the hexyl chain, whereas isomerization
of tri-3-hexylborane is complete in 1 h at the same temperature. The sluggish
migration of 9-BBN along the carbon skeleton makes possible the successful
hydroboration of certain labile system, not readily handled by other hydrobo-
rating reagents. For example, 1-methylcyclooctene with borane-THF produces
mixtures of products arising from the facile isomerization of the organoborane
intermediates. However, 9-BBN hydroborates [1] these alkenes cleanly (Chart
6.7)[3].

The stereocontrolled addition of 9-BBN has been elegantly provided in the
synthesis of the steroidal alcohols [6], where the attack occurs from the less hin-
dered a-face. Aldehydes derived from these alcohols are assigned the stereo-
structures (Scheme 6.1) as the proton of equatorial -CHO absorbs at § 9.73,
whereas axial -CHO appears at § 9.96 in the 'H NMR spectrum [7].



6.1 Synthesis of Saturated Alcohols 149

(HHB N
I0] oH
OH

Ly

BH; 87% 13%
9-BBN 99.5% 0.5%
BH,CI 99.8% 0.2%
(1)HB
2)[0] "
( OH
OH
BH; 79% 21%
9-BBN 97% 3%
i_ _OH
(HHB N
(2)[0]
BH; 2%
9-BBN _
I
@ 8%» +  Others
BH; 98% 2%
9-BBN 99.9% B

Chart 6.5
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/
( ( N\
n n n

Chart 6.6
(1) HB
—
(2)[0]
9-BBN 98%
BH; 97%
@
BH3, 0.5 h, 0 °C 60%
Sia,BH, 2 h, 0 °C 60%
9-BBN, 2 h, 25 °C 98%

Chart 6.7

"
e

o )
\

OH
40%
40%
2%
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CoH,OTs \ \

(1)9-BBN Collins
(2) 0] HO oxid. QHC
7
Major
+
™S
\\ ~
Colljns
HO\ \\\\\\\ oxid. 10): (o
Minor
Scheme 6.1

Brown et al [8] have devised a general, convenient, and simple synthesis of
straight-chain alcohols from internal alkynes. Long-chain internal alkynes, pre-
pared by Eiter’s procedure [9] by metalating 1-alkynes, followed by treatment
with alkyl halides, are isomerized to 1-alkynes on treatment with potassium-3-
aminopropylamide (KAPA) [10] in 1,3-diaminopropane (APA). KAPA is pre-
pared by the quantitative reaction of potassium hydride with excess of (APA)
[10]. This difunctional “superbase” produces exceptionally rapid migration of
internal C=C to the terminal C=C position. The terminal alkynes thus obtained
are subjected to dihydroboration with 2 equiv of 9-BBN. The dibora intermedi-
ate on alkaline hydrogen peroxide oxidation provides 61-80% yield (Table 6.4)
[8] of the corresponding alcohols (Eq. 6.2).

/
B
KAPA 2 equiv 9-BBN % \)
_— P " ECH > "
=R eon™ € wE R CHZCH\B/>
AN
H,0,
61-80%

(6.2)
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Table 6.4 Long-chain alcohols via KAPA method [8]

Alcohols Number Yield (%) m.p. (°C)
of carbon atoms
1-Tetracosanol 24 80 74-76
1-Triacontanol 30 76 86-88
1-Hentriacontanol 31 74 84-86
1-Tritriacontanol 33 73 86-88
1-Hexatriacontanol 36 76 90-92
1-Dotetracontanol 42 68 96-98
1-Octatetracontanol 48 61 102-104

The 1,2 transposition of oxygen functionality is an important reaction meth-
odology in the synthesis of various organic compounds. 9-BBN enables the
clean achievement of this transposition [11] in several cases, as illustrated in
Scheme 6.2.

B

2

R® (1)9-BBN

MesSiO 1 2
pr— —_— —|
R CILR® —> R1>—»'“‘ R CH=CHR
(2)-TMSOB
\
OH
(1)9-BBN 1 ,
B
(2) NaOH, H,0, RHC™ R
0
MesSi
S > MOS0y, > BucHCHOH
tBu Me tBu

(0] OH OH
S
Cy Et Cy Et CyH,C Me
3% 97%
Cy = cyclohexyl

Scheme 6.2
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6.2
Synthesis of Allylic Alcohols

B-Alkenyl-9-borabicyclo[3.3.1]nonane (B-alkenyl-9-BBN), unlike their saturated
counter parts, adds across the carbonyl group of simple aldehydes and affords in
good yields the corresponding allylic alcohols [1]. This Grignard-like addition
to aldehyde is unique to vinyl-9-BBN derivatives due to their Lewis acidity and
is in contrast to alkylboranes. No competitive B-hydride reductive processes are
observed. The reaction proceeds with complete retention of vinyl borane stereo-
chemistry, resulting exclusively in the trans-disubstituted olefin linkage in the final
product. The reaction tolerates functionalities, which is not possible in Grignard
synthesis of alcohols. Thus, 5-chloro-1-pentyne is hydroborated with 9-BBN and
then reacted with propionaldehyde to give 8-chloro-trans-4-octen-3-ol (Eq. 6.3).

(1) 9-BBN ClCH2

(2) CH;CH,CHO NCHCH,CH,

CI(CHy)3 (6.3)

OH

The results are summarized in Table 6.5 [1].

Now, the dehydroborylation process of Soderquist [2] has made easy acces-
sibility of trans-vinyl-9-BBN, which is cleanly converted to trans allylic alcohols
in good yields (Eq. 6.4).

/) J/ OH
B
/_< /" 1-Naphth CHO B\> p-MeC6HsCHO
B
\
90%

(6.4)

Evidently, this procedure provides a remarkably simple, stereospecific syn-
thesis of allylic alcohols that was previously possible only with more reactive
organometallic compounds.

The allylboranes are prepared (for the synthesis of allylalcohols) from un-
symmetrical allenes and certain conjugated dienes, but allylboranes are pro-
tonolyzed readily by reagents containing labile hydrogens. However, the steri-
cally hindered conjugated diene, 2,5-dimethyl-2,4-hexadiene reacts rapidly with
9-BBN to afford the corresponding allylborane, which on alkaline hydrogen
peroxide oxidation gives 2,5-dimethyl-4-hexen-3-ol [4] (Eq. 6.5).
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Table 6.5 Conversion of alkynes into allylic alcohols [1]

Alkyne Aldehyde Product Yield (%)
Propyne Formaldehyde® trans-Crotylalcohol 48
1-Pentyne Formaldehyde® trans-2-Hexen-1-ol 36
1-Hexyne Benzaldehyde 1-Phenyl-trans-2-hepten-1-ol 86
3,3-Dimethyl-1-butyne  Butyraldehyde 7,7-Dimethyl-trans-5-octen-4-ol 55
4,4-Dimethyl-2-pentyne Acetaldehyde 3,5,5-Trimethyl-trans-3-hexen-2-0l 69
5-Chloro-1-pentyne Propionaldehyde  8-Chloro-trans-4-octen-3-ol 47

* Monomeric formaldehyde.

Me,C=CHCH=CMe, SBBN.THE 0 C=CHCHCHMe, —21 »

6 h, reflux l

/B\

N

M62C=CH(lIHCHMe2

OH

(6.5)

The cis-vinyl-9-BBN, prepared from (Z)-1-iodo-3-methyl-1-butene via lithi-
ation, followed by treatment with B-OMe-9-BBN undergoes condensation with
high stereospecificity with benzaldehyde to give the corresponding cis-allylic al-

cohol in moderate yield (Eq. 6.6) [5].

(1) -BuLi
Me,CH (2) MeO—B ) Me,CH
>_< (3) BF3-OEt, >_<
72%

)

CHO, THF
@ ’ Me,CH CH(OH)@
> >:<

reflux, 16 h, H,O H H

60%
(2)-, >99% isomeric purity

(6.6)



6.3 Synthesis of Homoallylic Alcohols 155

6.3
Synthesis of Homoallylic Alcohols

The B-allyl-9-BBN derivatives react with carbonyl compounds to afford borinate
esters, which on protonolysis using triethanolamine afford the corresponding
homoallylic alcohols. Consequently, the allylboration sequence provides a syn-
thetically useful alternative to the familiar Grignard’s synthesis of these alcohols.
However, the protonolysis by triethanolamine causes a problem in the isolation
of homoallylic alcohol from the thick, air-sensitive, boron-containing mixture.
Fortunately, treatment of pentane solution of borinate esters of 9-BBN with 1
equiv of ethanolamine results in the rapid formation of a fluffy white precipitate
of ethanolamine 9-BBN adduct, which can be easily removed (Eq. 6.7) [1].

R
N B CH,CH=CH, + RCOR 22> C.Pentane o L b, CH=CH
— = + R' > —C— =
% 2 2 (2) HoN(CH,),0OH L : 2
+
Cx
*®
7 N

H,

(6.7)

The stoichiometry of the allylboration of aldehydes and ketones with B-al-
lyl-9-BBN is 1:1 and undergoes rapid reaction with aldehydes and ketones, be-
ing complete within a few minutes at room temperature. However, as the steric
crowding around the carbonyl group increases, the reaction rate decreases, as is
evident from di-tert-butyl ketone, which affords less than 25% of the expected
product even after 5 days in refluxing n-octane. The steric sensitivity of the allyl-
boration is in sharp contrast with the corresponding allylation using Grignard
reagent [2]. Even, di-tert-butylketone is completely allylated by allylmagnesium
bromide within 6 h in refluxing ether. Thus, this remarkable selectivity of al-
lylboration offers an advantage to allylate selectively the unhindered carbonyl
moiety present in the same molecule.

The results are summarized in Table 6.6 [1].

Allylboration of aldehydes and ketones with B-crotyl-9-BBN affords only the
rearranged product (Eq. 6.8; Table 6.7) [1]. Monomeric formaldehyde gives 2-
methyl-3-buten-1-ol.

AN
(/BCH2CH:CHCH3 + RCOR" —> —> HOCRR’CH(CH;3;)CH=CH,

(6.8)
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Table 6.6 Yields of homoallylic alcohol (HOCRRCH,CH=CH,) [1]

R R’ Percentage R R’ Percentage
yield (GLC) yield (GLC)
n-C.H,, H 92 t-Bu Ph 82
t-Bu H 97 t-Bu t-Bu <25
Ph H 96 Cyclopentanone 102
CH,CH=CH H 91 Cyclohexanone 100
Me Me 99 Cycloheptanone 94
Me t-Bu 101 4-tert-Butylcyclohexanone 100°
Me Ph 101 norCamphor 100°
Ph Ph 100 Bicyclo[3.3.1]nonan-9-one 85
i-Pr i-Pr 98 H,C=CH Me 94
t-Bu n-Pr 97 CH,CH=CH Me 96
t-Bu i-Pr 74 (CH,),C=CH Me 94
* Axial:equatorial, 54.8:45.2.
b endo:exo, 95.8:4.2.
Table 6.7 Yields of homoallylic alcohol from B-crotyl-9-BBN [1]
R R’ Percentage R R’ Percentage
yield (GLC) yield (GLC)
H H 88 Me Me 100
n-CH,, H 89 Ph Me 97
Ph H 87 Ph Ph 96

* threo:erythro, 60:40.

Unsymmetrical allylboranes (prepared from allenes or 1,3-dienes) when
treated with acetone give only the rearranged homoallylic alcohol (Table 6.8)

[1].

Table 6.8 Allylboration of acetone with unsymmetrical B-allyl-9-BBN [1]

B-Allyl-9-BBN derivative

Product

% yield
(GLC)

2-Methylallyl
Crotyl
3,3-Dimethylallyl

3,3-Dimethyl-1-isopropylallyl

(2,5-Dimethyl-2,4-hexadiene + 9-BBN)®

2-Cyclohexen-1-yl

(1,3-Cyclohexadiene + 9-BBN)*

2,4-Dimethyl-4-penten-2-ol
2,3-Dimethyl-4-penten-2-ol
2,3,3-Trimethyl-4-penten-2-ol
2,3,3,6-Tetramethyl-4-hepten-2-ol
2,3,3,6-Tetramethyl-4-hepten-2-ol
2-(2'-Cyclohexenyl)-2-propanol
2-(2'-Cyclohexenyl)-2-propanol

1

95
00
93
85°
80
86
68

* Prepared in situ.
® Mainly trans product.
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The reaction proceeds through the six-centered mechanism (Scheme 6.3).
The enhanced Lewis acidity of allylboranes accounts for their ability to add eas-
ily to carbonyl derivatives whereas normal trialkylboranes do not.

H H
c /
H R . ACH—Cy —
/ e CH,=C
gt C/\ *0=C /B \\,"}( (CHR > g \/CHR
CHR R 0=C—R - S0—CR
\R R

Scheme 6.3

The allylboration offers certain advantages over the familiar Grignard route
for preparation of homoallylic alcohols:

1. Certain functionalities like halides can be tolerated; allylboration with un-
hindered aldehydes and ketones are far faster than those with esters and am-
ides. The former groups are readily allylborated in the presence of latter.

2. The intermediate borinic ester is not strongly basic as are intermediates in
the lithium and magnesium allylation.

3. The workup conditions are extremely mild. There are no problems with gels,
emulsions, or extraction from aqueous media.

4. Sensitivity to the steric requirement makes possible for selective reaction.

B-Allyl-9-BBN reacts vigorously with acid chlorides (Scheme 6.4) and acid
anhydrides (Scheme 6.5), slowly with carboxylic acid esters (Scheme 6.6), and
N,N-dimethylamide (Scheme 6.7). Acid chlorides, esters, and N,N-dimethylam-
ides react with 2 equiv of the allylborane; acid anhydrides utilize 4 equiv (Table
6.9) [1]. In case of acid chloride, sticky gel is formed due to the generation of
hydrogen chloride resulting from the protonolysis of chloroborane. This diffi-
culty is circumvented by the addition of 1 equiv of lithium isopropoxide before
adding 2 equiv of ethanolamine.
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Acid chloride:

cl o}
Il | Il
@ BCH,CH=CH, + RCCl —» @ BO—(IJ—CH2CH=CH2 — RCCH,CH=CH, + @BCI
R

N
(/chm:crq2 CH,CH=CH,

—_— > BO—C—R

|
CH2CH=CH2

CHCH=CH, CH,CH=CH,
<\ BCI + @ BO—C—R _LiOPr-i <\ BO—Pr-i 4 <\ BO—C—R + LiCl
% Vanal / Vanal
CH,CH=CH, CH,CH=CH,
2 equiv HO(CHz)zNHz

O\ ?HzCH=CH2

~

2©B\ ?Hzl + HO—C—R + i-ProH
N-CHy

H, CH,CH=CH,

Scheme 6.4
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Acid anhydride:

CH2CH= CH2

<\ BCH,CH=CH, + R(C0),0 —» BO—é—R
/ / J)
COR

B/>

I\

(l) /BCH2CH=CH2 (ﬁ

@ BO—C—R = @ BOCR + RCOCH,CH==CH,

CH,CH=CH,

/BCHZCH= CH,

CH,CH=CH,

<\ BOB/> + RCOCH,CH=CH, @BO_T_R
/N CH,CH=CH,
@ BCH,CH— CH,

CH,CH=CH,
BO—C—R
/
CH,CH=CH,

Scheme 6.5
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Esters:
CH,CH=CH,
AN [l , N\
BCH,CH=CH, + RC—OKR —— BO—C—R
/ / |
OR’
\ HCH=CH @ BCH,CH=CH, () l N
(/Bo—lc—R </ RCCH,CH=CH, + (/BOR’
CH,CH=CH,
Scheme 6.6
N,N-Amides:

[l AN |
@ BCH,CH=CH, + RC—NMe, ——————> (/BO—?—CHZCHZCHZ

NMe2
CH,CH=CH, (] — l
2 2 BCH,CH=CH, O
\ 1 Y I
/Bo—(l:—R < RCCH,CH=CH, + BNMe;
CH,CH=CH,
Scheme 6.7

The results are summarized in Table 6.9 [1].

The complete allylic rearrangement again occurs with the acid chloride and
anhydride.

A series of homoallylic tertiary alcohols [3] with structure 1-aryl-1-
(A*-cyclohexenyl)ethanol are synthesized by treating p-haloacetophenone with
B-2-cyclohexen-1-yl-9-BBN (Eq. 6.9). Apparently, it is not feasible to convert
1-chloro- or 1-bromo-2-cyclohexene into the corresponding Grignard reagent.



6.3 Synthesis of Homoallylic Alcohols 161

Table 6.9 Allylboration of carbonyl derivatives with B-allyl- and B-crotyl-9-BBN [1]

B-R-9-BBN  Substrate Stoichiometry* Product® Yield
R (%)
Allyl Acetylchloride 2:1 A 95
Benzoylchloride 2:1 B 89
Acetic anhydride 4:1 A 95
Benzoic anhydride 4:1 B 82
Ethyl acetate 2:1 A 90
Ethylbenzoate 2:1 B 50
N,N-Dimethylacetamide  2:1 A 50-57
N,N-Dimethylbenzamide 2:1 B 91
B-Acetoxy-9-BBN 2:1 A 84
Crotyl Acetylchloride 2:1 C 93
Acetic anhydride 4:1 C 97

* Allylborane:substrate.
® A = 4-methyl-1,6-heptadien-4-ol; B = 4-phenyl-1,6-heptadien-4-ol; C = 3,4,5-trimethyl-1,6-
heptadien-4-ol (mixture of diastereoisomers).

CH;

0 B/> L
C N X C—OH
“Sen
X
80-85%

Xa p_CH307 p'Ha p'CF3

(6.9)
B-2-Cyclohexen-1-yl-9-BBN reacts with acetaldehyde, which on alkaline

hydrogen peroxide oxidation affords the corresponding homoallylic alcohol
(Eq. 6.10) [4].

/>> HO CH;
B
N

(1) CH;CHO
oo (6.10)

>90%
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B-3-Cyclohexen-1-yl-9-BBN prepared from 1,4-cyclohexadiene on alkaline
hydrogen peroxide oxidation yields the cyclohex-3-en-1-ol in good yield (Eq.
6.11) [4].

B/> OH
AN [O]

>90%

(6.11)

The oxidation process is also employed to the derivatized product of allylbo-
rane and acetone which affords the corresponding homoallylic alcohol (Table
6.10; Eq. 6.12) [5] in excellent yields.

\
(/BCHZCHZCHR + (CH;),C=0—> —> HOC(CHj;),CHRCH=CH,
(6.12)

Table 6.10 Hydroboration-derivatization-oxidation product distribution of allenes with 1 equiv
of 9-BBN (0.5 M) in THF [5]

Allene Reaction Residual  Homo- Diols (%) Ketone
time (h) allene (%) allylic al- (%)
cohol (%)
Propadiene 2.5 50 0 1,3-diol, 48 0
1,2-Butadiene 1.5 7 74 1,3-diol, 12 Trace
1,2-diol, trace
1,2-Pentadiene 1.5 4 82 1,2- and 2
1,3-diols, 5
3-Mehyl-1,2-butadiene 2.5 Trace 92 - Trace
Phenylpropadiene 4 11.5 86 1,2- and Trace
1,3-diols, 6
p-Anisylpropadiene 4 4 87 1,2- and Trace
1,3-diols, 6
3-Phenyl-1,2-butadiene 4 Trace 97 - -
2,3-Pentadiene 2 5 72 2,3-and 0
2,4-diols, 12
4-Methyl-2,3-pentadiene - 942 - -
2,4-Dimethyl-2,3-pentadiene  >108 8 86 0 Trace
1,2-Cyclononadiene 1 Trace 83 0 17

* Mixture of cis and trans homoallylic alcohols.
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Since allenes are easily obtained from the corresponding olefins [6, 7], the
route olefin-allene-allylborane-carbonyl addition is general sequence and is a
viable alternative to Grignard-based process for the synthesis of complex struc-
tures.

6.4
Synthesis of Propargylic Alcohols

Propargylic alcohols are valuable intermediates in the synthesis of many natural
products like prostaglandins [1], steroids [2], carotenoids [3], and leukotrienes
[4]. These alcohols are generally prepared by addition of alkynyl metals (Li, Na,
K, Mg, Zn, and Al) to aldehyde [5]. However, many times it leads to mixtures
of products, as they are highly nucleophilic and react with variety of functional
groups, and their strong basicity also causes based-induced eliminations.

B-1-Alkynyl-9-BBN compounds prepared [6-8] from the corresponding 1-
alkynes and B-MeO-9-BBN, readily undergo addition to aldehydes and ketones,
and afford the propargylic alcohols in very high isolated yields (Scheme 6.8) [9].
They are not basic and are safely used in the presence of compounds such as
sulfoxides and diethylmalonate.

0 0P
RCEC—B() + RCR” %%» R—C=CCHR'R"

R =H, alkyl or aryl

OH 0
HOCHCHNHy | ¢ c—clHRR + @B/ j l
®
N
H,

Scheme 6.8
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The reaction of B-alkynyl-9-BBN compounds with propionaldehyde are sum-
marized in Table 6.11 [6].

Table 6.11 Reaction of B-1-alkynyl-9-BBN compounds with propionaldehyde at 25 °C in pentane
for 0.5 h [6]

Alkyne Product Yield (%)
1-Hexyne 4-Nonyn-3-ol 94
3,3-Dimethyl-1-butyne 6,6-Dimethyl-4-heptyn-3-ol 83
Phenylethyne 1-Phenyl-1-pentyn-3-ol 68
5-Chloro-1-pentyne 8-Chloro-4-octyn-3-ol 78
3-Methyl-3-buten-1-yne 6-Methyl-6-hepten-4-yn-3-ol 81

Unlike alkynyllithium, B-alkynyl-9-BBN compounds are prepared and stored
until needed. These compounds thus add to carbonyl moiety in a Grignard-like
fashion.

Further, their generality is established as B-1-(3-dimethylbutynyl)-9-BBN
reacts with a variety of aldehydes and ketones (Table 6.12) [6] to afford the cor-
responding proporgylic alcohols in high yields.

Table 6.12 Reaction of B-1-(3,3-dimethylbutynyl)-9-BBN with aldehydes and ketones [6]

Carbonyl compound Reaction Product Yield
conditions (%)

Formaldehyde 25°C, 5 min 4,4-Dimethyl-2-pentyn-1-ol 66

Propionaldehyde 25°C, 10 min 6,6-Dimethyl-4-heptyn-3-ol 83

3-Cyclohexenecarboxaldehyde 25°C, 1.5days  1-(3-Cyclohexenyl)-4,4- 76
dimethyl-2-pentyn-1-ol

Benzaldehyde 25°C,1.5days  1-Phenyl-4,4-dimethyl- 63
2-pentyn-1-ol

Pivalaldehyde 25°C, 5 days 2,2,6,6-Tetramethyl-4-heptyn-3-ol ~ 89

Cyclohexanone 25°C,10h 1-(3,3-Dimethyl-1- 97
butynyl)cyclohexanol

Cyclopentanone 65°C,16 h 1-(3,3-Dimethyl-1- 56
butynyl)cyclopentanol

Acetone 65°C,16 h 2,5,5-Trimethyl-3-hexyn-2-ol 85

In addition, B-alkynyl-9-BBN compounds exhibit high chemospecificity be-
tween less and more sterically hindered aldehydes. B-1-(3,3-dimethylbutynyl)-
9-BBN reacts with propionaldehyde in less than 15 min, whereas its reaction
with pivalaldehyde requires 5 days for completion under identical conditions.
Similarly, its reaction with cyclohexanone is complete in 10 h at room tempera-
ture, whereas cyclopentanone requires 16 h at 65 °C. The introduction of Pitzer
strain in going from sp? to sp* carbon center plays an important role in the rate
of reaction of B-alkynyl-9-BBN and cyclic ketones. Of special significance is the
chemoselectivity of B-1-(3,3-dimethylbutynyl)-9-BBN with relatively reactive
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ketone, cyclohexanone (10 h, 25 °C), compared with simple aldehyde propio-
naldehyde (<15 min, 25 °C). As is apparent from Table 6.12, B-alkynyl-9-BBN
compounds react with unhindered aldehydes with remarkable selectively as
compared to ketones.

The chemoselectivity exhibited by B-1-hexynyl-9-BBN toward an equimolar
mixture of propionaldehyde and cyclohexanone (-78 > 25 °C) and toward cyclo-
pentanone and cyclohexanone (1:1 mixture; 0 > 25 °C) is depicted in Chart 6.8.

0
H,NCH,CH,0H
mBuCECB@ + CH3CH2CHO/ Pentane = o7t o
78 — 25 °C
OH HO
n-BuC=CCHCH,CH; + n-BuCEC@

89% <1%
|C|) 0
n-BuCECB@ + Q / Pentane H2NCH2CH20H>
0—>25°C
16 hat 25 °C
HO HO
"'BuCEC@ + n-Bquc@
<1% 71%

Chart 6.8

On the other hand, 1-hexynyllithium exhibits very poor selectivity under
comparable conditions.

B-1-alkynyl-9-BBN compounds are exceptionally mild reagents and are es-
sentially inert at 25 °C toward alkyl halides, acid chlorides, amides, anhydrides,
esters, nitriles, acetals, and ketals.

Unfortunately, B-ethynyl-9-BBN decomposes on working from -78 °C to
room temperature. Evans et al [9] prepared B-[2-(trimethylsilyl)ethynyl]-9-
BBN (Scheme 6.9) from (trimethylsilyl)acetylene and B-methoxy-9-BBN. The
reagent is isolated under an atmosphere of nitrogen as a solid 1:1 complex with
THF in 90% yield. Similar to reagents reported by Brown et al [6, 7], B-[2-
(trimethylsilyl)ethynyl]-9-BBN reacts with a variety of aldehydes and ketones
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(Scheme 6.10) under very mild conditions to provide 2-(trimethylsilyl)ethynyl
alcohols in excellent yields (Table 6.13). Unlike the alkynyl metals, this reagent
reacts much faster with aldehydes than with ketones (Table 6.13) [9], thus pro-
viding the synthetic chemists a chemoselective tool.

CH;0_ /
(CHy);Si—C=C—Li + CH,0—E ) —THE. 1}t EN
33 3 N 78 o°C /
(CHs)3Si

BF3.Et,O N\ . .
—_ /B—CEC81Me3 + LiBEy; + B(OCHj3);

Scheme 6.9

2 o)

@B—CECSiMea " CHs(CHZ)SCHZJ\H;%»tai‘fh(CHs)sSi—CEC—CHCHz(CHz)sCHs

OH

HoNCH>CH>OH L [ 0
H2INCHLC HOOH o C=(—
Methanol (CH3)3Si—C=C—CHCH2(CH2)sCH3+ @B\ :N
(91%) N
H>
Scheme 6.10
6.5

Synthesis of Homopropargylic Alcohols

Homopropargylic alcohols are important intermediates, as these structural units
are present in a variety of natural products and biologically active compounds
[1]. Synthesis of these compounds is generally accomplished by reactions of
their organometallic equivalents using an array of metals (Mg, Li, Ti, Zn, Al,
Sn, Si) [2]. However, their utility is limited due to their ambident nucleophilic
nature, which makes them to react with electrophiles unselectively to produce a
mixture of products.

Brown and coworkers [3, 4] discovered that B-allenyl-9-BBN [3] readily pre-
pared from B-chloro-9-BBN [5] and allenylmagnesium bromide [6] (Eq. 6.13)
undergoes a facile condensation with aldehydes and ketones to yield exclusively
the corresponding homopropargylic alcohols in excellent yields [3, 4]. B-Alle-
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Table 6.13 Reaction of B-[2-(trimethylsilyl)ethynyl]-9-BBN with aldehydes and ketones at 25 °C
in pentane [9]

Carbonyl compound Reaction Product(s) Yield
time (%)

1-Octanal <1h 1-(trimethylsilyl)-1-decyn-3-ol 91

Hydrocinnamaldehyde 6h 5-phenyl-1-(trimethylsilyl)- 89
1-pentyn-3-ol

Pivalaldehyde 5d 4,4-dimethyl-1-(trimethylsilyl)- 93
1-pentyn-3-ol

(2R)-2-Methoxy-2-methylhexanal 3d (3S,4R)-4-methoxy-4-methyl-1- 51
(trimethylsilyl)-1-octyn-3-ol 10

(3R,4R)-4-methoxy-4-methyl-
1-(trimethylsilyl)-1-octyn-3-ol

Cyclohexanone 16 h 1-[2-(trimethylsilyl)ethynyl]- 88
cyclohexanol
2-Octanone 24 1-(trimethylsilyl)-3-methyl- 71

1-nonyn-3-ol

* Reaction temperature is 60 °C.

nyl-9-BBN exhibits excellent selectivity and reacts with aldehydes in the pres-
ence of ketones and esters and also distinguishes the less hindered aldehydes or
ketones from the more sterically hindered.

Et,O ( B\
B—Cl + BIMgHC=C=CH, ————> \// =C=
@ rMgH! 2 =8 1025 °C H/C C=CH, + MgBr(cN

(6.13)

The reagent B-allenyl-9-BBN is highly stable and can be distilled and stored
either in neat condition or as a 1-M solution in hexane at 0 °C under an atmo-
sphere of nitrogen, and no detectable change is observed even after 1 month [4].
Allenylboration of aldehydes or ketones yields the corresponding borinate ester,
which under the usual alkaline hydrogen peroxide oxidation conditions affords
homopropargylic alcohols in excellent yields (Scheme 6.11.; Table 6.14) [3, 4].

N\ 0 AN
B o B—O C=CH
(/ H>C=C=CH2 + /}'; E6025°¢ (/ R><1:

H,0,/NaOH HO><—CECH

Scheme 6.11
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Table 6.14 Allenylboration of representative carbonyl compounds with B-allenyl-9-BBN at 25 °C

in Et,0 [3]
Carbonyl compound Homopropargylic alcohol Yield (%)
o {0><—:
PN H .
H
HO ——
Q 88
\ﬁ(
\(\k H
HO —
Q0 89
o=
>(\k H
HO —
O >< 82
)J\ Ph H
Ph H
\ \_-O
N\ _-O
\/\(L W v
0 HO —
88"
HO —
> 86

>:o

!

h

Ph

* Reactions are complete in <5 min.

b Require 90 min for completion.
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Table 6.14 (continued) Allenylboration of representative carbonyl compounds with B-allenyl-9-
BBN at 25 °C in Et,0 [3]

-

Carbonyl compound Homopropargylic alcohol Yield (%)
/U\ Ph: :Ph 20
Ph Ph
O
By e
CH,=CH CH; H,C=CH CH;
\/(Ek/ HORTZ v
(0]
H(F 88
0 HO —
87

* Reactions are complete in <5 min.

b Require 90 min for completion.

Unlike trialkylboranes, B-allenyl-9-BBN reacts with a,-unsaturated car-
bonyl compounds in 1,2-fashion to give, exclusively, the olefinic homopropar-
gylic alcohols (Table 6.14) [3].

Both acetyl and benzoyl chlorides react with 2 equiv of B-allenyl-9-BBN
(Scheme 6.12) in ether to afford the corresponding tertiary homopropargylic
alcohols cleanly and in excellent yields [3] and without the contamination of

allenic side products.
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\ 0
B o
( /H>C:C:CH2 N L Et,0/25 °C

BCH=C=CH
o B~ — )K/C/}:H co—8 ) @ -

N\
B—O C=CH H,0,/NaOH HO C=CH
C oot
R C=CH R C=CH
R= CH3, 72%
R =Ph, 76%
Scheme 6.12

The carboxylic acid esters also react (Scheme 6.13) [3] at reflux, but side prod-
ucts (15%) are formed.

\ 0
B Hexane, 48 h
(/H>C=C=CH2 - Rk Team L

OFEt Reflux
')
O/ ~

R

0
CH BCH=C=CH,
— )l\/c/é + EtO—B<> C >

N\
( B—0O C=CH H,0,/NaOH HO C=CH
/ B
=i " —c=ci

Scheme 6.13

Chemoselective studies [3] reveal that aldehydes react much faster than do
ketones (Scheme 6.14) [3].



6.5 Synthesis of Homopropargylic Alcohols

171

\
B
(/H>C=C=CH2 + PhCHO + PhCOCH;

OH OH
)\/CECH + /}\/CECH
Ph Ph
CHj

97% 3%

Scheme 6.14

(1) ELO/~78 °C
S ——
(2) NaOH/H202

Carboxylic acid esters exhibit no reactivity in presence of benzaldehyde at
room temperature. The comparative reactive data are summarized in Table 6.15.

Comparative studies of these pairs with allenylmagnesium bromide (Table
6.15) [3] establishes that the Grignard reagent is much less chemoselective.

Table 6.15 Reactivities of different carbonyl compounds toward B-allenyl-9-BBN in Et,O [3]

Carbonyl compound Temp (°C)

Product with
(reaction time, h) B-allenyl-9-BBN (%)

Product with
allenyl magne-
sium bromide (%)

Benzaldehyde 1 -78 (4)
Acetophenone i
Pivalaldehyde 1 0(05)
tert-Butylmethyl ketone J
Benzaldehyde 1 25 (0.5)
Ethylbenzoate

Cyclohexanone 1 -78 (4)
Cyclopentanone J
Diethylketone 1 -78(4)
Cyclohexanone

Cyclohexanone } -78 (4)
tert-Butylmethyl ketone
Cyclopentanone 1 -25(4)
tert-Butylmethyl ketone J
Acetophenone -78 (4)
Benzophenone

97
3
98
2
100

87
13
99

96

79

21
100

40
60

81

65
35
48
52
45
55
51
49
80
20
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In addition, its high regioselective allenylboration toward diethylketone [A]
and 4-t-butylmethylketone [B] as compared with the behavior of allenylmagne-
sium bromide and di(n-butyl)allenylboronate makes B-allenyl-9-BBN, a valu-

able reagent [3].
(0)
e ——B(0O-Bu-n), \/lk/ >Hk

o
[A] (B]

. — MgBr

The results of allenylboration are summarized in Table 6.16 [4].

Table 6.16 Comparison of the allenylboration of [A] and [B] with allenylmagnesium bromide,
di(n-butyl)-allenylboronate and B-allenyl-9-BBN [4]

Product alcohol (%)
Ketone Reagent Homopropargylic ~ Allenic
[A] Allenylmagnesium bromide 88 12
(A] 41 59
[A] B-Allenyl-9-BBN 100 0
[B] Allenylmagnesium bromide 73 27
[B] Allenylboronate 40 60
[B] B-Allenyl-9-BBN 100 0

6.6
Synthesis of Silyl Alcohols

In this section the unsaturated silyl alcohols are classified based on the relative
position of hydroxyl group to mono unsaturation and the total sum of unsatu-
rations. For example enyne is with C=C and C=C and allenene is C=C=C and
C=C in a silyl alcohol molecule.
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6.6.1
Saturated Alcohols

Soderquist et al [1] have observed that hydroboration of vinylsilanes with
9-BBN gives (B-borylethyl)silanes in quantitative yields, which on oxidation
provides isomerically pure 2-silylethanols (Eq. 6.14). The same reaction with
BH, affords the 1- and 2-silylethanols mixture in 60:40.

SiR; SiR; o SiR;
/ 9-BBN / H,0,/OH /
B HO
©
R =a, CHs; b, C,H; (6.14)

Similarly, allyltrimethylsilane, 3-buten-1-yltrimethylsilane and propen-2-yl-
trimethylsilane on hydroboration with 1 equiv of 9-BBN, followed by alkaline
hydrogen peroxide oxidation give, in quantitative yields, the isomerically pure
terminal alcohols (Chart 6.9) [1b]. However, cis-propen-1-yltrimethylsilane with
9-BBN followed by oxidation gives a 56:44 mixture of 1-(trimethylsilyl)-1- and
-2-propanols, in quantitative yield.

SiMe; (1) 9-BBN SiMe;

= (2) H,0,-NaOH HO/_<
_ yrwSMe (1) 9-BBN —SiMe;
- (2) HZOZ-NaOH

HO

n=1or2

Chart 6.9

On the other hand, the bulkier 2-(triisopropylsilyl)ethanol is prepared only
from triisopropyl(a-methoxyvinyl)silane. This is based on Larson’s findings that
silyl enol ethers [2] undergo hydroboration with 9-BBN, followed by B-elimina-
tion of the B-methoxy-9-BBN and subsequent rehydroboration. Consequently,
this one-pot procedure [1] of hydroboration-dehydroboration-hydroboration
gives the desired alcohol, 2-(triisopropylsilyl)ethanol (Chart 6.10) in 89% iso-
lated yield. As evident in Chart 6.10, (a-methoxyvinyl)silane acts as the key in-
termediate for the preparation of either 1- or 2-(trialkylsilyl)ethanols.
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OMe 9-BBN Si(-Pr)3 9 BN Si(i-Pr)
— —_— T _/ - 3
Si(-Pr); -B-OMe-9-BBN — —’/B/_/
-
. S
H;0 H,0,/0H
Si(l'-PI'):;
_0O (1)BH;-SMe, OH HO/—/
:Si(i-Pr)3 (2) H,0 :Si(i-Pr)3
89%
Chart6.10

Soderquist et al have further, reported [3] the hydroboration of 1-trimethylsilyl

ﬁ
. —B H
HyC—C=C—SiMe; 2SIUVI-BBN ) ~B< >> (6.15)

Me SiMe3

propyne with 2 equiv of 9-BBN under neat conditions (4.5 h, 110 °C) to 1,2-
diboryladduct (Eq. 6.15). The dibora adduct is isomerized to the 3,3-diboryl-
product (1 h, >160 °C). This “tandem walk” of two 9-BBN groups away from the
bulky silyl group is a fascinating process that makes these adducts, synthetically
useful. Oxidation of 3,3-diboryladduct (R = Et) affords the 3-(triethylsilyl)-1-
propanol as the sole product (Eq. 6.16).

@

1)2 equiv 9-BBN A
(D2equiv9-BBY Ny o cmgR,
(2)>160 °C /

N

(a) Ry = Et; or (b) (-Bu)Me, or (c) (i-Pr), (6.16)

H;C—C=C—SiR;

S}
H,0,/OH

R=FEt HO(CH,);SiEts
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6.6.2
Allylic Alcohols

The monohydroboration of internal allenes with 9-BBN affords the correspond-
ing allylboranes [1]. Unlike the normal allylboranes, oxidation of silylallylbo-
ranes with alkaline hydrogen peroxide produces [2] the E- and Z-geometric iso-
mers [3, 4] predominating in E isomers (R = CH,, n-Bu, i-Pr) of allyl alcohols.
Increase in size of the R group, however, results in the reversal of selectivity
(Chart 6.11) [4].

Me3Si>:_: <H (1)9-BBN Me381WOH ) RWOH
R CH; (2)[0] b

CH; SiMe; CHjy
E Z
R=CHj 98:2
R =n-Bu 94:6
R=i-Pr 82:18
R=t-Bu 28:72

Chart6.11

Hydroboration of 1-(trimethylsilyl)allenes occurs at the terminal positions
and afford after oxidation the corresponding allylic alcohols (Table 6.17; Chart
6.12) in good yield and in high isomeric purity [5].

Me;Si /) . /w
S—— + HB —>» Me;Si B
R N 3 \(\/ ~

R

H202/NaOH

i H
Mes SIY\/O

R

Chart6.12
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Table 6.17 The isomeric ratio of allyl alcohols [5]

Allyl alcohol Ratio Allyl alcohol Ratio
R E:Z R EZ
Me >99:1 Ph 98:2
n-Bu 98:2 i-Pr 92:8
Me,SiCH, >99:1 t-Bu 42:58

Unique to B-vinyl derivatives of 9-BBN is their Grignard-like addition to al-
dehydes [6] to afford stereodefined alcohols. trans-B-Vinyl-9-BBN synthesis via
dehydroborylation [7] process is extended to the synthesis of trans-2-trimeth-
ylsilyl vinylborane [8]. trans-2-Trimethylsilylvinyl-9-BBN adds cleanly to alde-
hydes (Eq. 6.17) to provide pure trans-3-trimethylsilyl(TMS) allylic alcohols in
excellent yields (Table 6.18) [8].

OH
<\B RCHO
/N — R >SN (6.17)
TMS T™MS
Table 6.18 trans-3-TMS Allylic alcohols via the Brown’s vinylation [8]

R Yield® (%) R Yield (%)

CeH, 82 m-Cl-CH, 71

p-MeO-CH, 75 0-CH,OMe-CH, 81

0-MeO-CH, 88 Me,CH 70

p-Cl-CH, 75

2 Reactions are carried out neat, 120 °C, 1 h.

Enones derived from these alcohols are particularly useful for cyclopente-
none annulation through the silicon-directed Nozarov cyclization [9].

The aliphatic aldehydes, except isobutyraldehyde, generally provide poor
yields.
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The dehydroborylation and addition processes have been utilized, in a one-pot
sequence, to generate primary and allylic alcohol functionalities (Chart 6.13).

oo o .
TMS/__—<B/ T omE
) e

(1 ) Reflux
(2) (O]
o ZHC12
70%
=
™S
68%

Chart6.13

The efficient dehydration of the diol with ZnCl, [10] gives the novel dihy-
droisobenzofuran in 70% isolated yield [8].

6.6.3
Homoallylic Alcohols

Hydroboration of terminal allenylsilanes with 9-BBN occurs from the less hin-
dered side to afford [1] the kinetic products with Z geometry, which undergo
fast 1,3-sigmatropic rearrangements to thermodynamically more stable (E)-2-
(trimethylsilyl) allylboranes. Condensation of E isomer with aldehydes proceeds
through six-membered transition state and on treatment with 2-aminoethanol
[2] gives the desired silated homoallylic alcohols with high diastereomeric pu-
rity (Scheme 6.15).
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. - | , . W
Me351>=.= H B<> R B R SiMe; MesSi B,

= B -
R X =—=

SiMC3 B

R
R =Me, R =n-Bu V4 @ E

R= Me3SiCH2, R=i-Pr

/w \
RCHO R,/:J% B B—O SiMes
I Mesic S0 V=
S
R
R
lHOCHZCHzNHZ
HO, SiM83
R/ N\ —
H R
[€C]

Scheme 6.15

The allylic rearrangement is stopped by the use of sterically more demanding
Chx,BH, at low temperature or bulkier R group of an allene. In the six-mem-
bered chair-like transition state trimethylsilyl group now is forced to assume the
axial position by Z geometry of the double bond, and both R and R" occupy the
equatorial positions. The corresponding diastereomer is obtained by treatment
with 2-aminoethanol (Scheme 6.16) [2].

e
8.9 .,

Me;Si '
e 1>_._ R'CHO, | &0 \\\\\\\\\ B - >
R_ S -
SiMe; 1

R

SiMes

\ "R

Scheme 6.16
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The results are summarized in Table 6.19 [2].

Table 6.19 Stereoselective synthesis of C and D [2]

Hydroborating agent ~ Allene R Hydroboration Yield % Isomeric
temperature (time) ratio of C:D
9-BBN Me r.t.(3h) 89 98:2
n-Bu r.t. (4 h) 89 97:3
MeSiCH,  rt (4h) 93 >99:1
i-Pr rt. (24 h) 75 88:12
Cl,BH Me rt. 3 h) 93 97:3
n-Bu -15°C (6 h) 90 4:96
rt.(3h) 86 30:70
50°C (7 h) 91 91:9
Me,SiCH, 0°C(4h) 81 6:94
50 °C (20 h) 78 83:17
Reflux THF (52 h) 73 94:6
i-Pr r.t. (4h) 92 3:97
6.6.4

Homopropargylic Alcohols

The borane derivative derived from readily available 3-(tert-butyldimethylsi-
lyl)-1-(trimethylsilyl)-1-propyne [1] condenses with hexanal and benzaldehyde.
The reaction proceeds through six-membered transition state to furnish after
workup with 2-aminoethanol the homoprogylic alcohols with high diastereose-
lectivities. The SR/RS:RR/SS ratio is >98:2.

The high diastereoselectivity is attributed to the preferential adoption of the
tert-butyldimethylsilyl group and the alkyl group of the aldehydes on the oppo-
site side of the transition state (Scheme 6.17) [2].

(1) n-BuLi, 10 °C , .
(2) B-MeO-9-BBN t-BuM6251 SlMe:;
N — SiMe; > D=

- >
(3) 4 BF;-OEt H B()

t-BuMe,Si

t-BuMeZSi\ SiMe;
RCHO P ot HOCH,CH,NH, HO Si-t-BuMe,
— HT N ,B() — 2, R>—<\
o H H \SiMq
R
SR/RS pair

R = n-CsHy1, 98%; Ph, 63%

Scheme 6.17
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The high diastereoselectivity also results on condensation of hexanal and
benzaldehyde with y-(trimethylsilyl)allenylborane. The RR/SS:SR/RS for hexanal
is 85:15 and for benzaldehyde is 95:5 (Scheme 6.18) [2].

HO SiMe3

Me;Si < (DRCHO .
ST B@ (2)HOCH,CH,NH, R'I; (s
H

H

R =n-CsH11,98% ; Ph, 91%

Scheme 6.18

6.6.5
Diyne Alcohols

In a protocol, similar to synthesis of homopropargylic alcohol, allenylborane
derived from 3-(tert-butyldimethylsilyl)-1-(trimethylsilyl)-1-propyne affords,
on condensation with conjugated acetylenic aldehydes (R = n-BuC=C and
Ph-C=C), the diynic alcohols with high diastereoselectivities. The SR/RS:RR/SS
ratio is >98:2 (Scheme 6.19) [1] with both aldehydes.

t- BuMezsl> SiMes (1) RCHO HO Si--BuMe;
RH\
@ 2) HOCHZCHZNHZ o M = _ SiMes
SR/RS pair
R =n-BuC=C, 73%; PhC=C, 64%
Scheme 6.19

On the other hand, y-(trimethylsilyl)allyl gives poor diastereoselectivity, and
RR/SS:SR/RS is 70:30 with both aldehydes (Scheme 6.20) [1].

MesSi (DRCHO HO SiMe;
a ':<B<) (2)HOCH,CH,NH, RHH\
H

H
RR/SS pair
R = n-BuC=C, 92%; PhC=C, 93%

Scheme 6.20
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6.6.6
Endiyne Alcohols

(Z)-3-Methyl-2-penten-4-ynal reacts with allenylborane to afford after workup
the corresponding open-chain endiyne silyl alcohol. The terminal alkynyl group
undergoes Pd(PPh,),-catalyzed cross-coupling with 1 equiv of iodobenzenes to
give the condensation products (Chart 6.14) [1]:

H

| \ zBuMezS1> <SIM63 HOCH,CH,NH,
T e _—

~ )

5 mol % Pd(PPhs),
Cul, i-Pr,NEt

R = 2-iodo, 69%; 3-iodo, 42%:; 4-iodo, 50%;
4-Me;Si, 66%; H, 78%

Chart6.14

The methodology is extended where 2 equiv of endiyne alcohol undergoes
cross-coupling with variety of aryliodides. The sequences enhance the versatil-
ity and flexibility of this synthetic methodology for preparation of an array of
condensation adducts (Chart 6.15) [1].

The cyclopentene derivatives are prepared by reacting the conjugated cyclo-
pentenal, as depicted in Chart 6.16 [2].

6.6.7
Diendiyne Alcohols

In a similar manner, allenylborane derived from 3-(tert-butyldimethylsilyl)-1-
(trimethylsilyl)-propyne gives mainly (1S,2R)-2-(tert-butyldimethylsilyl)-1-[2-
(3-methyl-3-buten-1-ynyl)-1-cyclopentenyl]-4-(trimethylsilyl)-3-butyn-1-ol
(54%) and (1S,2R)-2-(tert-butyldimethylsilyl)-1-[2-1-cyclohexenylethynyl)-1-
cyclopentenyl]-4-(trimethyl silyl)-3-butyn-1-ol (55%) (Chart 6.17) [1].
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83%

! 5 mol% Pd(PPhs),
1 Cul, i-Pr,NEt

(+)-2 equiv

5 mol%

lO
5 mol% Pd(PPhs),

I Pd(PPhs),
Cul, i-Pr,NEt

7,
“,

Si-z-BuMe,

SiMe3

SiM.
tvies Si-t-BuMe,
H
+Si-¢-BuMe,
HO H 64%

72%

Chart6.15
CHO

(1) <j& . «
wnSi-£-BuM
t-BuMe,Si., SiMes ~ 1\ e

”, R R
— — RO
H <B<) (2) HOCH,CH,NH, SiMe;

R = SiMe;, 61%; n-Bu, 65%; Ph, 56%
Chart 6.16
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CHO

SIMC3 \ R

@ (2) HOCH,CH,NH,

t-BuMe;Si.,,
<,

Chart6.17

6.6.8
Allenic Alcohols

Wang et al [1] have reported that propargylic organoborane intermediates de-
rived from the corresponding lithium reagents react with aldehydes and certain
ketones with high regioselectivity to form the corresponding trimethylsilyl-sub-
stituted a-allenic alcohols.

1-(Trimethylsilyl)-propyne gives lithium reagent on treatment with tert-
butyllithium. The subsequent reactions with B-OMe-9-BBN at 0 °C and with
BF,-OEt, [2] afford the corresponding propargylic organoborane. To the reac-
tion mixture is then added an aldehyde or ketone, and after oxidative workup
provides the corresponding trimethylsilyl-substituted a-allenic alcohol in excel-
lent isolated yield (Scheme 6.21). None of the corresponding B-acetylenic alco-
hols is detected.

/
. 1)cH;0B
. t-Buli ( 3 \)
Me;SiC=CCH;R R — iC= i — " 5
e3Si ) o0 [Me;SIC=CCHRILI Toquivor
BF;-OEY,
. R MC3SI R
MesSi—C=C_ / C C= C
’ ” CH [O] -
Me;Sic=CCHR RCEOR” o ,,>C\
| R~ B R OH
B >c=0 \

@ R” R= H; I’l-C3H7

Scheme 6.21

The reaction of aldehydes or ketones proceed through the six-center elec-
tronic transfer with propargylic-allenic rearrangement [3].
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The reaction of propargylic borane (R = H), however, is dramatically affected
by the reaction temperature, and its reaction is carried out at -78 °C and slowly
warmed to room temperature. a-Allenic alcohols are obtained as the predomi-
nant products from all the aldehydes and certain ketones (Table 6.20) [1].

Table 6.20 Reactions of representative aldehydes and ketones with propargylic borane [1]

R R’ R” Yield (%)
H n-C.H,, H 82
i-C,H, H 82
t-C,H, H 85
C.H, H 88
(E)-CH,CH=CH H 79
CH, CH, 86
C,H, C,H, 91
-(CH,).- 91
CH, CH, 93
n-CH,  n-CH, H 78 (88:12)
i-C,H, H 74 (88:12)
CH, H 72 (87:13)
CH, CH, 71 (91:9)
C,H, C,H, 75 (83:17)
-(CH,).- 76 (91:9)
CH, CH, 88 (54:46)

The relative reactivities of representative aldehydes or ketones toward propar-
gylic borane (R = H) are summarized in Table 6.21 [4].

Table 6.21 Relative reactivities of representative aldehydes and ketones toward trimethylsilyl-sub-
stituted propargylic borane (R = H) in THF at 25 °C[4]

Aldehyde or ketone Relative reactivity ~Aldehyde or ketone Relative reactivity
Hexanal 100 Acetone 4.4x107?
iso-Butyraldehyde 87 2-Pentanone 2.1x107
Benzaldehyde 37 Acetophenone 1.8x107*
Crotonaldehyde 31 Cyclopentanone 2.5x107
Pivaldehyde 3 3-Pentanone 2.4x107?
Cyclohexanone 7.3x1072 2-Methylcyclopentanone 107
2-Methylcyclohexanone 5.2x1072 Butyrophenone 5.9x10*

The relative reactivities [4] of Me,;SiC=CCH,B])) and Me,SiC=CCH,BChx,
are almost the same toward ketones, but Me,SiC=CCH,BChx, is ~2.7 more re-
active toward cyclopentanone as compared with Me,SiC ECCH2B<)

Aldehydes are much more reactive than ketones are; cyclohexanone is about
30 times more reactive than is cyclopentanone; 2-pentanone, (a methylketone)
is about 9 times more reactive than are 3-pentanone and cyclopentanone. This
selectivity is utilized (Chart 6.18) to transform one of the carbonyl moieties to
the corresponding allenic alcohols. The alcohol and ketone react intramolecu-
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larly to give the corresponding hemiketal. The hemiketal as the preferred tauto-
mer has also been observed for 2-(3-hydroxypropyl) cyclohexanone [5].

SiMe;
(l)Megslc_CCHzB/D (:tj)\
%)) [O SiMes
86%
SiMes SiMe;
(l)Me3S1C—CCH2B<> oH
@ [

65%

Chart6.18

The carboxylic esters also do not exhibit reactivity, thus, the ketone group is
selectively utilized for condensation (Chart 6.19) [4].

0 0] OH 0
M (1)Me:SiC= CCHZB/> \.\
OEt (2) NaOH/H,0, OEt
SiMe3
0
SiMe; 90%
) 0]
H,SOy4 ./ =
—_—
95%
SiMe
Q0 O (1)MesSIC=CCH, i) 3
(2) NaOH/H202
OMe >
(3) BF3.0OEt,
79%
0 ? S]Me3
OH
OMe (1) MesSiC= CCHZB
(2) NaOH/H202
82%

Chart 6.19
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6.6.9
Allenene Alcohols

The isomeric silyl alcohols having three carbon-carbon double bonds have been
prepared by the following sequence with Z geometry of the a-double bond of
triene, when 9-BBN is utilized as the hydroborating agent (Scheme 6.22) [6].
Alternatively, a-carbon-carbon double bond with E geometry is obtained using
dicyclohexylborane as the hydroborating agent (Scheme 6.23) [1].

_\R H—B® MesSi <> ey

—
2) HOCH2CH2NH2

O

M63 Sl: .

R=H, 94%
R=Me, 93%

Scheme 6.22

H
(6] ) H
Me;Si B (1)>='=)= ~
3 W —_— » .\ < o B
(2)HOCH2CH2NH2 MeSSi\f‘s/ \O
H
)\ HO SiMes
> > \.
\H """" 2o

92%

Scheme 6.23
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6.6.10
Allenyne Alcohols

The alcohols having allene and enyne moieties are prepared as depicted in
Scheme 6.24 [1] and Scheme 6.25 [2].

. (1) n-BuLi
t-BuMe,Si< — SiMe, (2) B-MeO-9- BBN t- BuMe281 e _SiMejs
(3) 4/3 BF;-OEt, B
2 SiMe3
R
o™ PN
) HOCH2CH2NH2 R
R =Me, 77%
R =#-Bu, 65%
Scheme 6.24

(1) t-BuLi, =78 °C to —40 °C
Me3Si> (2) B-MeO-9-BBN Me3S1

I . o
R H 3 %BF3-OEt2 <<>>

R =Me or CH,—CHCH,CH,

] - HO  SiMes
R' >=O H“‘“ llu,,“\\
—=
R' =Me or n-Bu R L
2 HOCHzCHzNH2= R'\’/. + SR/RS pair, minor

Rl
RR/SS pair, major
>93%
R=R'=Me; 89%, R =Me, R' = n-Bu; 90%
R= CHzZCHCHz(:HQ, R'= Me; 92%

Scheme 6.25
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6.6.11
Allendienyne Alcohols

Wang et al [1] have synthesized acyclic dienyne-allene alcohols, a precursor
required for the construction of tetracyclic steroidal skeleton. The conjugated
allenic aldehyde, 2,3,9-decatrienal, prepared [2] from readily available 1,2,8-
nonatriene, undergoes condensation with allenylborane [3] smoothly and af-
fords after treatment with 2-aminoethanol, hydroxyallendienyne in excellent
isolated yield (Chart 6.20) [1]. Similar result is obtained with allenylborane
(R = CH,). The diastereoselectivity of the two new formed stereocenters is high
(de =94%).

H
o H HO SiMes
Me;Si .)=o H)__/
e
R

\ /
(2) 2-aminoethanol X

R =H, 80%; Me, 81%

\/
i\

Chart 6.20

6.7
Synthesis of Heterocyclic Alcohols

Brown et al [1] have elegantly hydroborated a variety of heterocyclic olefins,
which on oxidation yield the corresponding alcohols in excellent yields. In the
case of heterocyclic olefin containing a double bond a to the heteroatom, the
hydroboration reaction is highly regioselective, placing boron at the -carbon
atom. The use of 9-BBN for the synthesis of variety of heterocyclic alcohols is
given in Chart 6.21.

In the case of 1,2-dihydrofuran, the hydroboration with 9-BBN is complete
in 1 h, the oxidation of which afforded the corresponding alcohol in quantita-
tive yield. However, the alkylborane, is not very stable at 25 °C in THF and
gradually rearranges to the open-chain unsaturated alcohol. The hydrobora-
tion of the intermediate with 9-BBN affords the corresponding diol (Scheme
6.26).
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OH
{ Q (1) 9-BBN (1:1),25°C, 1h_ { E
S () [0] - S
98%
OH
\ (1) 9-BBN (1:1),25°C, 1h _ O\
0 (2)[0] Do
93%
OH
[ii] (1) 9-BBN (1:1), 25 °C, Th_ [ii]//
o (2)[0O] o
92%
Chart 6.21

f \\ 9B103N (1:1) / < . /\/\O \>
25°C, 1h

(0]
aOH, [0] (1) 9-BBN
H,0, (2)[O]
OH
HO
f \: /\/\OH \/\/\OH
@) 6% after 4 h

70% after 22 h

Scheme 6.26
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The hydroboration of pyridine derivative having a double bond f to the
nitrogen affords the corresponding 3-hydroxy and 4-hydroxy derivatives in
an 85:15 ratio (Eq. 6.18), whereas the product distribution ratio is 75:25 in
the case of dicyclohexylborane and disiamylborane as the hydroborating re-
agents.

OH
OH

@ (1)9-BBN (1:1), 25 °C, 24 h_ (j/ N

(2)[0]
¥ N ¥
CO,CH,CHs CO,CH,CgHs  CO,CH,CyHs
85:15

Total yield 75%

(6.18)

Brown and coworkers [2] studied the hydroboration of N-substituted 3-pyr-
rolines and the intermediate organoboranes on oxidation afford the correspond-
ing 3-hydroxy pyrrolines in good yield (Table 6.22) [2].

The relative reactivity of heterocyclic and carbocyclic olefins toward 9-BBN
are depicted in Chart 6.22 [3].

The exo-methylene sugars, which are easily prepared [4] from readily avail-
able sugar lactones, by Tebbe’s reagent [5] are useful precursors for C-glycoside
synthesis. The stereoselective hydroboration of exo-methylene sugar with 9-BBN
followed by alkaline H,O, oxidation afford C-(hydroxymethyl)-2,3,4,6-tetra-O-
benzyl-B-p-glucopyranoxide in 94% yield [4] (Chart 6.23). On the other hand
borane-THF complex gives 1:1 mixture of a- and B-hydroxymethyl glucoxides.
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Table 6.22 Hydroboration-oxidation of N-substituted 3-pyrrolines with 9-BBN [2]

Olefin Alcohol Olefin: Reaction  Yield (%)
9-BBN ratio time (h)
OH
- 1:2 1 100
1:1 1 96
Y )
CH,C¢H5 CH,C¢Hs
OH
@ d 1:2 24 97
} )
CH; CHj3
OH
@ d 1:2 24 93
Y )
(CH,);CH; (CH,);CHs
OH
1:1 1 92

.
-0

I
COOCH,CgHs COOCH;CgHs
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J
&
0
@

1.00 106 0.24 0.021

-
=
-
\2

O O
1.00 631 1.00 1.50
0
O S
1.00 6.40 0.107
J
O
1.00 0.034
SRS j
0 o 0)
2208 1.00 0.75

Chart 6.22

(1)9-BBN RO

— >

(2) H,0,, KOH
OR 949 RO"

1,
1

Tebbe's reagent RO
— 5
—45°Cto0°C

",
“,

OR

X=H,Y =CH,0H
R =CH,Ph

R =CH,Ph

X=CH,0OH,Y=H
R=CH,Ph

Chart 6.23
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6.8
Synthesis of Amino Alcohols

Many amino alcohols are important therapeutic agents for the treatment of a
wide variety of human diseases [1] and are also extraordinarily important as
chiral auxiliaries in organic synthesis [2]. Singaram and coworkers [3] prepared
various trialkylboranes by hydroboration of p,p-disubstituted enamines with 9-
BBN. Among the three oxidizing agents; trimethylamine N-oxide, sodium per-
borate, and 30% hydrogen peroxide-solid sodium hydroxide for oxidation of
the intermediate organoborane; 30% hydrogen peroxide-solid sodium hydrox-
ide is the best reagent for such oxidation (Eq. 6.19) to the corresponding amino
alcohols (Table 6.23) [3].

B@ OH

NaOH(s)/H202 N

— >
2-3h,25°C Q (6.19)
-

Table 6.23 Synthesis of amino alcohols from f3,-disubstituted enamines [3]

Enamine Amino alcohol Yield
(%)
2-Methyl-1-pyrrolidino-1-pentene 2-methyl-1-pyrrolidino-pentan-2-ol 64
2-Methyl-1-morpholino-1-pentene 2-methyl-1-morpholino-pentan-2-ol 84
1-Diethylamino-2-methyl-1-pentene 1-diethylamino-2-methylpentan-2-ol* 62

1-(Cyclohexylidenemethyl)pyrrolidine 1-(1-pyrrolidinomethyl)cyclohexanol 95
4-(Cyclohexylidenemethyl)morpholine 1-(4-morpholinomethyl)cyclohexanol 91

¢ Hydroboration with BMS.

N-Tosyl-5-aminocyclooctanol is prepared [4] in excellent yield by reacting
B-octyl-9-BBNwithhypervalentiodinecompound [N-(p-toluenesulfonyl)imino]
phenyliodinane at room temperature (Eq. 6.20).
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|C8H17
\ B
THF
B—CgH — —nr
<</ g7 + PhI=NTs TL.3h §\ITS

OH (6.20)

H,0,/3N NaOH_
91%

TsHN

6.9
Asymmetric Synthesis of Alcohols

Yamamoto and coworkers [1] have developed a methodology for the prepa-
ration of stereochemically homogeneous allylic metals (Mg and Ba) from the
corresponding allylic chlorides. These allylic metals react in high diastereose-
lective-y-allylation with aldehydes in the presence of B-methoxy-9-BBN as an
additive. With this method threo homoallylic alcohols are selectively obtained
from (E)-allylic metal compounds and erythro isomers from (Z)-allylic metal
compounds (Scheme 6.27) in excellent yields[1].

1
E
R2 (1) M*
2) B-OMe-9-BBN
or @) ° > /\Sg\Rs N /\“‘e\}f
(3) R3CH-O 15 R2 & 1

Scheme 16.27

Consequently, diastereoselective allylation reactions of stereochemically ho-
mogeneous geranyl and neryl Grignard reagents with hexanal are achieved us-
ing B-OMe-9-BBN as an additive: (< =95 °C) RMgCl; threo:erythro, yield; R =
geranyl, 97:3, 82% R = neryl, 6:94, 83%. The comparative effects of additives are
summarized in Table 6.24 [1].
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Table 6.24 Effect of additives in the diastereoselective allylation using stereochemically fixed al-
lylic Grignard reagent [1]

Cl

(1) Rieke-Mg, 0 °C

(2) Additive, <95 °C

(3) n-CsH;; CHO, <95 °C

Threo

Additive threo:erythro Yield (%)
- 69:31 >99
Ti(O'Pr), 81:19 99
B(OEY), 62:38 57
B-OTf-9-BBN 77:23 >99
B-OMe-9-BBN 97:3 71
Me,Al 68:32 92
Et,Zn 61:39 87

Allylation is carried out using an allylic chloride (1 equiv) magnesium (3 equiv), additive (1
equiv) and hexanal (0.4 equiv).

Similarly, the reaction of monosubstituted allylic barium reagents give rise to
exceedingly high diastereoselectivity (Table 6.25) [1].

These results support the intermediate allylic boron ate complex formed
from stereochemically homogeneous allylmetal and B-OMe-9-BBN, with a
plausible chair-like transition state T,. This transition state is further stabilized
by the adjacent four-membered ring formed by the second metal [2]. The al-
ternative transition state T, is destabilized by the 1,3-diaxial repulsion of the
bulky cyclooctyl ring of 9-BBN (Fig. 6.1). erythro-threo Assignments are made

Fig. 6.1 Effect of 1,3-diaxial interaction on stability of bicyclic transition states
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by transforming the diastereomeric isomers to their corresponding aldols by
ozonolysis. The stereochemical assignments are based on the magnitude of the
vicinal coupling [3] constant; ], ~ 3 Hz for erythro, whereas J,, is much higher
(~ 8 Hz) for threo.

Yamamoto et al have further reported [4] a one-pot process for the stereose-
lective synthesis of (Z)-2-alkenylsilanes and -tins in high chemical and isomeric
yields (Chart 6.24). The (Z)-2-alkenyltin prepared as illustrated in Chart 6.25
adds to aldehyde and complete erythro-selective coupling is realized via the
thermal [5] or Lewis acid—-mediated reaction [6] (Chart 6.25) to give homoal-
lylic alcohols.

RCH,C=CH + 9-BBN —>» RCHZCH=CH—B<>
(1) Al g \/()\/B<>
RCH=CHCH,Br —— RCH,CH=CH—B Li"
\

(2) B-OMe-9-BBN

R
MX RCH=CH—|CH—B 0 /M
R = n-Pr or Me; LiTMP = Lithium 2,2,6,6-tetramethylpiperidide
M = SiMe;, SnMe; or Sn(n-Bu);
Chart 6.24
H CH
G CHSn(n-Bu)s Ve
CL,CCHO + CH=CH 25°C, C13C‘C—$—CH= CH,
OH H
R
R CHSn(n-Buy 1
PhCHO + Neg=cn _SBEOBG - ppe—C—CH=CH,
CH,Cl, 92% |
OH H
R =n-Pr or Me
Chart 6.25

The Wacker-type oxidation [7] of homoallylic alcohols affords the ketoalco-
hol in high yields (Eq. 6.21).
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R

I
Pdc12, CUCIZ, 02 o Ph\ /CH\ /CH

H

R
| !

PhCl—(l?—CHZCHZ
H

DMEF-H,0, 87-92% ‘ ﬁ
OH OH o
R = n-Pr or Me

(6.21)

The utility of a-silyl- and a-stannyl-substituted crotyl-9-BBN [4] has been
extended to realize the stereoregulated synthesis of four [8a] carbon units
(Table 6.26). Consequently, the reaction of a-silyl- or -stannyl-substituted cro-
tyl-9-BBN with aldehydes in the presence of certain bases (such as pyridine,
n-butyllithium, or sec-butyllithium) provides the high regulation of the stereo-
chemistries over four consecutive acylic carbon atoms; the threo relation be-
tween C-1 and C-2 and the cis-configuration at C-3 and C-4 (Scheme 16.28)
[8a].

Me
: M
_RCHO R ~
\/\( Pyridine
OH

M = SiMe3, SnMej

Scheme 6.28

It is significant to mention that use of base is essential to realize the high
stereoregulation. The base probably forms the ate complex and influences the
reactivity and selectivity of crotyl-9-BBN derivatives. n-Butyl or sec-butyl bases,
sometimes, cause the migration of the butyl groups.

The inspection of the model reveals that the Me,Si or Me,Sn group occupies
the axial position of the six-membered cyclic transition state because of the ste-
ric repulsion by the protons of 9-BBN ring (Fig. 6.2). This leads to the selective
formation of threo isomer among eight possible combinations. Due to rapid al-
lylic rearrangement, the crotyl derivative consists of a mixture of cis and trans
isomers. However, the formation of ate complexes prevents the rearrangement,
and the geometry of the crotyl unit is fixed to trans.
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Table 6.26 Stereoregulated reaction of a-silyl or a-stannyl substituted crotyl-9-BBN with alde-

hydes [8a]
Aldehydes Product Yield Isomer ratio
(%)
Me
H SnMe;
PhCHO Ph __ 75% (threo,Z)-(erythro,Z)-
(E)-others = 88:5:5:trace
OH
Me
PhCHO Ph : . SnMes 90° (threo,Z)-(erythro,Z)-
Y\_/ (E)-others =92:trace:1:6
OH
Me
: iM
PhCHO Ph . SiMes 50° (threo, Z)-others
Y\_/ = >98:<2
OH
PhCH(OH)-n-Bu 45
Me
SnMe-
PhCHO Ph o ; 564 (threo, Z)-others
=>98:<2
OH
PhCH(OH)-sec-Bu 40
Me
: SnMe:
PhCHO PhY\:/ 90> Not analyzed
OH
Me
H SiMe3
n-BuCHO 70? (threo, Z)-a

=
o
|

@
T

isomer-others = 90:6:4

* 1 equiv of pyridine is used.
® 2 equiv of pyridine is used.
< 1 equiv of n-Buli is used.

4 lequiv of sec-BuLi is used.
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Table 6.26 (continued) Stereoregulated reaction of a-silyl or a-stannyl substituted crotyl-9-BBN
with aldehydes [8a]

Aldehydes Product Yield Isomer ratio
(%)
Me
: SiMe3
n-Bu
n-BuCHO YE/ 62¢ (threo, Z)-others
=>98:<2
OH
Me
: SiMe3
n-BuCHO ”'B“YE/ 70°  Not analyzed
OH
Ph H Me
™~ e : .
L= Ph : piMes 85*  Not analyzed
H “\CHO \/Y\:/
OH
(Me0),CH— C—CH,CHO' Me
(Mco>2CHWSiM63 40 Not analyzed
(0] OH

* 1 equiv of pyridine is used.
® 2 equiv of pyridine is used.
< 1 equiv of n-Buli is used.

4 lequiv of sec-BulLi is used.

Fig. 6.2 Steric repulsion by 9-BBN protons places Si(Sn)Me, to axial position in chair-like transi-
tion state
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Yamamoto and coworkers [8b] have reported the diastereoselective C-C
bond formation for the synthesis of tertiary alcohols. The reaction of B-crotyl-
9-BBN with pyruvates produces the threo (anti) isomer as the major product.
By increasing the steric bulk of the ester groups of pyruvate, the threo (anti) iso-
mer is obtained predominantly or exclusively (Eq. 6.22; Table 6.27) [8b]. On the
other hand, reaction of allenic organometallics gives mainly the erythro (syn)
isomer.

Me Me
(@)
B ” RO,C — N RO,C =
NN \ + MeCCO2R e " OH Me" OH

threo (anti) erythro (syn)
major product

(6.22)
Table 6.27 Reaction B-crotyl-9-BBN with pyruvate [8b]
Enol ester Enol ester
Pyruvate Yield (%)  threo: Pyruvate Yield (%)  threo:
R erythro R erythro
Me
Me 96 73:27 88 65:35
Me
CH,CMe, 90 85:15
Me Me
CH,Ph 94 80:20 80 70:30
Me
Ph 89 80:20
Me t-Bu
79 75:25 90 100:0
Me
Me

t-Bu
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a-Stannyl substituted crotyl 9-BBN undergoes condensation with methylpy-
ruvate and affords exclusively the threo-cis isomer as a single product in 60%
yield (Eq. 6.23) [8b]. The silyl derivative, however, gives also the a adduct (Eq.
6.24) [8b].

SIIM63 Me Me

(0]
[
X B<> + MeCCOOMe —> l\/

(6.23)
SiMe:;
; Me Me (‘JOZMe
= B<> + MeCCOOMe -~ ~ > K/ _COMe + Me‘C—C‘HCHZCHMe
Me OH HO  SiMe,
AT
(6.24)

Brown et al [9] have synthesized optically active B-R*-9-BBN by an indirect
method. The asymmetric hydroboration of prochiral olefins are achieved by
monoisopinocampheylborane, IPCBH, (100% ee) [10], prepared from (+)-a-
pinene to afford IpcR*BH in essentially 100% optically purity. By a series of
sequences involving elimination of the chiral auxiliary unit with acetaldehyde
under mild conditions yields corresponding boronic ester in very high enantio-
meric purity. The optical active 2-alkyl-1,3,2-dioxaborinanes are then prepared
by esterification of the corresponding boronic acid with propanediol (Scheme
6.29). Brown et al [11] in a real breakthrough have discovered that LiAlH,
readily converts these relatively inert boronic esters to R*BH,Li intermediates,
which are very stable and can be stored under nitrogen even at 25 °C, with-
out any hydride loss, redistribution, isomerization, or racemization of the alkyl
groups. The optically active monoalkylboranes R*BH, reagents are generated as
and when needed by a convenient, simple reaction with trimethylsilylchloride
[12]. The chiral R*BH, is then used for the hydroboration of 1,5-cyclooctadi-
ene, which on reflux is converted to 1,5-isomer to afford the optically pure B-
R*-9-BBN.
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: H :
H2B B
i (Y
Crystalhzatlon
IpcBH, 99% ee
100% ee 2
1
lCH3CHO
‘_-B(OH), ‘_-B(OEt);,
<—+
(2)H
4 99% ee
3
o)
HO
n-pentane

| (')/j |

LN o LiAlH, _~BHiLi
_—
0°C,0.5h

99% ee 99% ee
5 6

(1) 1,5-cyclooctadiene
(2) MesSiCl

i /) i />>
B\ B
(Y'Y ege (7
THF

99% ee 99% ee
(1,5-isomer) (1,4- and 1,5-isomer)
8 7

Scheme 6.29
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Consequently, the following representative B-alkyl-9-borabicyclononanes
(Chart 6.26) are prepared in very high optical purity, which yield the corre-
sponding chiral alcohols following alkaline hydrogen peroxide oxidation.

5 Y rH A

99% ee 99% ee 99%ee 99%ee

B@ /B@ @
o J i)

99% ee
Chart 6.26

It is pertinent to mention that addition of 1,5-cyclooctadiene to R*BH, af-
fords a mixture both of 1,4- and 1,5-isomers of the cyclooctyl moiety of B-al-
kyl-9-borabicyclononanes, and there is no need to isomerize to 1,5-isomer as
mixture affords the good yields of alcohol (99% ee) on oxidation along with
70:30 mixture of cis-1,4- and 1,5-cyclooctanediols (Eq. 6.25).

#) \_OH
Ve Oy

99% ee

Mixture of 1,4 and 1,5-isomers trans-2-Methlcyclopentanol
of cyclooctyl

(6.25)

The boron azaenolate with an oxazoline ring as the chiral auxiliary unit un-
dergoes condensation [13] with aldehydes to give mainly erythro-p-hydroxy es-
ters (Eq. 6.26). The reaction proceeds with high diastereoselection, but enanti-
oselection is moderate.

The results are summarized in Table 6.28 [13].
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Ph Me

M — R
X ) _Rawo Coome
|

| on

B OMe
v erthro

(6.26)
Table 6.28 Synthesis of erythro-B-hydroxyesters from boron azaenolate [13]
RCHO erythro:threo (%)  erythro (% ee) Configuration Yield (%)
C,H,CHO 98:2 40 25,3R 44
Me,CHCHO 98:2 41 25,3R 42
t-BuCHO 97:3 60 25,3R 50

The boron (Z)-enolates (>99%, Z), prepared by 1,4-addition of 9-BBN or
catecholborane to phenyl-1-alkenylketones, are converted to trimethylsilylenol
ether by treatment with methylmagnesiumbromide at —-78 °C and then with
chlorotrimethylsilane. On the other hand, protonolysis of (Z)-enolates afford
1-phenyl-1-alkanone (Scheme 6.30) [14]. The high selectivity-forming boron
enolate is not observed in the reaction of catecholborane or 9-BBN with alkyl
alkenyl ketones [15].

R Ph
R Ph 9-BBN. R Ph (1) Mell/IgBr S
\/\”/ 1.1 equiv \/\( _—18°C
r.t. (2) Me;SiCl ;
o 0 BR, OSiMe3

13

9a,R=H 10, R, = @
9b, R = Me ’
9¢, R=Ph -0
11,R, =
Ph Ph o
=z
hhd MeOH PhCHO
0 H,O o N\CH2CL
od —78 °C
R
Ph
/H‘/ R Ph R Ph
! \/Y
9e 0 OH O

12 14

Scheme 6.30
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The results of hydroboration and hydroboration protonolysis are summa-

rized in Table 6.29 [14].

Table 6.29 Hydroboration of phenyl 1-alkenyl ketones (1) with 9-BBN and catecholborane [14]

Hydroboration of phenyl 1-alkenyl ketones 9

Ketone Borane  Reaction Boron  Yield Z/E Hydroboration and proto-
9 time (h) enolate (%) nolysis product yield (%)
% 9-BBN 4 10a >95 >99/1  12a 85
9a Catechol- 1.5 11a 75 >99/1  12a 54
borane
9b 9-BBN 8 10b >95(99) >99/1 12b 96
12b 94
12b 95
12b 98
9b Catechol-  <0.1 11b >95 >99/1  12b 94
borane
9c 9-BBN 3 10c >95 >99/1 12¢ 95
9c Catechol- <0.5 11c >95 >99/1 12¢ 97
borane
9d 9-BBN 4 >95 >99/1 12d 92
9d Catechol-  <0.5 >95 >99/1 12d 99
borane
9e 9-BBN 10 >95 - 12e 88

(Z)-Enolates of 9-BBN, on treatment with benzaldehyde in chloroform at
-78 °C, give high yields of aldol products with over 96% syn selectivity (Scheme
6.30; Table 6.30). The (Z)-enolates derived from catecholborane afford syn/anti
aldols in poor ratio as compared to when derived from 9-BBN.

Table 6.30 Aldol reaction of boroenolate of 9-BBN with benzaldehyde [14]

Ketone Enolate Product Yield (%) synlanti

9a 10a 14a 97 96/4

9b 10b 14b 99 99/1

9¢c 10c 14c 92 97/3

9e 14e 88 Not determined

A simple and efficient method for the stereochemical control of consecutive
stereogenic center construction has been realized [16] by utilizing hydrobora-
tion of dialkenyl carbinol derivative. Consequently, hydroboration of 15 with
9-BBN, followed by alkaline H,O, oxidation yields 90% of anti, anti-isomer 16,
whereas ThxBH, affords syn, anti-isomer 17 in 62% yield (Chart 6.27) [16].
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Me OR OH
(1) 9-BBN ( ,
A :
(2) [0] :
Me OR OH OR Me
16, 90%
= =z
Me OR OH
OR Me (1)>—§BH2
15 L » :
(2) [0O] E
OH OR Me
17, 62%
Chart 6.27

The light induced bromination of B-OMe-9-BBN [17] in presence of water
provides cis-bicyclo[3.3.0]octane-1-boronic acid, which readily undergoes oxi-
dation to cis-bicyclo[3.3.0]octan-1-ol in 65% yield, accompanied by cyclooc-
tane-1,5-epoxide in 22% vyield [18]. B-Me-9-BBN under identical conditions
affords only the bicyclic alcohol (Chart 6.28) [19].

?CH3 ?CHa H
B B
+
+ Bn CH»Cl, H,0
hy, 0 °C [O] OH
Br 22%
65%

(fH3 ?H3

B B H
+ Br % E’ + NaB(OH
2 ToeC [0] aB(OH)
Br
OH
88%

Chart 6.28
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7 Synthesis of Aldehydes and Ketones

Carbonyl compounds are an important class among organic molecules. Lit-
erature records several methods for their synthesis. However, there are very
few methods to convert carbon-carbon unsaturation to carbonyl compounds.
Hydroboration of acetylenes, followed by oxidation provides a novel method
for carbonyl synthesis. It has been noted that regioselectivities achieved in the
monohydroboration of internal acetylenes with thexylborane [1], disiamylbo-
rane [1], dicyclohexylborane [1], and catecholborane [2] are similar to, but less
pronounced than, that realized by 9-BBN [3]. The B-alkenyl-9-BBN derivatives
undergo oxidation to the corresponding ketones or aldehydes under aprotic
conditions with trimethylamine N-oxide [4, 5] or under protic conditions by
inverse addition to buffered hydrogen peroxide [3]. The inverse addition, i.e.,
the slow addition of the B-alkenyl-9-BBN in THF to the buftered H,0,, sup-
presses the otherwise undesirable protonolysis reaction and favors the oxidation
pathway to the desired aldehyde or ketone.

7.1
Synthesis of Aldehydes

The monohydroboration of 1-alkyne (1 mole) with 9-BBN (0.5 mole), followed
by oxidation affords the corresponding aldehyde (Eq. 7.1) [3] with no evidence
of the presence of the isomeric-2-alkanones.

pH 8.0

R H
R—C=C—H 4 9-BBN —> >=——
+ H> <B H,0,

RCH,CHO
(7.1)
B-Alkyl-9-BBN on carbonylation with carbon monoxide in the presence

of potassium triisopropoxide affords the corresponding aldehyde or alcohol
(Scheme 7.1) [6] in excellent yields.
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N\ ® o
BR + CO + K(i-PrO);BH ——> B—|CHR

OB(O-i-Pr);

NaOH _
A) leOz, OH

RCH,0OH  RCHO
85-95%  85-95%

Scheme 7.1

Similar reactions of 9-BBN with alkenes and dienes, followed by carbonyl-
ation in the presence of lithium trimethoxyaluminohydride afford the corre-
sponding alcohols or aldehydes (Chart 7.1) [7a].

\
( BR + CO + LiAlH(OCH;); ——> @B—|CHR
/ OAI(OCH3);Li

pH 7.0
KOH <20°C

H,0,

RCH,OH RCHO
52-93%

Chart7.1

The results are summarized in Table 7.1 [7a].

The method is extended to introduce aldehyde groups [7b] into the molecules
containing other functional groups. The mild reducing agent lithium-tri-¢-bu-
toxyaluminohydride reduces the carbonyl intermediate from B-R-9-BBN and
does not reduce the esters or nitriles (Chart 7.2; Table 7.2) [7b].
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Table 7.1 Aldehydes produced via the hydroboration-carbonylation of representative olefins us-
ing 9-BBN [7a]

Olefin Aldehyde Yield (%)
1-Hexene n-Heptaldehyde 93
Isobutylene Isovaleraldehyde 52
2-Methyl-2-butene 2,3-Dimethylbutanal 60
2,3-Dimethyl-2-butene No reaction

Cyclopentene Cyclopentanecarboxaldehyde 79
Cyclohexene Cyclohexanecarboxaldehyde 81
Styrene Hydrocinnamaldehyde 84
Norbornene Norbornane-2-carboxaldehyde 59
1,5-Hexadiene Suberaldehyde 78
4-Vinylcyclohexene 3-(3-Cyclohexenyl)propanal 93

Table 7.2 Conversion of functionally substituted olefins into aldehydes via hydroboration with
9-BBN and carbonylation in the presence of lithium tri-¢-butoxyaluminohydride [7b]

Olefin Product Yield (%)
Methyl-10-undecenoate 10-Carbomethoxyundecanal 99
10-Undecenenitrile 10-Cyanododecanal 99
10-Undecen-1-ylacetate 12-Acetoxydodecanal 99
Allyl benzoate 4-Benzoxybutanal 89
Ethyl vinylacetate 4-Carbethoxybutanal 83
Allyl cyanide 4-Cyanobutanal 85
3-Buten-1-ylacetate 5-Acetoxypentanal 92

@B—R + CO + LIAIH(O--Bu); 25> @ —CHR

OAI(O-t-Bu)sLi
pH 7.0, < 30°C
—_—

RCHO
H,O,

83-99%

Chart7.2

Cha and coworkers have described one-pot conversion of carboxylic acids
to aldehydes by treatment of acyloxy-9-borabicyclo[3.3.1]nonane with either
lithium 9-boratabicyclo[3.3.1]nonane (Scheme 7.2; Table 7.3) [8] or by stepwise
treatment with fert-butyllithium and 9-BBN (Scheme 7.3; Table 7.4) [9].
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Li’
i 2 At
Il -H, I H
R—C—OH + H—B\ —_—> R—C—O—B\ I
0]

I
MO, r—C—H

(C¢Hs5);CCOOH ———> (C4¢Hs5);C—CHO
94%
OQN@COOH —_ OZN@CHO
80%
Scheme 7.2

Li 9-BBNH can be readily prepared by hydridating 9-BBN with lithium hy-
dride [10] or tert-butyllithium [11] in THE

Table 7.3 Yields of aldehydes in the reduction of representative carboxylic acids through treatment
of acyloxy-9-borabicyclo[3.3.1]nonanes with lithium-9-boratabicyclo[3.3.1]nonane (Li 9-BBNH)
in tetrahydrofuran at room temperature [8]

Acid Yield of Acid Yield of
aldehyde (%) aldehyde (%)

Butyric 90 Triphenylacetic 94

Hexanoic 92 6-Bromohexanoic 87

Decanoic 92 1,10-Decanedicarboxylic 99 (Dialdehyde)
Stearic 99 Benzoic 78

Isobutyric 94 a-Naphthoic 80
Isopentanoic 89 p-Methoxybenzoic 79

Pivalic 85 p-Chlorobenzoic 76
Cyclopropanecarboxylic 85 p-Aminobenzoic 79
Cyclohexanecarboxylic 88 p-Nitrobenzoic 80
Diphenylacetic 96 Terephthalic 92

Reaction with 50% excess Li 9-BBNH (1.05 equiv for monocarboxylic and 2.1 equiv for dicar-
boxylic acid) for 1 h with aliphatic and for 6 h with aromatic carboxylic acids, both at room
temperature.
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-H, Il / t-BuLi
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Li’

+
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|

Scheme 7.3

Table 7.4 Yields of aldehydes in the reduction of representative carboxylic acids through treatment
of acyloxy-9-borabicyclo[3.3.1]nonanes with tert-butyllithium and 9-BBN in tetrahydrofuran at
room temperature [9]

Acid Yield of Acid Yield of
aldehyde (%) aldehyde (%)

Butyric 92 Triphenylacetic 93

Hexanoic 93 6-Bromohexanoic 87

Decanoic 91 1,10-Decanedicarboxylic 99 (Dialdehyde)
Stearic 99 Benzoic 81

Isobutyric 98 a-Naphthoic 79
Isopentanoic 96 p-Methoxybenzoic 72

Pivalic 92 p-Chlorobezoic 78
Cyclopropanecarboxylic 84 p-Aminobenzoic 82
Cyclohexanecarboxylic 88 p-Nitrobenzoic 83
Diphenylacetic 95 Terephthalic 98

Reaction with 5% excess 9-BBN (1.05 equiv for monocarboxylic and 2.1 equiv for dicarboxylic
acid) for 1 h with aliphatic and for 6 h with aromatic carboxylic acids both at room temperature,
after addition of 10% excess tert-butyllithium at 20 °C.

Cha et al [12] have reported that acyloxy-9-BBN derivatives are also read-
ily reduced by lithium aluminum hydride in the presence of pyridine, and the
reduction stops at the aldehyde stage. Further, Cha and coworkers have found
that lithium tris(diethylamino) aluminum hydride (LTDEA), readily prepared
[13] from the reaction of LiAlH, and 3 equiv of diethylamine in THF (Eq. 7.2),
reduces the acyloxy group to the corresponding aldehyde in fair yield. However,
in the presence of 2 equiv of pyridine the reduction stops at the aldehyde stage,
and hydrolysis affords excellent yields of aldehydes (Eq. 7.3, Table 7.5) [13].
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LiAlH, + 3EGNH —2C » Li(ENBAH  + 3 Hy A (7.2)
LTDEA
T :
RC_O_B\>> 2equivofPy,  LTDEA, HO o ..o 7:3)
80-90%

Table 7.5 Yields of aldehydes by LTDEA reduction of carboxylic acids [13]

Acid Yield (%) Acid Yield (%)
Acetic 92 Maleic 91
Butyric 93 Benzoic 96
Caproic 91 o-Toluic 92
Decanoic 90 m-Toluic 90
Pentadecanoic 93 p-Toluic 94
Palmitic 92 o0-Anisic 92
Stearic 93 m-Anisic 91
Isobutyric 90 p-Anisic 98
Isopentanoic 90 o0-Chlorobenzoic 92
Cyclopropanecarboxylic 90 m-Chlorobenzoic 94
Cyclohexanecarboxylic 91 p-Chlorobenzoic 96
Phenylacetic 93 o-Nitrobenzoic 81
Diphenylacetic 94 m-Nitrobenzoic 80
Triphenylacetic 96 p-Nitrobenzoic 85
Bromoacetic 90 a-Naphthoic 97
6-Bromohexanoic 87 B-Naphthoic 98
Succinic 92 Phthalic 90
Adipic 94 Terephthalic 93

1,10-Decanedicarboxylic 95

Potassium 9-sec-amyl-9-boratabicyclo[3.3.1]nonane (K 9-sec-Am-9-BBNH)
has shown excellent chemo- and stereoselectivity [14, 15] toward various func-
tional groups. 9-sec-Am-9-BBN, prepared readily by hydroborating 2-methyl-
2-butene with 9-BBN [15], is easily transformed to reducing agent K 9-sec-Am-
9-BBNH by treating it with excess of KH in THF (Eq. 74) [15].

KH + (\B _rt K (\B\ (7.4)
excess / / H
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The agent K 9-sec-Am-BBNH reduces aromatic nitriles to the corresponding
aldehydes in excellent yields [16]. The reagent tolerates some of the functional
groups as p-carboxybenzonitrile is reduced to p-carboxybenzaldehyde in almost
quantitative yield (Table 7.6) [16].

Table 7.6 Yields of aldehydes in the reduction of representative aromatic nitriles with potassium-
9-sec-amyl-9-boratabicyclo[3.3.1]nonane in tetrahydrofuran at room temperature [16]

Compound Yield of Compound Yield of
aldehyde (%) aldehyde (%)
Benzonitrile 98 o-Tolunitrile 60
1-Naphthonitrile 91 m-Tolunitrile 97
Phthalonitrile 64 p-Tolunitrile 83
Terephthalonitrile 97 2-Cyanopyridine 73
p-Carboxybenzonitrile 98 3-Cyanopyridine 96
2,4-Dichlorobenzonitrile 80 4-Cyanopyridine 65

The reagent has been found to selectively reduce the aromatic nitriles in the
presence of aliphatic nitriles (Table 7.7) [16].

Table 7.7 Selective reduction of aromatic nitriles in the presence of aliphatic nitriles with potas-
sium-9-sec-amyl-9-boratabicyclo[3.3.1]nonane in THF at room temperature [16]

Compound used Product Mol (%)

Benzonitrile Benzaldehyde 91

+ Benzonitrile 2

Caprylonitrile Caprylic aldehyde 0
Caprylonitrile 99

Terephthalonitrile Terephthalaldehyde 93

+ Terephthalonitrile 0

Decanenitrile Decylaldehyde 0
Decanenitrile 98

7.2

Synthesis of Ketones

7.2.1
Synthesis of Saturated and Aromatic Ketones

Excellent yields of the ketones are achieved from internal alkynes (Eq. 7.5; Table
7.8) [1] via hydroboration with 1 equiv of 9-BBN. The boron of 9-BBN adds to
the less hindered carbon of carbon-carbon triple bond, and oxidation of the
resulting B-alkenyl-9-BBN affords the corresponding ketones.
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RC=CMe

(1) 9-BBN, THF
—_—

(2) HyO,, pH 8

RCOCH,CH;

+ RCH,;COCHj;

(7.5)

Table 7.8 Directive effects in the hydroboration of methyl-substituted alkynes by 9-BBN [1]

RC=CCH, RCOCH,CH, RCH,COCH, Total yield
(%) (%) of ketones (%)

n-Propyl 22 78 90

i-Propyl 4 96 92

t-Butyl 0 >99 >99

Cyclohexyl 4 96 96

Phenyl 65 35 90

These studies also show that 9-BBN is not only most sensitive to the steric
environment, but it is also most sensitive to the electronic environment [1].

The homologated ketones are synthesized by adding the a-bromoketone and
potassium t-butoxide simultaneously to the B-R-9-BBN at 0 °C. This simultane-
ous addition procedure provides good yields of the desired ketone with an ad-
ditional alkyl group (Chart 7.3) [2a].

CeHs

0
I

(CH3)3C

Chart7.3

N

nB-Bu/>> ,0°C
AN >

CH,Br —

t-BuOK

SB-BU./>, 0°C
\ —

t-BuOK

I -BuB@
N >

CH2BI‘ —

-0,

CeHs (CH;)4CH;

80%

|
C6H5)\)\/

61%
O

|
(CH3)3C)\/\(

61%

J_ LD
(CH3);,C

T7%
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The results are summarized in Table 7.9 [2a].

The B-alkyl-9-BBN and B-aryl-9-BBN not available via hydroboration un-
dergo reactions with ethyl haloacetates and a-bromoketones. The reaction se-
quence provides a convenient procedure for the a-arylation of ketones and es-
ters under the influence of potassium t-butoxide (Eq. 7.6; Table 7.10) [2b].

Table 7.9 Alkylation of a-bromoketones with B-alkyl-9-borabicyclo[3.3.1] nonanes under the in-
fluence of potassium ¢-butoxide in tetrahydrofuran [2a]

Olefin B-R-9- a-Bromo- Addition® Product Yield
BBN ketone? (%)
(mmol)
Ethene 10 A KOR Butyrophenone 71
10 A SA 82
20 A KOR 91
1-Butene 10 A KOR Hexanophenone 78
10 A SA 80
20 A KOR 83
2-Butene 10 A KOR B-Methylvalero- 45
10 A SA phenone 61
20 A KOR 65
Isobutylene 10 A KOR y-Methylvalero- 33
10 A SA phenone 55
20 A KOR 65
Cyclopentene 10 A SA a-Cyclopentyl- 20
acetophenone
Cyclohexene 10 A SA a-Cyclohexyl- 30
acetophenone
4-Vinylcyclo hexene 10 A SA y-(3-Cyclohexenyl)- 60
butyrophenone
1-Butene 10 B SA 2,2-Dimethyl- 78
3-octanone
cis-2-Butene 10 B SA 2,2,5-Trimethyl- 79
3-heptanone
Isobutylene 10 B SA 2,2,6-Trimethyl- 61
3-heptanone
Cyclopentene 10 B SA 2,2-Dimethyl-4-cy- 77
clopentyl-3-butanone
Cyclohexene 10 B SA 2,2-Dimethyl-4-cy- 60
clohexyl-3-butanone
Ethene 10 C SA 2-Ethylcyclo- 0

hexanone

Ten mol of 9-R-9-BBN in tetrahydrofuran is treated with 10 mmol of the a-bromoketone and 10
mmol of potassium ¢-butoxide.
@ A phenacyl bromide, B a-bromopinacolone, C a-bromocyclohexanone.
® KOR addition of potassium ¢-butoxide to the mixture of the other two reactants, SA simultane-
ous addition of base and a-bromoketone to 9-R-9-BBN. Both reactions are carried out at 0°.



222 7 Synthesis of Aldehydes and Ketones

MCHg + CgHsCOCH,Br +1 - BuOK%» C6H5COCH2©— CH;

95%
+ @BO— t- Bu+ KBr
(7.6)
Table 7.10 Reaction of B-aryl- and B-methyl-9-BBN with a-bromoketones [2b]
R of B-R-9-BBN a-Halo compound Product Yield® (%)
Methyl CH,COCH,Br CH,COCH,CH, 40 (73)
(CH,),CCOCH,Br (CH;);CCOCH,CH;  -(68)
Phenyl CH,COCH,Br C.H,COCH,C,H, 93 (91)
(CH,),CCOCH,Br (CH,);CCOCH,CH; 92 (90)
p-Tolyl CH,COCH,Br CH,CO- 95

CH,C,H,CH,-p
* The yields in parentheses are with base potassium 2,6-di-¢-butylphenoxide [2c].

However, this methodology to homologate a-bromoacetone for the synthesis
of methylketones fails. This ketone is extraordinarily sensitive to the action of
potassium t-butoxide, an butoxide, an exceptionally strong base. The problem is
circumvented by utilizing potassium 2,6-di-t-butylphenoxide. The presence of
bulky substituents at ortho positions prevent the organoborane from coordinat-
ing with base.

o +
OK
RsB + >4©)< —> No reaction

The base, however, acts to abstract the proton from the a-haloketones to
produce the a-halocarbanion. The latter is immediately removed by the reac-
tion with the free, uncomplexed organoborane, and the transfer of alkyl group
from boron occurs and product methyl ketone is obtained by the hydrolysis
of the intermediate (Scheme 7.4) [2¢]. It is significant to mention that pro-
tonolysis of the reaction intermediate by 2,6-di-¢-butylphenol produced in the
reaction is relatively difficult. Consequently, ethyl alcohol is added to liberate
ketone.
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Scheme 7.4

The results are summarized in Table 7.11 [2c].

Table 7.11 a-Alkylation and a-arylation of bromoacetone with organoboranes under the influ-
ence of potassium 2,6-di-t-butylphenoxide [2c]

R of B-R-9-BBN Product Yield (%)
n-Butyl 2-Heptanone 80
2-Butyl 4-Methyl-2-hexanone 71
Isobutyl 5-Methyl-2-hexanone 62
Cyclopentyl 1-Cyclopentyl-2-propanone 73
Cyclohexyl 1-Cyclohexyl-2-propanone 72
exo-Norbornyl 1-(2-Norbornyl)-2-propanone 25
Phenyl 1-Phenyl-2-propanone 76

Methylketones are also easily prepared through the oxidation of B-alkyl-9-
BBN with TMANO; the overall one-pot procedure represents the regioselective
hydroacetylation of alkenes (Scheme 7.5) [3].

The hydroboration of 1,3-dimethylcycloalkenes occurs cis to produce with
exceptionally high stereospecificity [4], affording cis-2, w-dimethylcycloalkyl-
9-BBN. These intermediates on treatment with alkaline hydrogen peroxide,
followed by chromic acid oxidation [5] afford the corresponding cis-2-w-di-
methylcycloalkanones, which otherwise are difficult to prepare in pure form.
Consequently, cis-2,5-dimethylcyclopentanone and cis-2,6-dimethylcyclohexa-
none are prepared with excellent high isomeric purities and in essentially quan-
titative yields (Chart 7.4) [4].
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Cyclooctyl group of 9-BBN has been used to synthesize bicyclo[3.3.1]nonan-
9-one (Chart 7.5) [6].

OH HC
H,C CHy
@BH + o0 B—0
H:C
THF| CHCI,OCH,,
0°C|2 LiOCEt3
O
CH
// ’
OCEt;
— -

O=B O 4 EgcoH + 2 Lic

—
Isolated yield, 8% CHs ﬁ

Chart7.5
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The cross-coupling reaction of organic electrophiles with organometallics in
the presence of transition metal provides a synthetic method of forming car-
bon-carbon bonds. However, such reactions are limitedly applicable to 1-alke-
nyl, 1-alkynyl, aryl, allyl and benzyl halides but not extended to alkyl halides
with the sp* carbon-containing -hydrogen [7]. It is reported [8] that 9-R-9-
BBN reacts with iodoalkanes under a carbon monoxide atmosphere in the pres-
ence of K,PO, and catalytic amount of Pd(PPh;,), and yields the unsymmetrical
ketones in good yields (Chart 7.6). The reaction takes place slowly under dark
conditions. The irradiation of light accelerates the rate of coupling. The irra-
diation of UV or a higher carbon monoxide pressure provides no satisfactory
results.

The primary, secondary, and tertiary iodoalkanes are carbonylated and cou-
pled with 9-alkyl-9-BBN. A variety of functional groups in both iodoalkanes
and 9-R-9-BBN are tolerated, as is evident in the synthesis of several functional-
ized ketones having acetal, nitrile, and carbomethoxy groups (Table 7.12) [8].
The side reactions of alkyl halides with B-hydrogen results by B-hydrogen elimi-
nation to the alkene, and the isomerization of alkyl groups are not serious and
limit to less than 10%.

AN
(/B—R + CO + IR’ hv » RCOR’
Pd(PPhs)s, KsPOy4

R = primary; R’ = primary, secondary, and tertiary
Chart7.6

An interesting transformation occurs in the case of reaction with 1-iodo-5-
hexene where it furnishes 1-cyclopentyl-2-decanone (Chart 7.7) [8] instead of
the expected ketone.

CH,=CH(CH,); -1 + CO + 9-Octyl-9-BBN —> CH,=CH(CH,)4CO(CH,);CHj3
4%
+

E>7CH200(CH2)7CH3

60%

Chart 7.7
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7.2.2
Synthesis of Enones

7.2.2.1
Synthesis of (E)-B-y-Enones

B-trans-1-Alkenyls-9-BBN prepared in situ in THF react with a-halo carbanions
generated from phenacyl bromide to afford the (E)-f,y-unsaturated ketones in
good yields (Eq. 7.7; Table 7.13) [9].

oK
0
R\C:C/H n CHzBI‘ — . R\C:C/H O
H™ B +~BuOH H~ SCH,C

(7.7)

Table 7.13 B,y-Unsaturated ketones from the reaction of B-trans-alkenyl-9-BBN derivatives with
phenacyl bromide under the influence of 2,6-di-tert-butylphenoxide [9]

B-Alkenyl-9-BBN B,y-Unsaturated ketone Yield Isomeric
(%) purity (%)
B-1-Hexenyl-9-BBN (3E)-1-Phenyl-3-octen-1-one 61 96
B-3,3-Dimethyl-1-butenyl-9-BBN  (3E)-5,5-Dimethyl-1- 71 98
phenyl-3-hexen-1-one
B-2-Cyclohexyl-1-ethenyl-9-BBN (3E)-4-Cyclohexyl-1- 60 98

phenyl-3-buten-1-one

7.2.2.2
Synthesis of y,6-Enones

B-Alkenyls-9-BBN prepared by the hydroboration of acetylenes with 9-BBN are
transferred in a stereospecific manner to a,p-unsaturated carbonyl compounds
in a 1,4-fashion (Scheme 7.6) [10]. The hydrolysis of the enolborinate provides
the corresponding y,0-enones.
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The results are summarized in Table 7.14 [10].

Table 7.14 Conversion of alkynes into 4-alkenyl-2-butanones by the reaction of the corresponding
B-alkenyl-9-BBN derivatives with methylvinyl ketone [10]

Alkyne Product Yield (%)
1-Hexyne trans-5-Decen-2-one 87
3,3-Dimethyl-1-butyne 7,7-Dimethyl-trans-5-octen-2-one 85
Phenylethyne trans-6-Phenyl-5-hexen-2-one 93
3-Hexyne 5-Ethyl-trans-5-octen-2-one 35
1-Phenyl-1-propyne 5-Methyl-trans-6-phenyl-5-hexen-2-one 62
5,5-Dimethyl-2-pentyne 5,7,7-Trimethyl-trans-5-octen-2-one 69
5-Chloro-1-pentyne 9-Chloro-trans-5-nonen-2-one 66

The conjugated cisoid ketones react satisfactorily with B-alkenyls-9-BBN,
whereas transoid conjugated ketones, like cyclopentenone and cyclohexenone,
afford a complex mixture of products. The reaction proceeds thermally and does
not appear to involve radicals. The alkenyl group of borane is transformed with
strict retention of configuration. As the reaction occurs only with cisoid enones,
and thus suggesting a cyclic transition state (Chart 7.8) [10].

CH,

o=cZ

" C,/C—H
SCeH

—GSP CH3(CH2)3\ _ H

-~

-~

CH;(CHp)s . _H H SCH(CgHs)CH,COCH;
C=C__ — CH,
B\

7 s
0=C
H ~C—CH,
H,C”

CH;3(CHy)s~ o= H

H™ N CH,CH(CH;)COCH;

Chart7.8
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The unknown B-(Z)-1-alkenyls-9-BBN have been prepared by the reaction
of (Z)-1-lithioalkens with B-OMe-9-BBN followed by the treatment of the ate
complexes with borontrifluoride-diethyletherate. The B-(Z)-1-alkenyl-9-BBN
reacts in a stereospecific manner with a methylvinylketone to afford the cor-
responding (Z)-y,8-enones in good yields (Scheme 7.7) [11].

(1) +-BuLi ﬂ

n- C4H9> <1 (2) MeO-B n-C4H9>: <B\ CH,=CHCOCH;_

H (3) BF;.0FEt, H H THE, reflux, 16 h-

75% H,0
n-C4H9>_<CH2CH2COCH3
H H
67%

Scheme 7.7
7.2.3

Synthesis of y,8-Ynones

B-1-Alkynyl-9-BBN, easily and quantitatively prepared by the reaction of boron
trifluoride-diethyletherate with the corresponding lithium methyl alkynyldial-
kylborinate [12], undergoes a smooth 1,4-addition in pentane at room tempera-
ture to methyl vinyl ketone (MVK) and ketones capable of adopting cisoid con-
formation [13]. The reaction proceeds through six-membered cyclic transition
state to afford the enol borinate intermediate, which on hydrolysis afford y,8-
acetylenic ketones, in high yields (Scheme 7.8).

R' OB
RC= B<> + R'R"C—CHCOCH; —>

R"
l 0

RC==CCCH,CCH3

R"

Scheme 7.8
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The results are summarized in Table 7.15 [13].

Table7.15 Conversion of alkynes into 4-alkynyl-2-butanones by the reaction of the corresponding
B-1-alkynyl-9-BBN derivatives with MVK [13]

Alkyne Product Yield (%)
3,3-Dimethyl-1-butyne 7,7-Dimethyl-5-octyn-2-one 100
1-Hexyne 5-Decyn-2-one 96
Phenylethyne 6-Phenyl-5-hexyn-2-one 80
Cyclohexylethyne 6-Cyclohexyl-5-hexyn-2-one 97
2-Methyl-1-buten-3-yne ~ 7-Methyl-7-octen-5-yn-2-one 81
5-Chloro-1-pentyne 9-Chloro-5-nonyn-2-one 87

Unlike cisoid ketones (entries 1-4, Table 7.16), transoid ketones (entries 5
and 6, Table 7.16) [13] do not react to give the desired product.

Table 7.16 Synthesis of y,8-acetylenic ketones by the conjugate addition of B-1-hexynyl-9-BBN to

a,B-unsaturated ketones [13]

Entry Enone Reaction time Yield of 1,4-addition
product (%)
1 CH,=CHCOCH, 10 min 96
2 CH,CH=CHCOCH, 1h 100
3 (CH,),CH=CHCOCH, 5 days 70
(0]
4 10 min 70
(0]
5 3 days 0
(0]
6 3 days 0
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7.2.4
Synthesis of Dienones

Conjugated dienones are found in nature [14], and both conjugated trans, trans-
dienoes [15] and conjugated cis—trans dienones [16] are prepared easily in high
stereospecific manner but in modest yields. Brown et al [17] have developed the
conjugate addition-elimination reaction of B-1-alkenyl-9-BBN with the com-
mercially available 4-methoxy-3-butene-2-one to provide the corresponding
conjugated trans, trans-dienones in essentially the quantitative yields (Eq. 7.8;
Table 7.17) [17].

i S) ” H COCH
H B C—CH, \ / ’
P C=—C
+ _CH=CH Et,0, r.t. \C:C/ \H .
R H H;CO / N BOCH;
R H
98- 100%
(7.8)
Table 7.17 Preparation of conjugated trans,trans-dienones [17]
Alkenylborane Product Yield
(%)
B-trans-1-nonen-1-yl-9-BBN trans,trans-3,5-tridecadien-2-one 100
B-trans-1-octen-1-yl-9-BBN trans,trans-3,5-dodecadien-2-one 98
B-trans-3,3-dimethyl-1-buten-1-yl-9-BBN  trans,trans-7,7-dimethyl- 99

3,5-octadien-2-one
B-trans-1-(5-chloropenten)-1-yl-9-BBN trans,trans-9-chloro-3,5-nonadien-2-one 100

7.2.5
Synthesis of Conjugated Enynones

B-1-Alkynyls-9-BBN easily and quantitatively prepared from lithium methyl al-
kynyldialkylborinate [12] undergo a facile condensation with readily available
4-methoxy-3-buten-2-one in hexane at room temperature to provide, in excel-
lent yield, conjugated enynones (Eq. 7.9) [18].
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COMe
 C=(C— Hexane 25°

MeO

(7.9)

The reaction mechanism involves the initial coordination of the carbonyl
group at the ketone with boron atom of 9-BBN, followed by the formation of
cyclic transition state as sketched in Scheme 7.9.

' - &

I
H CCH. RC=C O =
RCECB® + Sc=c{ T —> N — RCS )
N CH;0 H H CCHj3 (

~

c=cl M
CHgO/ ~H CH;0
OCH; OB B

_ \ \ RCEC\C_C/H
— > RC=CCHCH—CCH; —» %H3® QO —»(/BOCH3+ = \ﬁcm

H;

|2
RC=C Z" CH,

Scheme 7.9

The results are summarized in Table 7.18 [18].

Table 7.18 Conversion of alkynes into 4-alkynyl-3-buten-2-ones by the reaction of the correspond-
ing B-1-alkynyl-9-BBN [18] derivatives with 4-methoxy-3-buten-2-one[18]

Alkyne Product Yield
(%)
1-Hexyne trans-3-Decen-5-yn-2-one 85
1-Decyne trans-3-Tetradecen-5-yn-2-one 81
Phenylethyne trans-6-Phenyl-3-hexen-5-yn-2-one 88
3,3-Dimethyl-1-butyne trans-7,7-Dimethyl-3-octen-5-yn-2-one 98
Cyclohexylethyne trans-6-Cyclohexyl-3-hexen-5-yn-2-one 72
5-Chloro-1-pentyne trans-9-Chloro-3-nonen-5-yn-2-one 74
2-Methyl-1-buten-3-yne trans-7-Methyl-3,7-octadien-5-yn-2-one 90

A 20% excess of 4-methoxy-3-buten-2-one is employed in all reactions.
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The simple workup procedure provides highly pure products (297%) without
the need for further purification of the crude material. The small excess of 4-
methoxy-3-buten-2-one utilized in the reaction is conveniently hydrolyzed to
water-soluble and/or highly volatile products (Eq. 7.10). The B-methoxy-9-BBN
byproduct is oxidized to water-soluble cis-1,5-cyclopentanediol and boric acid.
The whole sequence thus provides [18] clean products after simple extraction of
the reaction mixture.

CH,;0CH=CHCOCH, + NaOH ag —————» CH,COCH; + CH,OH + HCOONa

(7.10)

7.2.6
Synthesis of B-Ketosilanes

Soderquist and coworkers have reported [19] that hydroboration with 9-BBN of
1-silylacetylenes, having bulkier groups on the Si, place the boron exclusively at
the internal position of the alkyne as a kinetically less preferred process. Conse-
quently, triisopropylsilyl-substituted alkynes afford the novel p-silylated vinyl-
boranes, which on oxidation with alkaline hydrogen peroxide affords the cor-
responding ketones (Eq. 7.11) in excellent yields, a truly noteworthy example
of the stability imparted to this functionality by the triisopropyl substitution on
silicon [20]. It should be noted that earlier studies have shown failures to obtain
B-ketosilanes from suitable organoprecursors due to their known sensitivity to
bases and nucleophiles [21].

@ — CHR
H H
R—C=C—Si(i-Pr); ——> /B>:<H ﬂ» \CZO
R Si(i-Pr)s Cf1,Si(i-Pr)
85% : }
R=H, Et
(7.11)

7.2.7
Synthesis of 1-Metallacyclohexan-4-ones

The 1-metallacyclohexan-4-ones are efficiently synthesized [22] from the cor-
responding divinyl compounds. The intermediate borinanes are prepared in a
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one-pot method which involves the hydroboration of divinyls with 9-BBN to get
1,5-diborayl adduct, and the regiospecific exchange of these adducts with bo-
rane—dimethylsulfide complex (BMS) leads to the formation of isolable metal-
laborinanes. The byproduct B-MeO-9-BBN can be recycled back to 9-BBN in
>90% yields [23]. This avoids the necessity to selectively crystallize a portion of
the 9-BBN prior to methanolysis. The conversion of borinanes to 1-metallacy-
clohexan-4-ones is achieved via the DCME procedure using 5 equiv of LiO(¢-
Bu), as illustrated in Scheme 7.10 [22].

/= (1)9-BBN / N\
RoM (DOBBN oM ‘Bome (LCHCLOMe o —0
\__ (2BMS N/ LiO(#-Bu)

3) MeOH _
3 73-78% (2) H,0,/OH 75-91%
Scheme 7.10

The syntheses of 1-sila- and 1-germacyclohexan-4-ones are summarized in
Table 7.19[22].

Table 7.19 Divinylsilanes and divinylgermanes to metallacyclohexanones [22]

Series Yield (%)
Borinanes Metallacyclohexanones
Me,Si 76 88
Et,Si 78 75
Et,Ge 73 91
Pr,Ge 76 88
7.2.8

Synthesis of Chiral Ketones

Brown et al [24] have reported the preparation of B-R*-9-BBN with high op-
tical purity (vide infra). An equimolar quantities of B-R*-9-BBN and a-bro-
moketones react very rapidly in the presence of equimolar quantity of potas-
sium tert-butoxide. The moderate yield is realized of the chiral ketones, after
the alkylation of a-bromoketones. In this reaction, both B-alkyl and B-cycloc-
tyl groups compete for migration. The results are summarized in Scheme 7.11
[24].
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t-BuOK

~H BrCH H, ———

@ R Y
B\ CH,COCH;

[4R]-4-Ethyl-2-heptanone, 52%

H O
q t-BuOK
@) e
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(0]
q Cls BUOK H
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Scheme 7.11
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8 Synthesis of Carboxylic Acids

8.1
Synthesis of Unsaturated Acids

Saturated, unsaturated, and functionalized carboxylic acids are important
classes of natural products. Moreover, optically active hydroxy carboxylic acids
are important biological molecules [1] as well as intermediates for organic syn-
thesis [2].

The synthesis of wide varieties of functionalized [3] and unsaturated carbox-
ylic acids [4] have been achieved through organoboranes. The reaction sequence
involves the attack of organoboranes on the dianion of phenoxy acetic acid fol-
lowed by the alkyl migration as illustrated in Eq. 8.1.

Q. 0 PhO_)
PhOCH,COOH + —PA5» PhOCHCOO — ~ & SCHCOO
R2B\R
R,B +
— 2R>CHCOO’ ~H . Rrcmycoon (8.1)

9-BBN has been elegantly employed for the selective hydroboration to afford
the corresponding alkyl boranes, which on treatment with dianion of phenoxy
acetic acid, followed by alkaline H,O, oxidation produce in good to moderate
yields the corresponding carboxylic acids with two carbon homologation (Eqs.
8.2, 8.3).

8.2
Synthesis of B-Amino Acids

B-Amino acids are valuable for the synthesis of peptidomimetics [5], function-
alized B-lactams and some naturally occurring materials [6-8]. Burgess and
Ohlmeyer [9] have reported that the allylic amines on hydroboration afford
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Cw

\
CH;CH=CHCH,CH=CH, ~ (/B—(CH2)3CH=CHCH3

Q o
(1)PhOCHCOO
2) 66°C
) HOOC(CH,),CH= CHCHj
(3) NaOH/H202 o
@ H 93%

(8.2)

. /\//\/\COOH

48%
(8.3)

the anti-selective products when BH, is used as the hydroborating agent, and
syn-selective if it is 9-BBN or catecholborane-rhodium-catalyzed hydrobora-
tion (Table 8.1) [10]. The stereoselection is enhanced when two N-protecting
groups are used [5]. This protocol is employed [10] for the synthesis of a,p-di-
substituted B-amino acids with high relative and absolute stereoselectivity from
naturally occurring a-amino acids (Scheme 8.1).

Table 8.1 Diastereoselectivities for hydroboration-oxidation of allylamine derivatives [10]

R R? Hydroborating agent ~ Sym:anti Yield of major
isomer (%)

CH,Pr Me BH, 1:>20 60

CH,'Pr Me 9-BBN >20:1 85

n-Bu n-Bu BH, 1:16 77

n-Bu n-Bu 9-BBN 1.3:1 86

CH,Ph Ph BH, 1:>20 80

CH,Ph Ph 9-BBN No reaction 0
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9 Synthesis of Esters

9.1
Synthesis of Achiral Esters

B-Alkyl-9-BBN reacts with ethyl bromoacetate under the influence of potas-
sium ¢-butoxide to afford [1] the corresponding ethyl ester with the addition of
two carbon moiety (Eq. 9.1).

N ] ]
( B—R + BrCH,COOC,H, —BUOKBUOH_ p ey cooc,H,
4 50-80%

(9.1)

The lower yield in the range of 50-80% is because of some competition be-
tween migration of the B-alkyl group and boroncyclooctyl bond. The reaction of
B-alkyl-9-BBN with ethyldiazoacetate [2] also results in the preferential migra-
tion of cyclooctylboron bond [3]. However, the preferential migration of alkyl
groups are realized in the reactions of ethyldibromoacetate and ethyldichloro-
acetate, which provide the corresponding a-halocarboxylic acid esters in yields
of 70-90% (Eq. 9.2) [1].

t-BuOK, +-BuOH
@B—R + X,CHCOOC,Hs —= s RCHXCOOC,H;

(9.2)

The results are summarized in Table 9.1[1].

The use of milder base potassium 2,6-di-t-butoxide to alkylate ethylbromo-
acetate in THF results in the drop of yield to 0%. This is reasoned owing to the
slow protonolysis of the rearranged boron intermediate, so that it is capable of
reacting competitively with freshly formed a-bromo carbanion.

The problem is overcome by making 1-M solution of the organoborane in
THF and then adding an equimolar quantity of 2,6-di-¢-butylphenol, followed
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Table 9.1 Conversion of olefins into ethylalkanoates and 2-haloalkanoates by the reaction of the
corresponding B-alkyl-9-borabicyclo[3.3.1]nonanes with ethyl a-haloacetates under the influence
of potassium ¢-butoxide [1]

Olefin Ethyl Product Yield
a-haloacetate (%)
Ethene Br Ethyl n-butyrate 51
1-Butene Br Ethyl hexanoate 59
2-Butene Br Ethyl 3-methylpentanoate 68
Isobutylene Br Ethyl 4-methylpentanoate 53
1-Hexene Br Ethyl octanoate 74
1-Hexene Cl Ethyl octanoate 74
Cyclopentene Br Ethyl cyclopentylacetate 63
1-Methylcyclopentene  Br Ethyl(trans-2-methylcyclopentyl) acetate 57
Cyclohexene Br Ethylcyclohexylacetate 62
Cyclohexene Br, Ethyl a-bromocyclohexylacetate 68
Cyclohexene Cl, Ethyl a-chlorocyclohexylacetate 88
Cyclopentene cl, Ethyl a-chlorocyclopentylacetate 90

by addition of 1-M solution of potassium ¢-butoxide in t-butylalcohol. The reac-
tion mixture is thus roughly 50:50 in THF and ¢-butylalcohol. To this reaction
mixture at 25 °C is added the bromoester. The B-alkyl-9-BBN reagents react sat-
isfactorily to afford the corresponding esters in high yields (Table 9.2) [4]. Con-
sequently, t-butylalcohol facilitates the protonolysis of the boron intermediate.

Table 9.2 a-Alkylation of ethylbromoacetate and dibromoacetate with B-R-9-BBN under the influ-
ence of potassium 2,6-di-¢-butylphenoxide [4]

R Bromo ester  Product Yield (%)
Ethyl Br Ethyl butyrate 70
Isobutyl Br Ethyl isovalerate 56
Cyclopentyl Br Ethyl cyclopentylacetate 57
Ethyl Br, Ethyl a-bromobutyrate 83
Isobutyl Br, Ethyl a-bromoisovalerate 81
Cyclopentyl Br, Ethyl a-bromocyclopentylacetate 78
9.2

Synthesis of Chiral Esters

The use of 9-BBN, affords a stereodefined alkylation of ethyl bromoacetate.
Tris(trans-2-methylcyclopentyl)borane fails to react with ethyl bromoacetate
in the presence of potassium t-butoxide, whereas B-trans-2-methylcyclopen-
tyl-9-BBN affords ethyl(trans-2-methylcyclopentyl)acetate in >98% purity
(Eq.9.3) [3].
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BH BICH,COE_
t- BuOK
) CH,CO,Et

60%

(9.3)

The lack of asymmetric hydroboration for prochiral alkene to synthesize B-
R*-9-BBN (R* = chiral R) as reagent resulted into the handicap of the utility of
this methodology for the synthesis of chiral esters. This is, however, circum-
vented elegantly by Brown and his coworkers [5, 6], whereby B-R*-9-BBN was
synthesized indirectly in essentially 100% optical purity, first by asymmetric hy-
droboration of prochiral olefins with diisopinocampheylborane Ipc,BH (99%
ee) [6] or monoisopinocampheylborane IpcBH, (100% ee) [7] prepared from
(+)-a-pinene. Consequently, asymmetric hydroboration of prochiral olefin
with IpcBH, in the molar ratio of 1:1, followed by crystallization provides chiral
isopinocampheylalkylboranes, IpcR*BH (1) in essentially 100% optical purity.
Treatment of 1ith acetaldehyde results in the selective facile elimination of chi-
ral auxiliary, leading to the formation of the corresponding boronic ester (2) in
very high enantiomeric purity. Reaction of 2 with NaOH followed by protonoly-
sis affords the corresponding boronic acid (3) which on esterification with 1,3-
propanediol yields optically active 2-alkyl-1,3,2-dioxaborinane (4).

These chiral alkylboronic esters are exceptionally promising intermediates
for C-C bond formation reaction in the synthesis [8, 9] of a-chiral aldehydes,
B-chiral alcohols, a-chiral acids, and a-chiral amines. Brown et al [10], in a real
breakthrough, discovered that LiAlH, readily converts these relatively inert bo-
ronic esters to a very high reactive lithium monoalkylborohydrides R*BH,Li
(5) of very high optical purity. The optically active monoalkylborane (R*BH,)
is generated, when required, by a convenient reaction with trimethylsilyl chlor-
ide [6]. Consequently, the desired B-R*-9-BBN is prepared conveniently by hy-
droboration of 1,5-cyclooctadiene with RBH, (prepared in situ), and the desired
stable 1,5-isomer is obtained by thermal isomerization. The whole sequence is
illustrated in Scheme 9.1.

The optically active 9-R*-9-BBNs prepared by this method are shown in
Chart 9.1.

Alkali metal fert-butoxide in THF is used for their homologation-reaction.
All three alkali metal tert-butoxide in THF work equally well for the a-alkyla-
tion (Eq. 9.4) of ethyl bromoacetate.

5 150 \
/ (2) BrCH,CO,Et /

50-60%

(9.4)
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Scheme 9.1
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Chart 9.1

These reactions proceed through the following mechanism (Scheme 9.2).

N\ o \O_R*
BR* + TCHCO,Et —> B_
/ }13 / lCHCOgEt
T

Br

/) R*

. O0—B N
R¥CH,CO,Et B prcp=c" N/ <— ([ “B—CHCO,Et
OFt Y,

+
t-BuO— B/>
AN

Scheme 9.2

The chiral 9-R*-BBNs are utilized for the synthesis of various homologated
esters, in very high optical purities (Table 9.3) [5].

Table 9.3 Alkylation of ethyl bromoacetate with optically active B-R*-9-BBN [5]

R* Product Yield ee
(%) (%)
[R]-2-Butyl [3R]-Ethyl-3-methyl pentanoate 60 99
[S]-3-Methyl-2-butyl [3R]-Ethyl-3,4-dimethyl pentanoate 55 99
[1S,2S]-trans-2-Methyl cyclopentyl [1S, 2S]-Ethyl trans-2-methyl 50 99

cyclopentyl acetate
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Both (+) and (-) a-pinenes are now readily available in pure form. Conse-
quently, it is possible by this remarkable simple procedure to achieve the syn-
thesis of both enantiomers of functional derivatives involving carbon-atom ho-
mologation from olefins via asymmetric hydroboration.

9.3
Synthesis of (E)-,y-Unsaturated Esters

B-trans-1-Alkenyls-9-BBN obtained conveniently by the hydroboration of 1-al-
kynes with 9-BBN in THF undergo facile reaction with and a-halo carbanion
generated from ethylbromoacetate with the hindered base potassium-2,6-di-
tert-butylphenoate to afford, in 57-65% yields, the corresponding (E)-B,y-un-
saturated esters (Eq. 9.5; Table 9.4) [11]. However, the reaction gives a 1:1 mix-
ture of E and Z isomers in the case of internal alkenyl-9-BBN compounds [11].
The other method for preparing {3,y-unsaturated esters is the deprotonation and
reprotonation of a,B-unsaturated esters [12, 13], but this method usually affords
a mixture of (E) and (Z)-f,y-unsaturated esters. It is reported that both terminal
and internal B-alkenyl-9-BBN react in a stereodefined manner [14] with ethyl-
(dimethylsulfuranylidene)-acetate to give the corresponding (E)-B,y-unsatu-
rated esters in 60-80% yields (Scheme 9.3). (Carbethoxymethyl)dimethylsulfon
ium bromide is easily generated from dimethylsulfide and ethyl-a-bromoacetate
[15], and stereodefined (E)-B-alkenyls-9-BBN are obtained [16] by the hydrob-
oration of internal and terminal alkynes. The B-alkenyl-9-BBN derivative [16]
generated in situ readily reacts with [14] (carbethoxymethyl)dimethylsulfonium
bromide and sodium hydride in THEF, which followed by oxidation specifically
with H,0,/OAc affords (E)-p,y-unsaturated esters (Table 9.5) [14].

K’
(I? 0
H R H
N 7 ~N b
Cc=C + BICH,COEt — » Cc—=
- B t-BuOH H” “CH,COEt

(9.5)
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Table 9.4 B,y-Unsaturated esters from a base-promoted a-alkenylation of ethyl bromoacetate with
B-trans-1-alkenyl-9-BBN derivatives [11]

B-Alkenyl-9-BBN B,y-Unsaturated ester Yield Isomeric
(%) purity (%)
B-1-hexenyl-9-BBN Ethyl-(3E)-3-octenoate 63 96

B-3,3-dimethyl-1-butenyl-9-BBN  Ethyl-(3E)-5,5-dimethyl-3-hexenoate 57 98
B-2-cyclohexyl-1-ethenyl-9-BBN  Ethyl-(3E)-4-cyclohexyl-3-butenoate 65 98
B-1-octenyl-9-BBN Ethyl-(3E)-3-decenoate 65 95

1
R _ (1) NaH/THEF, r.t., 1420 h

2
/R +
C=C__/ + [(CH3),SCH,COOC,H;|Br — >
B\ (2) Hy0,/0Ac,0°Ctort, 1 h

R\ _C/R2
H™ “CH,COOC,Hs

60-80%

Scheme 9.3

The mechanism of the reaction is depicted in Scheme 9.4 [14].

S 1 2 2
R R _ R R
Sc=c_ + (CHy),S — CHCOOG,Hs ——»  >C=Co/
H B\ H B

I\
CHCOOC,H;
+lSMe
2
1 2 1
Me,S R> =ch R>c=CfR <OCaHs
H CHB ) H oc=c,
I\ H OB )
COOC2H5 AN
_ 1 2
H0,/ OAc. R~ ._ R

7

=7
H CH,COOC,H;s

Scheme 9.4
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Table 9.5 Yields of (E)-f,y-unsaturated esters [14]

R R? Yield (%)
n-C;H, H 76
n-C,H, H 63
n-CH;, H 64
n-CH,, H 62
n-CgH,, H 80
Ph H 60
n-C,H, n-CH, 65
n-C,H, n-C,H, 73
n-C,Hy, n-C.H,, 80
n-CH,, n-CH,, 71

The reaction conditions are important for the preparation of pure (E)-B,y-
unsaturated esters. No Z isomer is found in the product when the reaction mix-
ture is oxidized with H,0,/OAc at 0 °C. However, when the reaction mixture
is oxidized with H,0,/OAc at room temperature or H,0,/OH at 0 °C, a small
amount of Z isomer is formed in the product.

9.4
Synthesis of a-Amino Acid Esters

Very high enantio- and diastereoselective (up to 96% ee) synthesis of some
amino acid esters have been achieved by the reaction of 9-allyl- and 9-but-2-
enyl-9-BBN with a-imino esters (Eq. 9.6) [17].

The reaction of allyl-9-BBN with a-iminoesters in which (S)-(-)-a-methyl-
benzylamine is utilized as the chiral source produced the corresponding amino
acid in high chemical (92%) and optical (92% ee) yield. These are increased to
96% when (-)-1-cyclohexylethylamine is employed. The reaction of allylzinc or
magnesium or titanium reagents, on the other hand, has resulted in lower or
negligible ee’s.

H_ _COOBu R
N 5 . \ﬁ/ _78°C l@» I'.t.‘ S COOBu
N NG N l/N 12h
R 1
NHR
1
R =H or CHj R =(8)-(-)-CH(Ph)Me
or

(-)-CH(CgH 1 )Me
(9.6)
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COzBu
N¢ /\/ erythro-(3e)
Me
Ph
0
fc\\ — > threo-(3¢)
Ph
Scheme 9.5
4 2 3
H. _COOBu , X R. R
Y . R\%\/M — Wcoo&;
N
1~ 3 4
R R R NHR'
a: R' = PhCH(CH3) a:R' =PhCH(CH;), R”*=R’=R*=H
b: R' = (C¢H,1)CH(CHa) b: R' = (C¢H,;)CH(CH3), R”*=R*=R*=H
¢: R' = SO,C¢H4-p-CHs; ¢: R'=PhCH(CH;), R*=R*=H, R* = CH;
d: R' = (C¢H,)CH(CH3), R* =R’ =H, R*=
CH;
e: R' =PhCH(CH;), R*=R’=CH;,R*=H
f: R' = SO,C4Hs-p-CHs, R* = CH;, R* =R*=H
Chart9.2

The high enantio- and diastereoselectivity of but-2-enyl-9-BBN are due to
the attack of boron reagent from the si face [18] of iminoester. The si-face attack
results from the steric and stereoelectronic effects of the imine and BBN groups.
The transition state leading to threo is highly destabilized as compared with
the erythro-intermediate (Scheme 9.5). Consequently, in the present reaction
the erythro-selectivity is more than 93%. Therefore, the a-methylbenzylamine



250 9 Synthesis of Esters

group dictates not only the enantioselectivity, but also enhances diastereoselec-
tivity for the synthesis of amino acids and related compounds via C-C bond
formation.

Further, Yamamoto et al [19] have recorded very high enantio- and diastere-
oselective synthesis of amino acid derivatives via the reaction of allylic 9-BBN
and a-iminoesters having a chiral auxiliary at the R’ group. Earlier, Kagan [20]
reported reactions of a-iminoesters with Grignard reagent. However, the major
drawback is the lack of regioselectivity, due to the nucleophilic attack of all the
three possible electrophilic centers; the imine carbon, ester carbon, and nitro-
gen atom. The reaction of allylic 9-BBN proceeds regioselectively at the imine
carbon in high yields to give the corresponding amino acid derivatives with very
high enantio- and diastereoselectivity (up to 96% ee, Chart 9.2).

The results are summarized in Table 9.6 [19].

Table 9.6 Reaction of chiral iminoesters with allylic organometallic compounds [19]

Allylmetal

R’ M R? R’ R* Yield (%) de (%) erythro:threo
a 9-BBN H H H 92 92

a ZnBr H H H 94 10

a MgCl H H H - 0

b 9-BBN H H H 94 96

b ZnBr H H H 53 30

a 9-BBN H H CH, 80 90

a ZnBr H H CH, 83 16

b 9-BBN H H CH, 94 78

b ZnBr H H CH, 90 14

a 9-BBN CH, CH, H 33 54

a ZnBr CH, CH, H 60 16

[ 9-BBN CH, H H 75 85:15
c Ti(O-i-Pr), CH, H H 75 60:40
c MgCl CH, H H 78 59:41
c Zr(Cp),Cl CH, H H 73 51:49

As depicted in Chart 9.3, the transition state [A] resulting from allyl-9-BBN
and chiral iminoester (a) leads to aminoester with SS configurations. However,
transition state [B] resulting from methallyl-9-BBN and chiral iminoester (a)
possesses three 1,3-diaxial interactions as compared with only one 1,3-diaxial
interaction in [A]. Thus, [B] is highly destabilized and thus methallylboration
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L \TOzBu
Mo A
- N
L \\N¢

C\«\ WC O,Bu

Ph
A ’ SS
<« 4"
b~ (|302Bu
M
- ?\I;C\'\‘ _______ > WCOzBu
H
/L; H Ph_s NH
o Y
B SS
L (|302Bu
I ~~_—7
—7 CO,Bu
L/ [N N ¢C\ E— N S 2
H;J\ Ph._g NH
Ph :
c SR

Chart9.3

leads to an opposite chiral induction. In boat transition state [C], such bad in-
teractions are diminished. Thus, iminoester derived from (R)-(+)-PhMeCHNH,
reacts with methallyl-9-BBN through [C] to give (S,R)-amino acid ester with
high diastereoselectivity. The direction of chiral induction in aldehydes is iden-
tical, irrespective of allylboration, methylboration and prenylboration [21].

The reaction is extended with crotyl-9-BBN [19]. The chiral iminoester re-
acts with crotyl-9-BBN (Eq. 9.7) in essentially quantitative yield to give Cram-
erythro amino acid ester.

H___COOBu
\W/ N § COOBu

N
Ph(CH3)HC™ HN___Ph

Cram-erythro

(9.7)
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10 Synthesis of Nitriles

10.1
Synthesis of Achiral Nitriles

The B-R-9-BBN reacts with chloroacetonitrile [1] under the influence of po-
tassium 2,6-di-¢-butylphenoxide to produce the corresponding nitriles in high
yield (Eq. 10.1). The reaction intermediate undergoes protonolysis readily and
without adding ethanol or other protonolyzing agent as required, for example,
in the synthesis of ketones under similar conditions.

o0®
OK
B + CICH,CN + oc, CH,CN
Y 2 THF 2
+ <\B—O + KCl
/

(10.1)

The results are summarized in Table 10.1 [1].

The reaction is extended to the synthesis of a-chloronitriles and dialkylaceto-
nitriles [2]. Monoalkylation of dichloroacetonitriles with 1 equiv of B-R-9-BBN
proceeds nicely under the influence of 2,6-di-tert-butylphenoxide to afford the
a-chloronitriles in satisfactory yields (Eq. 10.2; Table 10.2) [2].
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Table 10.1 a-alkylation and a-arylation of chloroacetonitrile with B-R-9-BBN under the influence
of potassium 2,6-di-t-butylphenoxide [1]

R Product Yield (%)
n-Butyl Hexanonitrile 76
2-Butyl 3-Methylpentanonitrile 65
Isobutyl 4-Methylpentanonitrile 57
Cyclopentyl Cyclopentylacetonitrile 72
Cyclohexyl Cyclohexylacetonitrile 77
exo-Norbornyl 2-Norbornylacetonitrile 65
Phenyl Phenylacetonitrile 75

Table 10.2 Monoalkylation of dichloroacetonitrile under the influence of potassium 2,6-di-tert-
butylphenoxide at 25 °C [2]

Organoborane Product Yield (%)
R;B or B-R-9-BBN
Triethyl 2-Chlorobutyronitrile 89
B-Ethyl 2-Chlorobutyronitrile 87
B-n-Butyl 2-Chlorohexanonitrile 75
B-Isobutyl 2-Chloro-4-methylpentanonitrile 73
B-sec-Butyl 2-Chloro-3-methylpentanonitrile 69
B-Cyclopentyl 2-Chloro-2-cyclopentylacetonitrile 76
B-Cyclohexyl 2-Chloro-2-cyclohexylacetonitrile 78

e e

oK
B-R-9-BBN + Cl,CHCN > RCHCICN (10.2)

25°C,3h

The reaction is also highly satisfactory for introduction of two alkyl groups.
The two identical alkyl groups are introduced by utilizing 2 mol of base and 2 mol
of the organoborane. Alternatively, the dialkylacetonitriles with different alkyl
groups are easily obtained in two successive monoalkylations (Chart 10.1) [2].
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2B-R-9-BBN + CHCI,CN —— >  R,CHCN

B-R-9-BBN + CHCI,CN — > RCHCICN

B-R'-9-BBN + RCHCICN ——>  RR'CHCN

Chart 10.1

Two primary alkyl groups are readily introduced in this way, whereas intro-
duction of more-hindered groups, such as isobutyl or cyclopentyl, is more slug-
gish and requires reflux in THF for an extended period. As the protonolysis of
the boron intermediate in these cases is slow, a mixed solvent, tert-butylalcohol-
THEF (1:4), is used to liberate the desired product (Chart 10.2).

The introduction of two different alkyl groups is achieved by the successive
alkylation of dichloroacetonitriles and without isolating the intermediate. The
typical results are shown in Chart 10.2 [2].

The results of dialkylation are summarized in Table 10.3 [2].

The reaction is extended to the synthesis of dinitriles (Eq. 10.3) [3].

BrCH(CN), + @B@ — E>—CH(CN)2 (10.3)

10.2
Synthesis of Chiral Nitriles

The chiral B-R*-9-BBN alkylates the chloroacetonitrile to afford in good yields
the corresponding chiral nitriles. Sodium tert-butoxide in THF is best suited for
the a-alkylation of chloroacetonitrile (Eq. 10.4) [4].
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. B i-Bu\
CLCHCN -B==Bu-9-BBN,.  [;-BuCHCICN] —EtB, CHCN
Et”
52%
EGB sec -Bu
CLCHCONB=s¢e-Bu-9-BBN,_ [¢ gccioNt—22> JCHCN
Et
69%
-CsHo-9- — Et:B
CLCHCN-Z-CsHo9-BBN [Q CHClCN} 3 O\
CHCN
Et
52%

Do
L

56%

ClcHON-2-Csto0-BBN [Q—CHCICN] B-CsHo-9-BBN_

Chart 10.2

Table 10.3 Dialkylation of dichloroacetonitrile and alkylation of a-alkyl-a-chloroacetonitriles un-
der the influence of potassium 2,6-di-tert-butylphenoxide [2]

Organoborane  Chloronitrile Reaction Product Yield
R,Bor Cl,CHCN or conditions (%)
B-R-9-BBN RCH(CI)CN
Temp  Time
SORENY
Ethyl Dichloro 25 3 Diethylacetonitrile 96
B-Ethyl Dichloro 25 3 Diethylacetonitrile 97
B-n-Butyl Dichloro 25 3 Di-n-butylacetonitrile 85
B-Isobutyl Dichloro Reflux 24 Diisobutylacetonitrile 66
B-sec-Butyl Dichloro Reflux 24 Di-sec-butylacetonitrile 46
Triethyl Isobutylchloro 25 3 2-Ethyl-4-methyl- 88
pentanonitrile
Triethyl sec-Butylchloro 25 3 2-Ethyl-3-methyl- 91
pentanonitrile
Triethyl Cyclopen- 25 3 2-Cyclopentylbutyronitrile 83
tylchloro
Triethyl Cyclohexylchloro 25 3 2-Cyclohexylbutyronitrile 85
B-Cyclohexyl sec-Butylchloro ~ Reflux 24 2-Cyclohexyl-3-methyl- 61
pentanonitrile
B-Cyclopentyl Cyclopen- Reflux 24 Dicyclopentylacetonitrile 56

tylchloro
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1)--BuONa-15°C
R*B<> (1)t-BuONa > R*CH,CN + @BOt-Bu (10.4)

(2) CICH,CN

The results are summarized in Table 10.4 [4].

Table 10.4 Alkylation of chloroacetonitrile with optically active B-R*-9-BBN [4]

R* Product Yield ee
(%) (%)

[R]-3-Hexyl [3R]-3-Ethylhexanenitrile 66 99

[1S,2S]-trans-2- [1R,2S]-trans-2- 48 99

Methylcyclopentyl Methylcyclopentylacetonitrile

[18,25,4S]-exo0-2-Norbornyl [1S,2R,4R]-exo-2-Norbornylacetonitrile 53 99

The methodology has been elegantly employed for the stereocontrolled syn-
thesis of the side chain of steroids with natural configuration (Eq. 10.5) [5].

0) (0)
or
Wittig reaction

AcO

OCH3;

AN CH,CN
@BH ~H
N CICH,CN
H;C OK
(10.5)

10.3

Synthesis of (E)-B,y-Unsaturated Nitriles

B-trans-1-Alkenyl-9-BBN undergoes facile reaction with the a-halo carbanion
generated from chloroacetonitrile in the presence of potassium 2,6-di-tert-butyl-
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phenoxide (Eq. 10.6) and yields the corresponding (E)-f,y-unsaturated nitriles
in good yields (Table 10.5) [6].

—

Table 10.5 f,y-Unsaturated nitriles from a base-promoted a-alkenylation of chloroacetonitrile
with B-trans-1-alkenyl-9-BBN derivatives [6]

B-Alkenyl-9-BBN B,y-Unsaturated ester Yield Isomeric
(%) purity (%)
B-1-Hexenyl-9-BBN (2E)-1-Cyano-2-heptene 70 99
B-3,3-Dimethyl-1-butenyl-9-BBN (2E)-1-Cyano-4,4- 69 98
dimethyl-2-pentene
B-2-Cyclohexyl-1-ethenyl-9-BBN (2E)-1-Cyano-3- 65 96

cyclohexyl-2-propene
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11 Synthesis of (E)-f,y-Unsaturated Amides

B,y-Unsaturated amides can be prepared from allylamino [1], allylphosphate
[2], or allylalcohol [3] with a one-carbon atom increase. Some of these are not
stereodefined, and others require the use of valuable noble metal catalysts and
carbon monoxide. However, it is possible to synthesize in a stereodefined man-
ner (E)-B,y-unsaturated amides from E-9-alkenyl-9-BBN with N,N-dialkyl(di-
methylsulfuranylidene)acetamide [4] with a two-carbon increase. N,N,-Di-
alkyl-a-sulfonium substituted amides are easily prepared by the reaction of
dimethylsulfide and N,N-dialkyl-a-bromoacetamide [5]. The terminal E-9-al-
kenyl-9-BBN generated [6] in situ reacts (Scheme 11.1) with N,N-dialkyl(dimet
hylsulfuranylidene)acetamide, prepared from N,N-dialkyl-a-sulfonium-substi-
tuted amide and sodium hydroxide at 0 °C in THE The reaction mixture after
oxidation with H,0,/OAc affords (E)-B,y-unsaturated amides in 60-70% yields
(Table 11.1) [4]. The mechanism of the reaction is depicted in Scheme 11.2.

1

1
R H + 2 (1) THF, r.t., 20 h R H
> + Me,S—CHCONR, (L) THF 1 > >=— 2
H B (2) H,05/0Ac, 0°Ctort., 1 h H CH,CONR,
60-70%
Scheme 11.1
R H R H
- /
Ne=c” + Me,S —CHCONR), ——> Je=c(q
) O
CHCONR),
Ql
SMCZ
l-MeZS
1
R H . R H R
\C=C/ H,0,/0Ac \C=C/ ‘,.INRZ C—CH—EF
H NCH,CONR] e

Scheme 11.2
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Table 11.1 Yields of N,N-dialkyl-(E)-f,y-unsaturated amides [4]

R! R? Yield (%)
Pro Et 60
Pr" Pri 60
Bu® Et 61
Bu® Pri 61
n-Pent Et 66
n-Pent Prf 70
n-Hex Et 64
n-Hex Pr! 65
n-Oct Et 62
n-Oct Pr! 61
Ph Et 69
Ph Pri 67

Unlike the synthesis of (E)-B,y-unsaturated esters [7], internal (E)-9-alke-
nyls-9-BBN do not react with N,N-dialkyl(dimethylsulfuranylidene)acetamide.
This is attributed to the large steric bulkiness of both internal 9-alkenyl-9-BBN
and N,N-dialkyl(dimethylsulfuranylidene)acetamide, which hinder the latter
attack to internal 9-alkenyl-9-BBN.
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12 Synthesis of Amines

12.1
Synthesis of Chiral Amines

1,2- and 1,3-Asymmetric inductions in an acyclic system remain a pressing con-
cern for synthetic organic chemists [1]. Reactions of allyl organometallic with
chiral aldehydes or chiral imines yield products generally with not so high Cram
selectivity [2] (Eq. 12.1).

/L Hi AANM_— = + /k/\/
P ﬁ/ Pl Pl
X X’ ’

X
X=0orNR' M=Li, Mg, B, Si... |

2
Cram product anti-Cram product
X'=OH or NHR

(12.1)

Yamamoto and coworkers [3], however, have reported that reactions of al-
lyl-9-BBN with certain chiral imines give the corresponding allylation products
with very high enantiomeric excess, in essentially, the quantitative yields (Eq.
12.2). Table 12.1 summarizes these very high 1,2-asymmetric inductions. The
main reason for poor selectivity of imine is the complex reactivity of imines
toward other organometallic compounds [4-6].

ph/k”/ + /\/B\> — Ph/H/\/ + Py
N o N o NH

\R,
3 4 5

Up to 100:0

Yield 88-98% (12.2)
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Table 12.1 High Cram selectivity in 1,2-asymmetric induction [3]

Entry  Imine, 3 Allylorganometal (M) Cram:anti-Cram
PhCH(CH,)CH=NR' (4):(5)
R’
1 n-Pr 9-BBN 96:4
2 i-Pr 9-BBN 100:0
3 n-Pr SnBu,/TiCl, 93:7
4 i-Pr SnBu,/TiCl, 92:8
5 n-Pr MgCl 84:16
6 n-Pr MgBr 68:32
7 i-Pr MgCl 70:30
Entry  Aldehyde Allylorganometal Cram:anti-Cram
(1):(2)
8. PhCH(CH3)CHO 9-BBN 55:45
9. SnBu,/TiCl, 69:31
10. MgCl 60:40

The reactions are carried out on 1-mmol scale and imine 3 and the aldehydes are used in a race-
mic form.

The high 1,2-asymmetric induction obtained with allyl-9-BBN is explained
that the trans geometry [7] of aldimines necessarily forces the metal to coordi-
nate the nitrogen atom syn to the alkyl group (R’), and hence the chiral center
goes to the axial position of 6 (Fig. 12.1). As the conformation of the chiral
center is fixed in 6 because of the steric influence of L and thus the allyl group
attacks from the less hindered side (6 and 7 or 7', Fig. 12.2).

The transition state 9 is highly unstable because of the steric repulsion be-
tween the methyl group and the 9-BBN ring protons. The bridged proton (H)
of the 9-BBN ring covers the six-membered ring. The plane of the imine group

Fig. 12.1 Cyclic (chelate) model for 1,2-asymmetric induction — Cram product
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~ :H
-
C
R/
Me\
Ph
8

Cram (Felkin) addition

anti-Cram addltlon

Fig. 12.2 Cram (Felkin) addition vs anti - Cram addition - Open chain model

(RCH=NR') and the plane of the C—H bond intersect with nearly an orthogonal
angle [8]. Thus, the anti-Cram attack leading to 5 becomes extremely unfavor-
able as depicted below:

H L

Ph
_/ >
/ —‘
9
Yamamoto and coworkers [3] have extended this methodology for 1,3-asym-

metric induction. The results of reaction of 10 with allylic organometallic com-
pounds (Eq. 12.3) are summarized in Table 12.2 [3b].

P N
i-Pr_ M o =~ ! PrW
C=N_R_Ph | N _M —> +
H \‘/ HNWR/Ph HN\‘R/Ph
Cram product anti-Cram product
10 1 12

(12.3)
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Table 12.2 High 1,3-asymmetric® induction [3b]

Entry  Imine Allylorganometal (M)® Cram:anti-Cram
(11):(12)
1 10 9-BBN 92:8
2 (R)- 10 B(OCH,), 60:40
0]
/
3 (R)- 10 B\ 67:33
0 :
/O
4 (R)- 10 B 80:20
\
O
Ph (13)
5 i-Pr\C_N Ph 13 80:20
H/ - ?v
6 10 SnBu,/TiCl, 82:18
7 10 SnBu,/BF, 67:33
8 10 MgBr 80:20

* Normally, racemic 10 is used.
b Isolated yield with allyl-9-BBN and -MgBr, 88-98% and with allylstannane, 60-70%.

The reaction is reported to proceed through the conformation 14 in which
the chiral center is fixed, and in this state the chiral group PhCH(Me) and L
group have a set of 1,2-axial-equatorial interaction. The allyl group attacks from
the less hindered side (8 and 14).

The transition state 15 is destabilized owing to the steric repulsion between
the methyl group (and/or phenyl group) and L (Fig. 12.3).

The 1,3-diaxial interaction is normally greater than the 1,2-axial-equatorial
interaction is. Apparently the selectivity of entry 2 (Table 12.1) is 100%, whereas
that of entry 1 (Table 12.2) is 92%. To summarize, the modified Cram (or Fel-
kin) model (7 or 7) explains 1,2-asymmetric induction. For 1,3-asymmetric al-
lylboration [7], the extended Cram model (8) is proposed.

The 1,2-asymmetric induction with crotyl organometallic compounds (M = B,
Zr, and Mg) is not so high as with the allyl system. The reaction of crotylorgano-
metal with 3 (R" = n-Pr and i-Pr) produces all the possible four isomers.
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L
R//l\l/l\
1” L _—
=N

/]
/;Me)\Ph

11 (Cram product)

14

——> 12 (anti-Cram product)

Fig. 12.3 Cyclic (chelate) models for 1,3- asymmetric induction

The reaction of 10 with crotyl-9-BBN is extremely sluggish. However, 16
reacts with crotyl-9-BBN to afford the Cram:anti-Cram in a 100:0 ratio. The
erythro selectivity via 16, which possesses the less bulky ethyl group, is also in
good agreement with the previous result (Eq. 12.4) [9].

HsCo __H HsC, =~ HsG =
“ N /\/\B< o ﬁ/k/ N \‘A/
N Ph HNYPh HNYPh

T

16 Cram-erythro Cram-threo
75:25

(12.4)

The reactions between the imines and the allenic organometallic compounds
give the threo allylamines with very high stereoselectivity, while the reaction
with 9-but-2-enyl-9-BBN gives the analogous erythro allylamines stereoselec-
tivity (Scheme 12.1) [10].
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z Me\ 2 SiMC3 1
1 H =(C= R H
R A %y Y WB@ RH)\/
< — ¥ 5
m . N 2 2
NHR SiMes SR NHR
threo erythro

(1) NaOMe-MeOH
(2) Hp, Pd-BaSO,4

R P

NHR’

threo

Scheme 12.1

12.2
Synthesis of Homopropargylic Amines

Brown and coworkers [11] have demonstrated that B-allenyl-9-BBN reacts vig-
orously with imines (Eq. 12.5) at room temperature and affords the correspond-
ing homopropargylic amines in excellent yields along with a small amount of
(2-4%) of the allenic amines (Table 12.3) [11].

(2) NaOH/H202 R

<<\B\ N/CHZPha) Et,0,25°C PhCHNH.___H _CH
/ SC=C=CH, + I T >_ ¢
N

PhCH,NH H

>

R” SC=C=CH,

18
(12.5)

Table 12.3 Allenylboration of imines (RCH=NCH,Ph) [11]

R Product Yield (%)
17 (18)
(CH,),CH 96 (4) 90

Ph 98 (2) 84
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12.3
Synthesis of Secondary Amines

2-Azanorbornenes undergo facile acid—catalyzed retro Diels—Alder reaction to
primary amines [12] or N-methylated amines [13]. However, retro Diels—Alder
can be interrupted to get cyclopentenylmethyl amines by complexation of 2-
azanorbornenes with 9-BBN (Scheme 12.2; Table 12.4) [14].

’ ] !
AX\V Y
/ i N NHR H
_ 9-BBN N—-R 19
/ THF |
NR H-B
19 -\ 20
Scheme 12.2
Table 12.4 9-BBN-Mediated ring openings of azanorbornenes [14]
Entry R Time (h) Yield (%)
MeO CH,CHy—
1 20 56
MeO
CH,CH,-
2 18 50
N
SOLAr
i—Bu

3 /|<H 13 51
CO,Me

The methodology is extended to number of functionalized 3-substituted 2-
azanorbornenes [15] (Table 12.5). The data reveal that exo substitution provides
modest yield of cyclopentenylamines, whereas the endo-substituted azanor-
bornenes give poor yields of the amines. The low yield of endo-substituted sub-
strate may be attributed to severe steric crowding on the endo face. In addition,
the substituent at C-3 retains its geometry (Eq. 12.6).
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9-BBN H (12.6)
THF
COOMe
|_C6H5 H5C¢H,CHN

Table 12.5 Reaction of 3-substituted azanorbornenes with 9-BBN [15]

R
NHCH,C¢H
r R 9-BBN 20T
THF
NCH,C¢Hs
Entry R Time (h) Yield (%)
1 -COOMe (exo) 0.5 44
2 -COOMe (endo) 1 16
3 -CH,OTBDMS (exo) 0.5 59
4 -CH,0OMOM (exo) 0.5 55
5 -CH,OTBDMS (endo) 24 22
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13 Synthesis of Halides

13.1
Synthesis of Halides via Hydroboration

Organic halides are important synthetic intermediates in numerous reactions.
They are also important due to the variety of radiohalogen-containing pharma-
ceuticals that have been developed in recent years [1-3]. The trialkylboranes
prepared via hydroboration are conveniently converted to alkyl halides when
1 equiv of sodium hydroxide or sodium methoxide in methanol is added to a
mixture of 1 mol of organoborane and 1 mol of iodine. The reaction becomes
instantaneous and affords the corresponding alkyl halides. A second mole of
iodine and base react similarly (Eq. 13.1) [4-6], but the third alkyl resists the
reaction under these conditions.

R;B + 2L, + 2NaOH ——> 2RI + 2Nal + RB(OH),  (13.1)

These difficulties are circumvented to some extent for the synthesis of sec-
ondary alkyl bromides by the action of bromine, in dark conditions, on the B-
alkyl-9-BBN derivatives (Eqs. 13.2, 13.3) [7].

B/> Br
\ BI'2, CH2C12 (13 2)
0-25°C,1.5h '

84%

Br,, CH,Cl
B/> 0-25°C.15h B
AN

90%
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It is interesting to note that the reaction does not proceed through a direct
rupture of the boron-carbon bond, but involves a highly selective free radical
substitution of the a-hydrogen of the sec-alkyl group by bromine. Protonolysis of
the intermediate by hydrogen bromide gives the final product (Chart 13.1) [8].

R R
@B—(IJ—CHZR + B —— ()B—(E—CHzR + HBr
i
R R
@B—(ll—CHZR + B, ——» @B—é—CHzR + Br'
' Br
R
@B—(lj—CHzR + HBr —> @BBr + RCHBrCH,;R
Br
Chart 13.1

B-Isopropyl-9-BBN is 5.5 times more reactive as compared with the a posi-
tion in cumene and some 660 times more reactive than is the tertiary position
in isobutene [8].

|, £ o o
(/B—(lj—CH3 <j>—(|:—cH3 113(?—?—0113
H H H
660 120 1

The remarkable activation of sec-alkyl of B-sec-alkyl-9-BBN is attributed to
the stabilization of the free radical, owing to the interaction of the odd electron
with the vacant p orbital of boron atom [8]. Attack on the two a-bridgehead
positions is less facile because in these positions the odd electron would neces-
sarily occupy an orbital that is orthogonal to the vacant p orbital on boron.

It has been found [9] during allylboration of acid chlorides, if the reaction
mixture is not worked up immediately after its completion, it leads to the forma-
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tion of tertiary chloride (Chart 13.2). The reaction probably occurs due to the
cleavage of the borinate ester with hydrogen chloride formed by trace hydrolysis
of the acid chloride or B-Cl-9-BBN, produced during the reaction. The tertiary
and benzylic borinate esters are known to undergo carbon-oxygen cleavage
with hydrogen halide [10].

(l? (|3H2CH=CH2
@BCHZCH=CH2 + RCCl —> BO—?—R + ()B—Cl
CH,CH=CH,
100%l 5h
CH,CH=CH,

|
O] o
CH,CH=CH,

Chart 13.2

13.2
Synthesis of Halides via Haloboration

13.2.1
Synthesis of 2-Halo-1-Alkenes

The stereodefined alkenyl halides are of prime importance due to the devel-
opments of di- or trisubstituted alkene synthesis by cross-coupling reactions
between organometallics and alkenyl halides, catalyzed by transition metal
compounds [1-4]. 1-Halo-1-alkenes are conveniently synthesized via hydrobo-
ration-halogenation reaction [5]. However, with these methods it is not possible
to synthesize 2-halo-1-alkenes. Although the halometalation reaction is consid-
ered to be a powerful tool for the synthesis of 2-halo-1-alkenes, the reaction has
not been adequately developed for such purpose [6]. Lappert and coworkers
[7-10] are perhaps the first to report the systematic haloboration reactions of
unsaturated hydrocarbons with BX,. However, there is no systematic approach
to the haloboration with B-X-9-BBN to organic synthesis [11]. The desired B-X-
9-BBN is prepared [12] by the reaction of 9-BBN with phosphorous pentachlo-
ride, bromine, or HI. Alternatively, B-X-9-BBN are very conveniently obtained
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by the hydroboration of 1,5-cyclooctadiene with stable methylsulfide complexes
of monochloro-, monobromo-, and monoiodoboranes as (H,BX-SMe,) [13].
This process, however, affords a mixture of B-halo-9-borabicyclo[3.3.1]nonan
es (B-X-9-BBN) and a thermodynamically less stable [4.2.1]isomer, which pre-
dominates in the mixture. The less stable isomer, however, is readily converted
to the more stable isomer B-X-9-BBN by gentle heating. The methylsulfide com-
plexes are isolated as stable crystalline solids. Distillation, followed by addition
of 1 equiv of the respective borontrihalide, provides B-X-9-BBN free from SMe,
(Scheme 13.1) [13]. 9-X-9-BBNs have a great promise for synthetic use [12-14].
It has been found that B-Br-9-BBN-SMe, does not haloborate the carbon-car-
bon triple bond; the free B-Br-9-BBN generated by treatment with tribromobo-
rane, however, reacts smoothly with 1-alkynes (Eq. 13.4).

X
/
\SMez
+ H,BX-SMe,—> 1,5-adduct + 1,4-adductA>
X=CIL Br,orl |||
O,
B
X 7 N SMe,
B + BX3 —> B—X + BXySMe, |
/X /
SMe2

Scheme 13.1

Consequently, it is reported that B-bromo-9-borabicyclo[3.3.1]nonane
(B-Br-9-BBN), and B-iodo-9-borabicyclo[3.3.1]nonane (B-I-9-BBN) halobo-
rate the 1-alkynes, stereo-, regio-, and chemoselectively and after protonolysis;
2-halo-1-alkenes are obtained in excellent yields (Eq. 13.4; Table 13.1) [15].

. CH,Cl, R ~H (13.4)
R—C=C—H + X— — = :
X B@ 0°C ~ x O g
80-100%
(Isomeric purity 98%)
X=Brorl

The experiments depicted in Chart 13.3 confirm that haloboration proceeds
via Markovnikov cis addition of halogen and boron to the terminal triple bond.
Moreover, it is concluded that B-Br-9-BBN attacks only the terminal carbon-



13.2 Synthesis of Halides via Haloboration 275

carbon triple bond, while internal carbon-carbon triple bonds, and terminal
and internal C=C bonds [15] withstand the bromoboration reaction conditions
(Chart 13.4) [15]. However, B-I-9-BBN is little more reactive and less chemose-
lective for such multiple bonds.

/>>
X—B Y.
N X /B\> CD;COOD X __D

-Hex—C=C—H = Cc=C
T n-Hex/C S n-Hex”™ ~H
(1) BuLi .
(2) D:0 (2)-, ~96%
Hex—C=C—D
/)
X—B
N
X B/ CH;COOH X H
Sc=c Y ————— >c=cZ
n-Hex™ ™D n-Hex D
(E)-,>98% X=Brorl
Chart13.3

B-Br-9-BBN
_—

AcOH
M/ P NP a Nrg

99%  Br 97%

B-Br-9-BBN

NN F NN NS —————»

- = AcOH
/\/\/\K N

999  Br 96%

Chart13.4

The results are summarized in Table 13.1 [15].
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Table 13.1 The synthesis of 2-bromo- and 2-iodo-1-alkenes [15]

Entry Alkyne Method* Product Yield Regio-
(%) selectivity
(%)
1 1-Hexyne A 2-Bromo-1-hexene 99 99
2 1-Hexyne B 2-Todo-1-hexene 100 99
3 1-Octyne A 2-Bromo-1-octene 95 99
4 1-Octyne B 2-Todo-1-octene 100 99
5 1-Decyne A 2-Bromo-1-decene 88 99
6 1-Decyne B 2-Todo-1-decene 100 99
7 Phenylethyne A a-Bromostyrene 95 99
8 Phenylethyne B a-Iodostyrene 8 99
9 1,6-Heptadiyne C 2,6-Dibromo- 82 98

1,6-hepta diene

10 1,6-Heptadiyne D 2,6-Diiodo-1,6-hepta diene 80 98

11 A 81 98

12 Cyclohexylethyne A 2-Bromo-2-cyclo- 93 99
hexylethene

13 Cyclohexylethyne 2-Todo-2-cyclohexylethene 94 99

14 HC=C(CH,),COOMe H,C=CBr(CH,);COOMe 88 99

15 Propargyl bromide 2,3-Dibromo-1-propene 90 98

16 Propargyl bromide 3-Bromo-2-iodo-1-propene 88 98
17 HC=C(CH,),0Ac H,C=CBr(CH,),0Ac 82 99

* Method A: The amount of B-Br-9-BBN is 1.2 equiv, and the reaction is carried out at 0 °C for 3 h
in CH,Cl,. Method B: B-I-9-BBN is 1 equiv and at -20 °C for 1 h in pentane. Method C: B-Br-9-
BBN is 2.4 equiv and at 0 °C for 3 h in CH,Cl,. Method D: B-I-9-BBN is 2.1 equiv and at -20 °C
for 1 h in pentane. Method E: B-Br-9-BBN is 2.2 equiv and at 0 °C for 3 h in CH,Cl,. Method F:
B-Br-9-BBN is 1.5 equiv and at room temperature for 1 h in CH,CL,.

M w ™ m W

13.2.2
Synthesis of (Z)-1-Alkynyl-2-Halo-1-Alkenes

As the haloboration occurs stereospecifically, the reaction is extended for a ste-
reodefined synthesis of (Z)-1-alkynyl-2-halo-1-alkenes (Eq. 13.5) [16].

CsH 1) LIC=CR' -78°C _
R—C=C—H + X—B/> 5—”» >c=c_ / (hric=
N 0°C > (2)1,-78°C —> 25 o
X=Br,1
Re._ M
X~ SC=CRr/
(Purity >98%)

(13.5)
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The reaction proceeds through the following pathway (Scheme 13.2).
The results are summarized in Table 13.2 [16].

Table 13.2 The synthesis of [Z]-1-alkynyl-2-halo-1-alkenes from 1-alkynes [16]

R R’ X Yield (%) Selectivity (%)
Hexyl Butyl Br 77 98
Hexyl Butyl I 74 99
Q Butyl Br 62 98
Butyl Hexyl Br 66 98
Butyl Butyl Br 66 98
Butyl Butyl I 83 98
Hexyl Ethyl Br 65 99
Hexyl Ethyl I 70 98
Ethyl Hexyl Br 63 98
Ethyl Hexyl I 67 98
Phenyl Butyl Br 53 99
Hexyl PhOCH, Br 62 98
Hexyl PhOCH, I 73 98
Cyclohexyl Butyl I 72 98
R H R H
N/ ‘ N / o)
/C—C\ + LiC=CR —> /C:C\@ —_—
X B X B—C=CR’

R H 1B

N S R H /> H

ey —— e( MU
B TCECR x” c=c %

Y oTg s 7T

Scheme 13.2
13.2.3
Synthesis of (Z)-6-Halo-y,8-Unsaturated Ketones

0,8-Disubstituted-y,8-unsaturated ketones are important synthetic intermedi-
ates for synthesis of natural products such as terpenoids. For their synthesis,
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Michael-type additions to alkenylmetallics have serious defects because of the
inapplicability due to readily-polymerizability of acyclic a,p-unsaturated ke-
tones [17]. Organoboranes, on the other hand, give good results, even for acy-
clic enones [18], but there is no direct and general method for the synthesis
of B,B-disubstituted alkenylboranes. However, cross-coupling reaction [1-4]
between §-halo-y,0-unsaturated ketones and organometallics do afford the
0,8-disubstituted-y,5-unsaturated ketones.

Haloalkenylboranes are far less reactive, compared with simple alkenylbo-
ranes, presumably owing to the electronegative halogen substituent. It is found
that the reaction of B-(Z)-2-bromo-1-heptenyl-9-BBN with methylvinylketone
(MVK) gives the desired haloketone in poor yield (ca. 10%) under the known
conditions [19]. In sharp contrast, the reaction takes place smoothly under
Lewis acid conditions (in pentane, 100% excess of B-X-9-BBN). Unexpectedly,
the major product isolated after the reaction with MVK under aforementioned
conditions is not enone, but the aldol. All the attempts to circumvent the un-
expected aldol condensation proved futile. However, enone is obtained selec-
tively from aldol via retro aldol condensation on heating with a base (NaOH)
(Scheme 13.3; Table 13.3) [20]. No aldol adducts are formed in the case of
enones other than methylvinylketone. Consequently, this method provides

pentane )\/
R—C=C—H + X— B) rt. lh @ pentane

rt,2h
X=Br1
X O— B/> X O|
H,O, r.t.
R)\/\)\ R X 25y
=
7
/B\

C

= Purity >98%

| NaOH

Scheme 13.3
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a general route [20] to the (Z)-0-halo-y,0-unsaturated ketones, inaccessible
via conventional procedures. It is significant to mention that reaction with
a-(trimethylsilyl)butanone [21] gives the 1,4-adduct directly without retro-al-
dol treatment (entry 9, Table 13.3).

Table 13.3 Synthesis of (Z)-6-halo-y,5-unsaturated ketones [20]

En- X Alkyne Enone Product® Yield® Isomeric
try (%) purity (%)
B

1 Br 1-Decyne MVK® 83 99

\

o)

Br
2 Br I1-Heptyne MVK' /\/\)\/\/L\ 8 99
()
Br

3 Br Phenyl  MVK 83 99
ethyne \
Ph (6]
4 1 1Octyne MVK: \/\/\)\/\/L\ 92 99
O

Br Ph
5 Br 1-Hexyne PhCH= 64 98
CHCOCH, \
(6]
Br Ph O
6  Br 1-Hexyne PhCH= I 72 98
CHCOPh
Ph
I Ph O
7 1 1-Hexyne PhCH= I 79 99
CHCOPh
Ph
H,C=—=CCOCH; I
8 1 1-Octyne | 52b 99
SiMe;, \
(0]

H,C=——=CCOCH; 1

9 I BrCHC | Br 80° 99
=CH SiMe, \O

* After the reaction with MVK, the mixture is treated with a base to effect retro-aldol condensation.
® The Me,Si group is cleaved during workup.
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The utility of haloboration-conjugate addition sequence has been demon-
strated in the selective synthesis of several natural products such as sulcatol,
trans-geranylacetone, and trans-nerolidol (Scheme 13.4) [20].

I
(]) B*I® M (l)NaBH M

(2) MVK (2) Me,CuLi 91%
69% °
(3) aq. NaOH ° Sulcatol
1
(B /> )\/\)\M
)\/\/CECH S N N\ 0
(2) MVK _—
(3) ag. NaOH
1) NaBH
(1) CH,=CHMgBr ((%) ﬁezc‘hLi
(2) Me,CuLi (3) PCC
OH
A XN = )\/\)MO
93%, (E) > 99% 80%, (E) > 98%
trans-Nerolidol trans Geranyl acetone

Scheme 13.4
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14 Synthesis of Dialkylsulfides

Organoboranes participate in either ionic or radical reactions [1]. However,
there are a few reports on the applications of organoboranes as initiators for
radical reactions [2, 3]. It is reported [4] that in the presence of a catalytic
amount of 9-BBN or B-hexyl-9-BBN, or to some extent B-methoxy-9-BBN,
initiates the radical addition of alkanethiols to alkenes under very mild con-
ditions to provide the corresponding dialkylsulfides almost in quantitative
yields (Scheme 14.1). On the other hand, the radical reactions of alkenes with
thiols are generally initiated by thermal decomposition of peroxides or azo
compounds, by UV radiations, or by radiolysis [5]. The reaction initiated by
9-BBN is completely inhibited in the presence of galvinoxyl, a radical trapping
agent. This confirms that 9-BBN participates in the initiation of radical addi-
tion (Table 14.1) [4].

THF, 24 h » n-BuSHex-n
n-BuSH + HZC:CHBU-I’! — 02
_ o,
0901(3:]3?1}1(0'5 %) » n-BuSHex-n
) >99%

Scheme 14.1

Table 14.1 Yields of butylhexylsulfide from the addition reaction of butanethiol and hex-1-ene
with different additives [4]

Additive Reaction time (h) Yield (%)
None 24 0.2
9-BBN (0.5%) 1 >99
Galvinoxyl (1%) 1 0

B-Hexyl-9-BBN (1%) 1 98




284 14 Synthesis of Dialkylsulfides

The initiation is not limited to primary alkanethiols and terminal alkenes.
The addition of sec- or tert-alkanethiols also affords the corresponding dialkyl-
sulfides (Table 14.2) [4] in good yields. The reactions are found to be initiated
both by 9-BBN and B-hexyl-9-BBN (Eq. 14.1).

0°C,6h n-BuS
n-BuSH + — 2 >
~ < 0.5% 9-BBN (92%) or >_<
0.5% B-hexyl-9-BBN (88%)

(14.1)

Table 14.2 Reactions of alkanethiols with terminal alkenes in the presence of 9-BBNat 0 °C [4]

R' of R'"CH=CH, R? of R?SH Reaction time (h)  Yield of R'CH,CH,SR?
(%)
Bu® Bu® 1 >99
Bu 3 96
Bu' 3 91
c-CH,, 3 92
CH,Ph 3 90
cyclo-CH,, Bu" 1 99:
Bu’ 3 97*
Bu' 3 80?
Me,SiCH,-CH, Bu 1 99
Bu 3 80
Bu' 3 78

* The product is c-C;H,,SR%

It is the first report that 9-BBN though having a B-H bond, initiates the radi-
cal reaction. It is significant to mention that no other derivative of 9-BBN yields
such satisfactory results.
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15 Synthesis of Thiophene Oligomers

Oligomers of thiophene are prepared in one-pot procedure by the reaction
of B-OMe-9-BBN and 2-lithiothiophene. These oligomers contain two to five
thiophene units linked through their C-2 and C-5 positions (Eq. 15.1) [1]. The
reaction is carried out under nitrogen between —-80 and 0 °C.

AN
M (;%MH

50Me

\
( p—p McOH_ (\B—OMe
/ /

Li
BF3.OFEt NN Limf \©Q D—}p}{
3° 2
o5 A
Li H
J
q
I H ]\ H
S n
n=p-+gq

n=2,81%;n=73,37%; n=4,48%
n=>5,55%;n=26,59%

(15.1)
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16 Synthesis of Cyclopropanes
and Cyclobutanes

The cyclization of hydroborated allylic chlorides to the corresponding cyclo-
propanes discovered by Hawthorne and Dont [1] is applied to the synthesis of
variety of cyclopropanes [2]. However, the directive effect of chlorine directs
the diborane to give roughly 50:50 of the two isomeric boron derivatives. Con-
sequently, in such cases the maximum yield of cyclopropane derivative is not
greater than 50%.

The difficulties encountered are, however, overcome by the use of disiamyl
borane and sodium triethylborohydride [3] as the base, in a nonaqueous system.
However, 9-BBN is an ideal for this purpose, and a wide variety of cyclopropane
derivatives (Chart 16.1) [4-6] are prepared in good yields.

N\
/ Pentane, 25 °C (/ \
HC=C—CHBr + 28 ) — ¢p > CHCH,CH,Br
NaOH or

8h
o
/
MeLi/Et,0

NaOAc 78°C
\) HO, OH

65% N N
( B—| + ( B—Me + LiBr
/ /

Closely related to the above reaction is the base-induced elimination from
a,a-dibora-y-chloropropane and w-sulfonyloxy derivatives, which produce cy-
cloalkylboranes. Oxidation of these leads to the corresponding cycloalkanols
(Chart 16.2) [6, 7].
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16 Synthesis of Cyclopropanes and Cyclobutanes

CH2=CH—(|3HCH3

CH2:CH_(|:HC6H5

Cl
CeHs

CH,=C—CH,Cl

92%

g
CHZZC_(leC6H5
Cl
g
CH2=CH—|C—CH3
Cl
Cl

|
CH,=CH—CHCH,Cl

CH,=CHCHCl,

Chart 16.1

(1) 9-BBN /\
(2) NaOH

85%

CH;

91%

CeHs

A%HS

(92%, cis & trans)

CH;
75%
YN
CH,CI
81%
— A
cl
90%
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o 143 (1) MeLi A

- /
CICH,C=CH  —2BBN_ CICHCHCH_

—\ 2 1[0] OH
5o

s ~ . \
TsO~(CHy)—CH_ MeLi B(CHn

B
\ n=4,5,6

.

(1) MeLi

- » { )—OH
B— () [O]
\) 65%

s
TSOCHZCHQCHZCH\
Chart 16.2

The mechanism of the reaction is given in Scheme 16.1.

P
B MBS L®

=D

HC(CH2)2|CH2 + MeLi —> HC(CH,),CH,

OTs B OTs

<

@ @w_

<
—w
©

¢BOLi®

. S
HC(CHz)z?Hz + MeLi H(|:CH2CH2$H2 + BMe,Li

O~)

o B OTs

@_

Scheme 16.1
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17 Synthesis of Borinanes

The 9-BBN has been elegantly employed for the convenient synthesis of the six-
membered ring boracyclane, borinane. Boracyclanes (Chart 17.1) like borinane
(1), 3,5-dimethyl-borinane (2), and 3,6-dimethyl borepane (3) [1] are found to
be advantageous hydroborating agents over 9-BBN in certain reactions involv-
ing free radical mechanism as free radicals rapidly attack the boron atom of the
9-borabicyclononane structure.

@
e S
G

1)

Chart17.1

Borinane is earlier prepared via the cyclic hydroboration of the correspond-
ing diene (Eq. 17.1) [2] in 40% yield.

m + BH3 — O (17.1)
i
H

~40%

Késter’s method is later improved by incorporating an isomerization step, as
illustrated in Scheme 17.1 [3, 4].
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3m + 2BH; 0°C, CB—(CH2)5—B/\
1h { >/

Predominantly
- o 25°C. 3
< : (CHa)s B: > BMS O
B
H
80%

Scheme 17.1

Brown and Pai [5, 6] have elegantly hydroborated 1,4-pentadiene with 2-M
equiv of 9-borabicyclo[3.3.1]nonane in n-hexane to afford dumbbell shaped com-
pound (4), without any regioisomers. The subsequent treatment with borane-di-
methylsulfide complex (BMS) leads to cyclization of pentadiene moiety forming
borinane along with the regeneration of 2 M equiv of 9-BBN (Scheme 17.2). The
separation of the mixture, however, has posed the problem as none of the solvents
examined such as THE ether, dimethoxyethane, dioxolane, n-pentane, n-hexane
effected a complete separation of the two hydroborating agents. Cooling of the
reaction mixture to —78 °C leads to the crystallization of 70-80% of pure 9-BBN.
Concentration of the mother liquor followed by cooling to —-78 °C or even lower
results in simultaneous precipitation of both dialkylboranes.

2 equiv

61 28 oC
m -Hoxane ~ @B—(CH2)5—3<> %CIS%’
4
: @ e [j
/ B

l
H
1

Scheme 17.2
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However, it is found that 9-BBN does not form an adduct with Et,N in cyclo-
hexane solution [7, 8]. On the contrary, borinane is about 80% associated with
Et,N under similar conditions (Chart 17.2) [9].

25°C
2 EtsN + @B_H —<<—>» 2 @B—H:NEtg
2 CgHi
2 EzN + B—H ‘_25 c 2 B—H:NEt;
C , CeHi2 C
81%
Chart17.2

Accordingly, a hexane reaction mixture on treatment with 100% excess of
Et,N with respect to the contained borinane leads to complete conversion to
its amine complex, while 9-BBN remains uncomplexed. Cooling the mixture
to —78 °C results in the almost quantitative (98%) crystallization of pure 9-BBN.
The mother liquor containing a borinane-triethylamine complex on treatment
with BF,-OEt, liberates a hexane solution of free borinane (Eq. 17.2) [5, 6], and
the BF,-NEt, complex separates out.

{ B—H :NEt; + BF, OEt, —> B—H + BF; NEf

(17.2)

Alternatively, borinane is precipitated selectively from the reaction mixture
as its bis adduct with either N,N,N,N’-tetramethylethylenediamine (TMEDA)
or 1,4-diazabicyclo[2.2.2]octane (DABCO) in nonpolar solvents like hexane.
However, the bis adducts of both 9-BBN and borinane precipitate, quantita-
tively, from the hexane solution of the boranes at 0 °C. Fortunately, there is a
large kinetic difference between the rates of adduct formation: 9-BBN takes a
couple of hours to react with difunctional amines, whereas borinane reacts al-
most instantaneously. Thus, this selective reaction affords almost quantitative
precipitation of the bis adduct of borinane with TMEDA and DABCO (Scheme
17.3) [6].

In both the cases, 9-BBN remains in the solution and be recycled for subse-
quent synthesis. The free borinane is liberated from the amines complexes by
reaction with BF,-OEt,.
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°
O )y B
7/
H

4@B—H+ <:>I]§1N\/\/_\_/}\I :1'3/\:>¢

Scheme 17.3

Brown and Pai [6] have further reported that it is possible to avoid undesir-
able steps associated with the use of amines. Borinane is extremely air sensitive,
and at 100 °C it changes into undesirable products. Consequently, by exercising
due care, it is possible to distill pure borinane from 9-BBN in ~100% purity and
greater than 90% yield at a pot temperature of 60-70 °C and 0.01-mm pressure.
Borinane is distilled over as a low-melting solid, leaving 9-BBN as a solid pot
residue.

The pure borinane prepared by this method is utilized for its further synthe-
sis leading to 3 mol from 2 mol (Eq. 17.3), which also eliminates the problem of
separation.

SHaRe =g g
? i

H H

(17.3)
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18 Synthesis and Transformations
of Butterflyboranes:
cis-Bicyclo[3.3.0]oct-1-yldialkylboranes

Lithium dialkyl ate complexes of 9-BBN are conveniently prepared by the addi-
tion of organolithium to B-alkyl-9-BBN (Eq. 18.1) [1].

B—R + RLi —> 3¢
R!

However, secondary and tertiary lithium reagents containing p-hydrogen
undergo hydride transfer to afford lithium monoalkyl ate complexes of 9-BBN

(Eq. 18.2).
H
O

(O + rpuy JHE 257C,

Li (18.1)

Li + (CH;),C=CH,

(18.2)

The transfer of hydride from the organolithium to B-alkyl-9-BBN is a kinetic
phenomenon, since it is possible to prepare tetralakylborates having secondary
and tertiary alkyl groups with B-hydrogen if they are present in the starting B-R-
9-BBN derivatives. Consequently, secondary and tertiary alkyl groups contain-
ing ate complexes are prepared as shown in Eq. 18.3.

. Bu-/
@B—Bu-t + MeLi —» {@Bf wt|
Me

94-99%

i (18.3)

The usual oxidation of these ate complexes surprisingly gives products other
than the expected alcohol cis-1-5-cyclooctanediol (Eq. 18.4) [5]. Since no gas
evolution accompanies reaction, the “hydride” is not lost as hydrogen gas; a re-
dox reaction must occur.
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o OH
H Y
B/R . H,0,, NaOH
Ka L —20»Navn_ + +
HO

(18.4)

The formation of bicyclic alcohol is explained on the basis that dialkyl ate
complexes reduce hydrogen peroxide with concurrent or subsequent migration
of boron-carbon bond (Scheme 18.1).

R
@ B |Li
R!
HQO 2
Stepwise Concerted
© _R © _R
7 -
B_ B
R’ R’
HDA HD/‘
0—0 0—0
/ \ / \
H H H H

R R’
~B” OH
Q
@Bii B C shift Cb [0] Cb
© 1 2

+ROH + R'OH + LiB(OH),

Scheme 18.1

The yield and boiling points of cis-bicyclo[3.3.0]oct-1-yldialkylboranes (1)
are summarized in Table 18.1 [5].
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Table 18.1 Yield and boiling points of cis-bicyclo[3.3.0]-oct-1-yldialkylboranes (2) [5]

Alkyl groups® Yield (%) % Purity (GLC) b.p. (°C) mm Hg
R R’

Methyl Methyl 96 93 76-78 20
Ethyl Methyl 99 97 28-32 0.005
Isopropyl ~ Methyl 97 94 39-43 0.005
Methyl n-Butyl 95 99 53-56 0.005
t-Butyl Methyl 97 86 46-49 0.005
n-Butyl  n-Butyl 94 b 65-68 0.005

* B-R-9-BBN; R'Li.
® The organoborane decomposes in GLC.

The rearranged intermediate (1), if prevented from destruction, is proven to
be an interesting and useful organoborane [5]. These novel trialkylboranes (2)
are dubbed as the “dialkyl butterfly boranes” since molecular models of these
structures resemble butterflies when viewed in a certain way.

Yamamoto and coworkers [6] have reinvestigated the work of Jagar and Hesse
[7]. It is found, for example, that when lithium di-n-butyl-9-BBN is treated with
benzyl chloride for 24 h at room temperature, followed by normal alkaline hy-
drogen peroxide oxidation, it gives quantitative yields of toluene, 1-butanol and
bicyclic alcohol (2). Similar studies with cyclohexanone afford a quantitative re-
duction to cyclohexanol.

These studies thus suggest that butterfly organoboranes can be trapped by re-
active halides or carbonyl derivatives. Consequently, acid chlorides and chloral
are found to be two promising materials [8]. The reduction of chloral is rapid
and quantitative. However, the precipitation of lithium 2,2,2-trichloroethoxide
makes difficult the isolation of the butterflyboranes (Eq. 18.5).

RJ g}

R
@B<R, Li + CLCCHO —> Cb + CLCCHOLI |

(18.5)

This difficulty is circumvented by the use of acid chlorides where lithium
chloride solidifies and is easily separated. The other product lithium ethoxide
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is effectively removed by use of an another equivalent of acid chloride that con-
verts it into an ester and lithium chloride [5, 8]. The acetyl chloride is proven to
be an excellent substrate for the synthesis of butterflyborane (Eq. 18.6), where
the resulting ethyl acetate is conveniently removed with solvent.

Np

R R’
B

R
2@1{ Li+ AcCl —> 2Cb + LiCl|+ LiOEt
R!
lAcCl

LiCl | + AcOEt

(18.6)

The butterflyorganoboranes are valuable intermediates for the preparation of
a variety of 1-substituted cis-bicyclo[3.3.0]octane (Scheme 18.2) [5, 9], which
otherwise are difficult to prepare.

0 (l)H
H H;C—C—CH,s

1D v D
1 T[O] ) V A
(1) CIl,CHOCH3/LiOCEt3

hv[n-PrSHMeOH 30 CHy (2)[O]

hv MVK/H,0
H;CSSCH,;

SCH; (CH,),COCH;

D O

Scheme 18.2
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The other fert-alcohols prepared via carbonylation method are cis-
bicyclo[3.3.0]oct-1-yldi-n-butylcarbinol and cis-bicyclo[3.3.0]oct-1-ylmethyl-¢-
butylcarbinol (Chart 18.1) [9].

(,)H
R—C—R’
R =R’"=n-Bu, 87%, b.p. 97-99°C (20 Torr)
R =#Bu, R"=Me, 41%, m.p. 41°C
Chart 18.1
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19 Synthesis of a-Bromoboranes

Organozirconium obtained [1-5] by hydrozirconation are valuable intermedi-
ates for organic synthesis. These are converted to the desired organic products
by utilizing the reactivity of the zirconium-carbon bond with a variety of elec-
trophilic reagents.

It is reported [6] that hydrozirconation of various B-alkenyl-9-BBN by
Schwartz’s reagent, H(Cl)ZrCp, [1-5, 7], proceeds smoothly in dichlorometh-
ane or THF and affords 1,1-bimetallics of boron and zirconium (Eq. 19.1). It is
pertinent to mention that hydrozirconation of alkenylboranes with Schwartz’s
reagent does not take place in both diethyl ether and hexane, and in benzene
the reaction is slow. This suggests that the electronic donor ability of solvent
favors hydrozirconation process. It has also been found that cyclic alkenyl-
boronic esters having larger groups than cyclooctyl on boron, like diisopino-
campheylhexenylborane and diisocaranylhexenylborane, undergo partial or
incomplete hydrozirconation with Schwartz’s reagent. Moreover, cyclic alke-
nylboronic esters, such as hexenyl-1,2,3-benzodioxaborole, ethylene glycol
hexenylboronate, and pinacol hexenylboronate, undergo partial hydrozircona-
tion with 1 equiv of Schwartz’s reagent slowly. It suggests that both electronic
and steric factors greatly influence the course of hydrozirconation of B-alke-
nylboranes.

The selective cleavage of C-Zr bond of the 1,1-bimetalloalkanes with bro-
mine results in a convenient method for the preparation of a-bromoboranes.
Consequently, addition of bromine in dichloromethane in situ at —-35 °C results
in the discharge of color and formation of white precipitate within 1 h of zir-
conocene dihalide. The removal of CH,Cl,, followed by extraction with hexane
of reaction mixture provides the a-bromoborane in high yield (Table 19.1) [6].

R fn BEDZICR, | b oy cilr(m)cp2 RCH CH + Cp,Zr(C)B
H/C—C\B<> CH,CI, QH . 35°C. 1 RCH2 P, ZH(ChBr
; 0°C \

(19.1)
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Table 19.1 Synthesis of a-bromoboranes (3) by bromination of 1,1-bimetallic compounds (2) [6]

R in vinyl-9-BBN, 1 Hydrozirconation Bromination product Yield
time (h) %
H Br
n-Butyl 1 /\/\)4 B/> 97
AN
H Br
/\/\)< 4
3-Chloropropyl 1 Cl B\ 99
H Br
1-Methylpropyl 15 \/\)4 ? 95
B
AN
H Br

3-Phenylpropyl 1.5 W ]{\) 99
H Br
Cyclopentyl 2 w 91
)
AN

H Br
t-Butyl 6 / 87
5)
AN
H Br
Phenyl 6 / 83
50)
N\

The a-bromoboranes are valuable intermediates that can be converted into a
multitude of organic products [8-10].

Brown and De Lue have reported [11] the synthesis of a-bromoboranes of
B-sec-alkyl-9-BBN. Consequently, bromination of B-i-Pr-9-BBN in methylene
chloride with continuous removal of hydrogen bromide affords 2-bromo-2-pro-
pyl-9-BBN (Eq. 19.2) (vide supra).
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CHyCl,, 0 °C (19.2)
B + B, ————— B——<B '
@ { 2 —HBr @ !

These bromoboranes are used for the synthesis of B-alkyl-9-BBN derivatives,

not directly available via hydroboration (vide supra).
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20 Synthesis of Borinates

20.1
Enol Borinates

20.1.1
Synthesis of (E)- and (Z)-Enolborinates from Saturated Ketones

The literature describes number of methods for the generation of enolborinates
[1]. Enolborinates are valuable intermediates [2] and react with high stereospeci-
ficity in aldol condensation [3-8]. Brown and coworkers [9] have carried out
a detailed study of the stereochemistry of ketone enolization with B-Cl-9-BBN
[10], B-OTf-9-BBN [3c¢], Chx,BCl [10], and Chx,BOTf [9] to get (E)- or (2)-
enolborinates. It is found that stereochemical outcome of the reaction varies not
only with the steric requirements of R,B and steric requirements of the amine [4,
5b, c], but also with the nature of the leaving group, Cl or OTf (Table 20.1) [9].

Table 20.1 Enolization of propiophenone and diethylketone with R,BX and amines [9]

Propiophenone
Reagent Amine 7.E o Diethylketone
R,BX R,N ’ Symant syn:anti®
B-Cl-9-BBN Et;N 52:48 60:40 >99:1
65:35

i-Pr,EtN >99:1 95:5 >99:1
B-OTf{-9-BBN Et;N >99:1 93:7 >99:1

i-Pr,EtN >99:1 95:5 >99:1
Chx,BCl Et,N >1:99 5:95 21:79

i-Pr,EtN 51:49 72:28
Chx,BOTf Et,N 67:33 80:20

i-Pr,EtN >99:1 98:2 93:7

* Diastereoselection of aldol product of benzoldehyde

The effects of varying the amine and alkyl groups on boron are more signifi-
cant in the case of R,BCl than in the case of R,BOT, and quantitative synthesis
of (Z)-enolborinate has been achieved using i-Pr,EtN and B-Cl-9-BBN, whereas
enolization with Chx,BCl and amine Et,N gives (E)-enolborinate (Scheme 20.1;
Table 20.2) [9], almost exclusively.
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OBChX2
Chx,BCl
Et;N RN
0)
)|\/ ~80-99%
R
/
o)
AN
B-Cl1-9-BBN
/-Pr,EN R™ N
~96-99%

Scheme 20.1

Table 20.2 Stereoselective enolization of representative ketones with R,BCl and amines [9]

B-Cl-9-BBN® Chx,BCI® Yield of E
Ketone Z:E Z:E isomer (%)
Propiophenone >99:1 <1:99 >99
Phenyl benzyl ketone >99:1 15:85 85
>99
Isopropylethyl ketone 65:35 <1:99
98:2 599
Cyclohexylethyl ketone 60:40 <1:99
96:4 79
Diethyl ketone >99:1 21:79

2 Enolization with i-Pr,EtN at 25° C
® Enolization with Et;N at 0° C

The reaction is applied for the synthesis of syn or anti aldol (Scheme 20.2) [9].

OBChX2
Chx,BCl "N (1)PhCHQ
0 Et;N (2) H,0,
>99% [E] 95% anti
| OB/> O OH
\
B-C1-9-BBN o (21—>) PI_}IICOHO @ Ph
i-Pr,EtN (2) 10,
>99% [Z] 95% syn

Scheme 20.2
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Evans and coworkers have established that Z-enolborinates give syn aldols
whereas E-enolborinates provide anti aldols, stereoselectively [4b] (Scheme
20.3). Various R,BX reagents have been designed and used for the enolboration
of ketones in the presence of various tertiary amines of different steric require-
ments [3, 4] (Scheme 20.4), with different leaving groups. It has been established
that the R,BX reagents with the very powerful leaving group, triflate, favor the
formation of Z-enolborinates while with the poorer leaving group, chloride,
favor the formation of E-enolborinate [9]. Brown et al. [11] have examined the
various B-X-9-BBN and Chx,BX reagents with different leaving groups such as
OTf, OMs, I, Br and Cl (Chart 20.1) of variable steric and electronic require-
ments for their role in Z- or E-enolborinates syntheses.

OBR,
\)\R’ + R'CHO favorable )\H}\
Z
unfavorable
OBR,
%\R’ + R'CHO favorable /\ru\
E anti
Scheme 20.3
(0] OBR, OBR,
\/”\ OfR,BX, Et;N \)\
R’ W R and/or Z>ps + EGN-HX
Scheme 20.4
N\
B—X
/
2BX

X =O0Tf, OMs, I, Br, or ClI

Chart 20.1
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For the model ketone, ethylisopropylketone, the regiochemistry of the enol-
boration is always toward the less hindered ethyl side, irrespective of the R,BX
reagent. The results are summarized in Table 20.3 [11], which reveal that the
powerful leaving group (OTY) favors the formation of Z-enolborinate, and the
weaker leaving group (Cl) favors the formation of E-enolborinate. The compari-
son of B-X-9-BBN and Chx,BX reagents concludes that the lower steric require-
ment of R of R,BX reagents and stronger leaving effects of X favor the formation
of Z-enolborinate, while those with relative bulkier R groups (cyclohexyl) and
poor leaving groups favor the formation of E-enolates.

Table 20.3 Effect of the leaving group on enolate geometry in the enolboration of ethylisopropyl
ketone with various R,BX/Et;N [11]

B-X-9-BBN (%) Chx,BX (%)

X z E Yield z E Yield
OTf 88 12 9 25 75 95
OMs 82 18 94 23 77 93

I 73 27 97 32 68 98
Br 57 43 9% 11 89 95
cl 46 54 95 3 >97 97

The stereoselective enolboration of diethylketone with B-X-9-BBN and
Chx,BX (Table 20.4) [11] reveals that the smaller steric requirement of the 9-
BBN moiety on boron controls the stereochemistry of the enolboration process
more than the corresponding leaving group does. Thus, irrespective of the na-
ture of leaving group, all the B-X-9-BBN reagents yield Z-enolborinates selec-
tively from diethylketone. However, the effect of leaving group is much larger
with bulkier Chx,BX reagents. The stronger Lewis acid, Chx,BOTf with a bet-
ter leaving group, favors Z-enolate, whereas the relatively weaker Lewis acid,
Chx,BCl with a poorer leaving group, favors the formation of E-enolate, with
a maximum selectivity of 79%. Bco,BCl, with higher steric requirements, is the
only organoboron reagent available for the predominant formation of E-enolate
from diethylketone [7c].

The steric requirement of the substituent R"in EtCOR’ also plays a significant
role in the control of enolate geometry. The smaller R" groups favor the for-
mation of Z-enolates, while bulkier R’ groups favor the formation of E-enolate.
Consequently, EtCOBu-t with all the R,BX (except R,BI) favor the formation of
E-enolborinate, either exclusively or predominantly (Table 20.5) [11].

The R,BI reagents are highly reactive and behave in an unusual manner to
give, surprisingly, the isomeric Z-enolate essentially exclusively from EtCOBu-t
and EtCOPh. The high reactivity of R,BI is attributed to the influence of the
iodide leaving group.
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Table 20.4 Effect of the leaving group on enolate geometry in the enolboration of diethyl ketone

with various R,BX/Et;N [11]

B-X-9-BBN (%) Chx,BX (%)

X z E Yield z E Yield
oTf >97 <3 97 80 20 9%
OM:s >97 <3 95 80 20 93

I >97 <3 97 56 44 98
Br >97 <3 97 30 70 9%
cl >97 <3 95 21 79 97

Table 20.5 Effect of the leaving group on enolate geometry in the enolboration of ethyl fert-
butyl ketone with various R,BX/Et;N [11]

B-X-9-BBN (%) Chx,BX (%)

X Z E Yield VA E Yield
OTf 10 90 90 <3 >97 85
OMs <3 >97 87 <3 >97 66

I >97 <3 95 >97 <3 96
Br <3 >97 94 10 90 82
Cl <3 >97 94 <3 >97 60

The stereoselective enolboration of propiophenone (Table 20.6) [11] is also
controlled by the nature of leaving groups of B-X-9-BBN and of Chx,BX. Chx,BI
behaves unusually, favoring the formation of Z-enolate. The selective generation
of E-enolborinate with Chx,BCI/Et,N from propiophenone is one of the signifi-

cant achievements.

Table 20.6 Effect of the leaving group on enolate geometry in the enolboration of propiophenone

with various R,BX/Et;N [11]

B-X-9-BBN (%) Chx,BX (%)

X z E Yield z E Yield
oTf >97 <3 97 67 33 9%
OM:s >97 <3 96 62 38 95

I >97 <3 98 >97 <3 97
Br 83 17 96 5 95 97
cl 52 48 97 <3 >97 97
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It is significant to mention that B-X-9-BBN (X = OTf, Cl, I) and Chx,BX (X =
OTf, Cl) do not enolize esters. Among the other reagents of Chx,BX (X = OMs,
I, Br) and of B-X-9-BBN (X = OMs, Br), Chx,BI is the only preferred reagent for
the enolboration of esters in terms of yields and selectivity [12].

R,BOTY reagents are prepared [13] by the controlled addition of trifluoro-
methane sulfonic acid (1 equiv) to R,BH (1 equiv). R,BOMs reagents are ob-
tained by the controlled addition of methanesulfonic acid (1 equiv) to R,BH
(1 equiv) [11]. Chx,BBr is prepared by the direct hydroboration of cyclohex-
ene with monobromoborane methylsulfide [11]. B-Br-9-BBN is synthesized by
treating 9-BBN with HBr gas.

Both Chx,BCl and B-Cl-9-BBN are obtained from the corresponding or-
ganoborane and anhyd HCl in ether [7a].

20.1.2
Stereoselective Synthesis of (Z)-Enol Borinates from a,B-Unsaturated
Ketones

1,4-Hydroboration of a,B-unsaturated carbonyl compounds have been studied
[14, 15], mainly due to the synthetic utility of boron enolates [1]. Phenyl-1-alke-
nylketones undergo selective 1,4-hydroboration either with 9-BBN or catechol-
borane to produce the corresponding (Z)-boron enolates (Chart 20.2) [16] in
high yields in solvents like chloroform, dichloromethane, THE, or benzene and
in high isomeric purity. However, this selectivity has not been observed in the
reactions of 9-BBN or catecholborane with alkylalkenylketones (3).

H

R\/\( Ph  9.BBN, R\)\(Ph
/
0 O—B )
1 2 N\

a, R=H;b,R=Me; c, R=Ph

PhY\l(Ph )wrph
0

1d le

Chart 20.2
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The results are summarized in Table 20.7 [16].

Table 20.7 Hydroboration of phenyl-1-alkenyl ketones with 9-BBN [16]

Ketone Reaction Boron enolate Yield (%) ZIE
time (h)
la 4 2a >95 >99/1
1b 8 2b >95 >99/1
1c 3 2¢ >95 >99/1
1d 4 2d >95 >99/1
le 10 2e >95 -
20.1.3

Synthesis of Stable cis-B-Vinyl-9-Oxa-10-Borabicyclo[3.3.2]decane
(cis-B-Vinyl-OBBD) Derivatives

Soderquist and coworkers [17] have reported the synthesis of stable cis-vinyl-
OBBDs. The B-methoxy-9-BBN on selective oxidation with anhydrous trimeth-
ylamine-N-oxide (TMANO) (85%, CHCl,, 0°C) affords the corresponding
borinic ester. The borinic ester on alkynylation, followed by demethoxylation
gives the stable alkynylborinate. The hydroboration of alkynylborination with
dicyclohexylborane (Chx,BH) affords cleanly the 1:1 gem-diboryl adduct. This is
selectively protiodeborylated with acetic acid at 0 °C and gives the correspond-
ing cis-B-vinylborinate. The reaction sequence is outlined in Scheme 20.5 [17].

MeO =
N LN
Melo B—0 \\ _OMe
B TMANO R——  Ii . -
g N _— > Li
R 4

BF3‘EE (1) CthBH
@ HOAc
(3) HO(CH,),;NH,
R = Me (92%); Bu (75%); -Bu (83%)

Scheme 20.5
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20.1.4
Synthesis of Stable trans-B-Vinyl-9-Oxa-10-Borabicyclo[3.3.2]decane
(trans-B-Vinyl-OBBD)

The terminal alkynes react with 2 equiv of 9-BBN and affords, quantitatively, the
corresponding 1,1-diboraylalkanes. Soderquist has reported that this trialkyl-
borane reacts with 1 equiv of benzaldehyde or 1-NaphCHO in 2 h at 25 °C, and
quantitatively form B-ArCH,0-9-BBN and B-alkenyl-9-BBN, exclusively with
trans configuration [18]. The trans-B-alkenyl-9-BBN undergoes selective oxida-
tion [18] with 1 equiv of anhydrous trimethylamine-N-oxide (TMANO) [19]
and affords almost quantitatively the corresponding stable trans-B-vinyl-9-oxa-
10-borabicyclo[3.3.2]decane derivatives (trans-B-vinyl-OBBD). trans-B-Vinyl-
OBBD derivatives are inert to atmospheric oxygen and are unreactive toward
protonolysis (HOAc, 25 °C, 8 h) or insertion process (PhCHO, neat, 80 °C, 6 h).
The reaction sequence for the synthesis of trans-B-vinyl-OBBD is outlined in
Scheme 20.6 [18].

2 equiv 9-BBN ® ArCHO

R—C=C—H=" 2 ——» >
88 100% / -B-ArCH,0-9-BBN

82- 100A>

R Bj TMANO O\

> < B

K H _
—

R R = Me (92%); n-Bu (87%);SiMes (95%)

Scheme 20.6

20.1.5
Markovnikov Vinylborinates: Synthesis
of B-Vinyl-9-Oxa-10-Borabicyclo[3.3.2]decane (Vinyl-10-OBBD)

Efficient routes to both cis- [17] and trans- [18] B-vinyl-9-BBN are avail-
able. However, Markovnikov vinylboranes (R,BCHR=CH,) are prepared from
trialkyl(a-methoxyvinyl)borate complexes (Li[R,BCH(OMe)=CH,]) and chlo-
rotrimethylsilane (TMSCI) [19]. This process is limited to the availability of BR,
(e.g., R = 1° and 2° but not 3°) and also produces unwanted regioisomeric by-
products. In addition, two of these three R groups are wasted and also compete
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with vinyl moiety to produce side products. The process also fails for 9-BBN de-
rivatives where one of the bridgehead C-B bonds migrates rather than the B-al-
kyl group [19]. This problem is overcome by Soderquist [20]; and Markovnikov
vinylborinates are prepared from 9-oxa-10-borabicyclo[3.3.2]decanes.

9-Oxa-10-borabicyclo[3.3.2]decyl (OBBD) derivatives [20] provide superior
stationary ligation for many of the known conversions. These bicyclic interme-
diates are thermally stable and selectively transfer the B-substituent, avoiding
the wastage of valuable groups as is encountered with tri- and dialkylboranes
and also often with B-R-9-BBN.

Soderquist and coworkers [21] have reported the facile oxidation of B-R-9-
BBN with anhydrous trimethyl-N-oxide (TMANO), which is both highly se-
lective and efficient. The resulting borinates resist further oxidation with this
reagent and are also remarkably stable toward further oxidation in the open
air. These alkylborinates react [20] with a-methoxyvinyllithium (LiIAMYV, 1.64
equiv) and lead to the quantitative formation of the stable ate complexes. The
smooth migration of the alkyl group takes place when ate complexes are treat-
ment with borontrichloride (1.3 equiv) and produce the corresponding Mar-
kovnikov vinylborinates (Scheme 20.7) [20].

BCL B—0
—_—
-78°—25°C + B(OMe); + LiBCl+ LiB(AMV),
BCl.
8 l 3
CIB(OMe);+ C1,B(OMe)s THF +BCl3» THF
Scheme 20.7

The results are summarized in Table 20.8 [20].

These vinylborinates are remarkably air stable and are easily purified by col-
umn chromatography (SiO,).

Unlike the other vinylborinates, the vinylborinate that contains the allylsilane
moiety is very sensitive to the amount of boron trichloride used. The use of
1.3 equiv of borontrichloride also provides an allyldichloroborane (it undergoes
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Table 20.8 Preparation of Markovnikov vinylborinates (8) from B-alkyl-OBBD derivatives [20]

8 R Yield (%)
a Me 57
b n-Hx 87
c TMSCH, 81
d TMSCH,CH, 83
e c-Hx 83
f t-Bu 90

hydrolysis on silica), which is formed through the electrophilic conversion of
allylsilane (Chart 20.3). However, this is avoided by the use of 1 equiv of boron-
trichloride [20].

BCl,

H—ome ! TMS\—( ClzBJ

TMSCHy BCl, B—O B—O

Li ﬁ +
lSilica
H3C~—Z
B—O

Chart 20.3

20.2
Synthesis of Alkynylborinates

Alkynylboranes are valuable chemical synthones [1] and are employed in enan-
tioselective additions to aldehydes [2], as acetylene equivalent in Diels—Alder
cycloaddition [3], as effective precursors to cis-vinylboronates [4], and as alkyl-
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ating agents in Suzuki coupling [5]. These intermediates are normally prepared
either through the acid-mediated (BF,-Et,0, HCI) demethoxylation of their
lithium ate complexes [6] or alternatively, through the transmetalation of alkyn-
yltins with bromoboranes [2, 3]. However, difficulties are encountered with the
isolation of the alkynylboranes product in pure form due to THF complexation
in the first case, and with the separation of organotin byproduct in the second
case. Unlike their dialkyl counterparts, alkynylboronates [RC=CB(OR’),] have
lower boron Lewis acidities and are isolable free of coordinated solvents [6b].
This clue led Soderquist ef al [7] to the efficient preparation of alkynylborinates
[(RC=CBR"(OR")] in pure, uncomplexed form while still retaining the much of
the desirable Lewis acid chemistry of dialkyl derivatives. These versatile alkynyl-
borinates possess remarkable oxidation and thermal stabilities.

The stable boronic ester 10-methoxy-9-oxa-10-borabicyclo[3.3.2]decane
(OBBD) is readily prepared from B-OMe-9-BBN through its selective oxida-
tion [8] with anhydrous trimethyl N-oxide (TMANO), (85%, CHCl,, 0 °C). The
OBBD undergoes alkylation and demethoxylation cleanly and alkynylborinate,
10-alkynyl-9-oxa-10-borabicyclo[3.3.2]decane, free of coordinated THE is iso-
lated.

The process is one-pot procedure and 1-alkynes react smoothly to give the
corresponding alkynylborinates in high yields and chemical purities (Scheme
20.8) [7].

R - R
MeO
“B—0 N OMe AN
. \B/_O \B—O

N . BF;3-OEt,
ﬁ R——————-1ILi Li % 3 2

Scheme 20.8

The results are summarized in Table 20.9 [7].

Table 20.9 Alkynylborinates from boronic ester; 10-methoxy-9-oxa-10-borabicyclo[3.3.2]decane
(7]

R Product Yield (%)
Me 6a 71
Et 6b 89
Bu 6¢ 86
t-Bu 6d 96

TMS 6e 81
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The alkynylborinates are easier to handle than their unoxidized counterpart
9 [6a]. Moreover, their preparation from 4 is a much simpler overall operation
than it is from 9 (Eq. 20.1).

Me THF
\ /
@ __IMANO _ . (20.1)
9
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21 Synthesis and Transformation of Polymers

Polymers have intruded into our daily life, and it looks impossible to remain
isolated without these molecules. Consequently, a lot of work is being carried
out in various research laboratories to synthesize new types of polymers with
better physical and chemical properties. The development of different organob-
oranes is also contributing significantly for their preparation. Chung et al [1]
have prepared functionalized copolymer by Ziegler-Natta process, employing
9-(5-hexenyl)-9-BBN and 1-octene to yield octane-hexenol copolymer.

Diblock copolymers having both polydiene and polyalcoholic blocks have
been synthesized by the hydroboration of butadiene-isoprene diblock copo-
lymer, followed by H,0, oxidation [2]. Hydroxyl groups containing polymers
have been prepared by the hydroboration of 2,5-norbornadiene with 9-BBN
in the presence of a WCl,-Me,Sn catalyst, followed by alkaline H,O, to afford
poly(exo-5-hydroxy norbornene) (Eq. 21.1) [3].

__9-BBN _ @ NaOH o
WC]é Me4Sn Hzoz
OH
n

(21.1)

The selective hydroboration of block copolymers containing 1,2-polybutadi-
ene blocks and polyisoprene poly 2-methyl-1,3-pentadine, 1,3-polybutadiene
blocks, on 1,2-polybutadiene blocks have been achieved using 9-BBN as the
hydroborating agent [3]. The resulting hydroborated copolymers on oxidation
afford the hydroxylated copolymers having 2 glass temperature, which show the
phase-separated nature of the copolymers.

Copolymers with amorphous A block and liquid crystalline B block have
been synthesized. The hydroboration of polybutadiene or butadiene styrene
block copolymer with 9-BBN yields the intermediate, which on oxidation, fol-
lowed by esterification with cholesteryl chloroformate, leads to the formation
[4] of the said polymer.
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Surface modifications of polymers is brought about by the introduction of
alcohol functionality, e.g., poly(tetrafluoroethylene-co-hexafluoropropylene)
on reduction with sodium naphthalide in THF results in an unsaturated modi-
fied surface layer, the thickness of which is controlled with reaction time and
temperature. The air sensitive surface contains alcohols, ketones, aliphatic C-H
bonds in addition to C=C and C=C. The more alcoholic groups are introduced
by hydroboration—oxidation, but the esterification leads to the formation of es-
ter in lower yield. This reveals that the reactivity of OH group is similar to hin-
dered alcohols. The reactivity of the surface can be enhanced by chain extension
of secondary surface alcohols with ethylene oxide to form a surface containing
primary alcohols groups separated from the polymer backbone by C-2 spacer.
On the other hand, primary alcohols are directly introduced to the surface by
reaction of the reduced layer with 9-BBN, followed by carbonylation and reduc-
tion [5].

The polymerization sequence of B-R-9-BBN prepared from 1,7-octadiene
is employed [6] for intermolecular cross-coupling with 1,4-dibromobenzene
or 1,4-diiodobenzene in the presence of dichloro[1,1'-bis(diphenylphosphino)
ferrocene] palladium (II) [PdCl,(dppf)]. Similarly, hydroboration of diolefin
with 9-BBN, followed by the intermolecular cross-coupling of the resulting
a,w-bis(B-alkanediyl-9-BBN) with dihaloarenes are performed in the presence
of PACL(dppf), a base, and phase-transfer catalyst [7]. Both the steps are per-
formed in the same flask.

The ultrafiltration membrane with high permselectivity and solvent resis-
tance has been prepared from the butadiene-styrene copolymer. The copolymer
on hydroboration with 9-BBN, followed by NaOH-H, 0, oxidation affords ultra-
filtration membrane [8] with good permeation property and separation behav-
ior for several solutes.

Liquid-crystalline side block copolymer with an amorphous A block and
liquid crystalline B block has been synthesized from polybutadiene or butadi-
ene-styrene copolymer on hydroboration with 9-BBN, followed by oxidation
and esterification with cholesteryl chloroformate [4].
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22 Synthesis of Alkali Metal 9-Boratabicyclo[3.3.1]
nonane (Li, K, and Na 9-BBNH)

Alkali metal trialkylborohydrides are attractive reducing agents in addition to
other numerous synthetic applications [1]. Brown and coworkers [2] have also
synthesized alkali metal di- and monoalkylborohydrides. Consequently, the
reaction of lithium, sodium, and potassium hydrides with 9-BBN, Chx,BH,
Sia,BH, IPC,BH, ThxBH,, and IPCBH, afford the corresponding hydrides,
which are examined with respect to rate, stoichiometry, and products.

The reactions are generally carried out with metal hydride (50% excess) sus-
pended in a 0.5-M solution of an alkylborane in THE. When alkylborane is sol-
uble in THE a standard solution of the alkylborane is introduced to the solid
metal hydride. When alkylborane is insoluble in THE a suspension of metal
hydride is introduced to the alkylborane. The reaction mixture, at room tem-
perature, is vigorously stirred or carried out under reflux conditions, depending
on the reactivity of the borane. The reaction course is monitored by measuring
the hydrogen evolved or by determining the ''B NMR spectrum. The results are
summarized in Table 22.1 [2].

The Table 22.1 reveals that there is a remarkable influence of steric effects,
and increasing the size of the alkyl group on boron, markedly decreases the re-
action rate.

Lithium hydride reacts completely with 9-BBN and ThxBH, at room temper-
ature after 48 h (Eq. 22.1), whereas Chx,BH, Sia,BH, and IPC,BH remain inert.
In addition, the reactions of 9-BBN and ThxBH, in THF under reflux condition
are completed in 3 h. However, the other organoboranes at reflux undergo rapid
redistribution and/or elimination of alkyl group.

H
. [HF + -
LiH 9-BBN ———="_» L B .
e 48 h, 25 °C ' @ SH (22.1)

The reaction of all dialkylboranes, on the other hand, is more facile with sodium
hydride at 25 °C and follows the order 9-BBN > Chx,BH > Sia,BH > IPC,BH.

Potassium hydride reacts instantly and quantitatively with all the alkylbo-
ranes [2].
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Table 22.1 Reaction of saline hydrides with representative mono- and dialkylboranes [2] in THF

Mono- or dialkylborohydride (%)

Mono- or Metal  Temp 15 30 lh 2h 3h 6h 12 24
dialkylborane hydride (°C) min min h h
9-Borabi- LiH 25 0 0 o0 0o 0 0 30 81
cyclo[3.3.1]- LiH 65 0 4 30 38 54 97 97
nonane NaH 25 0 0 0 56 100 100
KH 25 100 100
Dicyclohexyl- LiH 25 0 0 0 0 0 0 0 20
borane LiH 65 0 24 42 58 65 70
NaH 25 0 0 0 4 29 98 98
KH 25 100 100
Disiamylborane LiH 25 0 0 0 0 0 0 12 49
LiH 65 0 8 73 98 98
NaH 25 0 14 27 47 63 89 100 100
KH 25 100 100
Diisopino- LiH 25 0 0 14 25 34 49 68 89
campheylborane iy 65 0 12 26 61 95 100
NaH 25 0 0 0 12 28 70 99
KH 0 0 65 100 100
Thexylborane LiH 25 0 0 0 0 0 0 0 0
LiH 65 0 0 22 78 98 98
NaH 25 0 0 0 20 40 100 100
KH 25 100 100
Monoisopino- NaH 25 0 5 10 18 27 55 99 99
campheylborane gy 25 80 100 100

Solutions are 0.5 M in organoborane, and ~50% excess of metal hydride is used.

The order of reactivity of metal hydrides decreases in the following order:
KH >> NaH > LiH. The higher reactivity of potassium hydride is attributed to
its lower crystal-lattice energy that facilitates the reaction with alkylboranes [3].
The reaction of three hydrides with 9-BBN at 25 °C shows that potassium hy-
dride is exceptionally reactive: lithium hydride reacts 30% in 12 h; sodium hy-
dride, 100% in 3h; and potassium hydride, 100% in <10 min.

Both mono- and dialkylboranes exhibit a simple acid-base reaction in a 1:1
stoichiometry, producing the corresponding alkali metal mono- and dialkylbo-
rohydrides (Chart 22.1).

R,BH + MHgolid ——> MR,BH;s0ln.
RBH, + MHgolid _— MRBH 3501n.

Chart 22.1
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The ratio of M:B:H in solution is 1:1:2 for 9-BBN derivatives and 1:1:3 for
thexylborane derivatives (Table 22.2) [2].

Table 22.2 Analysis of alkali metal mono- and dialkylborohydride solutions in THF [2]

Ratio

MH RBH,/ Time Temp [M'] [RBH,]/ [H] M B H

R,BH ) (¢ ™M) [RBHIM) M)
LiH 9-BBN 6 65 0.46 0.5 0.96 1 1.09 2.07
NaH 9-BBN 3 25 0.46 0.5 0.95 1 1.09 2.06
KH 9-BBN <0.1 25 0.48 0.5 0.98 1 1.04 2.04
LiH ThxBH, 3 65 0.48 0.5 1.49 1 1.04 3.1
NaH ThxBH, 6 25 0.5 0.5 1.47 1 1 2.94
KH ThxBH, <0.1 25 0.5 0.5 1.5 1 1 3

The alkali metal is estimated by hydrolyzing an aliquot of the reaction mix-
ture with water and titrating the base formed against a standard acid. Boron is
determined by GC analysis of the alcohol obtained by oxidation of the alkylbo-
ranes. Hydride is estimated by measuring the hydrogen evolved after hydrolysis
of the solution.

In the IR of trialkylborohydride [4], a characteristic absorption of B-H
stretch occurs around 2,000 cm™. The exact frequency depends mainly on the
solvent used, nature of the alkyl group, and the cation [5]. Dialkylborohydride
and monoalkylborohydride exhibit B-H absorption around 2,100 and 2,200
cm™, respectively. The absorption in sodium borohydride occurs at 2,300 cm™.
The change in the B-H stretching frequency is attributed to the inductive effect
of the alkyl substituent (Table 22.3) [2].

Table 22.3 IR and ''B NMR spectral data of alkali metal alkylborohydrides in THF [2]

Mono- and dialkylborohydrides Veu Chemical shift,  J; 4
(cm™) § (multiplicity) (Hz)
Lithium 9-boratabicyclo[3.3.1]nonane 2,150 -17.4 (t) 72.1
Lithium disiamylborohydride 2,100 -14.8 (1) 69
Lithium thexylborohydride 2,200 -24.47 (q) 71
Sodium 9-boratabicyclo[3.3.1]nonane 2,125 -18.37 (t) 72
Sodium disiamylborohydride 2,100 -14.95 (1) 71
Sodium dicyclohexylborohydride -11.82(t) 71.8
Sodium thexylborohydride 2,225 -25.69 (q) 72
Potassium 9-boratabicyclo[3.3.1]nonane 2,145 -16.27 (t) 69
Potassium disiamylborohydride 2,125 -13.06 (t) 71
Potassium diisopinocampheylborohydride - 4.84(t) 69
Potassium thexylborohydride 2,200 -21.74 (q) 71

Potassiummonoisopinocampheylboro hydride -21.20 (q) 71
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The progress of the reaction between metalhydride and alkylborane is moni-
tored by "B NMR spectroscopy, and chemical shifts in § values are relative to
Et,O-BF,. Mono- and dialkylboranes exhibit signals between 6 +20 to +35, while
the corresponding hydrides show signals between § -5 to -22. In the 9-BBN
and ThxBH, systems, even in the presence of unreacted alkylboranes, the bo-
rohydrides show sharp triplets and quartets, respectively. On the other hand,
Chx,BH, Sia,BH, and IPC,BH exhibit broad singlets in the presence of unre-
acted dialkylboranes, which get resolved into sharp triplets on utilization of the
whole of the dialkylborane. This results from the exchange phenomenon, which
is greatest in the potassium derivatives and is similar to the KR,BH-R,B system
[6]. The exchange phenomenon is the least in lithium derivatives.

These derivatives are very stable and can be stored at 25 °C under nitrogen
without any hydride loss, redistribution, or isomerization of the alkyl groups for
at least 3 months.

Further, methyl iodide readily and quantitatively removes metal hydride
from these adducts, thus regenerating the free mono- and dialkylboranes (Chart
22.2).

THF
MR,BH Mel —IHE R BH 4 M CH
BHy + Mel ooy ReBH 4+ MIY + CHAT

THF

MRBH; 4+ Mel —m——
0.5h,25°C

RBH, + MI| + CH#
M =Li, Na, K

Chart 22.2

This system, thus, provides a method to store the otherwise unstable hydrob-
orating agents.
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23 Synthesis of B-R-9-BBN Not Available
via Hydroboration

The B-alkyl, alkenyl, alkynyl, or aryl-9-BBN derivatives not available via hydrob-
oration are obtained by alkylation of 9-BBN or B-Cl-9-BBN or B-MeO-9-BBN
with organolithium, Grignard reagent, organocadmium, lithium dialkylcuprates,
(phenylthio)alkylcuprates, and hydroboration-carbonylation-reduction.

In THF or hydrocarbon solvents, 9-BBN reacts rapidly with 1 equiv of organ-
olithium reagents at —-78 °C. The intermediate formed is oxidized with methyl
iodide [1] or protonolyzed with methanesulfonic acid [2] to afford excellent
yields of B-R-9-BBN (Chart 23.1; Table 23.1) [1].

B—H + RLi —F> Intermediate —|

—78°C
o (N s tisocae n §

R =Me, 75%; CesHs, 85%
R = p-tolyl, 85%; n-Bu, 80%

CTP?;. @B—R + it cny
ORI

Chart 23.1

Table 23.1 Alkylation of 9-BBN with organolithium reagents followed by treatment with methyl
iodide [1]

RLi Yield (%) RLi Yield (%)
Methyl 98 tert-Butyl 98
iso-Propyl 82 neo-Pentyl @

n-Butyl 99 Phenyl 94
sec-Butyl 94 p-Tolyl 97

¢ neo-Pentylalcohol is obtained in 100% yield after oxidation of the intermediate.
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B-Chloro-9-BBN, prepared readily from 9-BBN by treatment with dry hydro-
gen chloride in ether, reacts rapidly with organolithiums at -78 °C in n-pentane.
The intermediate ate complex is not stable and breaks down to organoborane
and lithium chloride even at -78 °C (Chart 23.2) [1].

] cll
B—cl + RLi Sz B |Li° — > B—R + LiCl
~78°C R|  -718°C

Ate complex

Chart 23.2

The lithium salt precipitates out quantitatively from pentane solution. Con-
sequently, the pure B-R-9-BBN is isolated by decantation from the salt and re-
moval of the solvent. It is necessary that the stoichiometry of the reaction is
closely controlled in order to achieve high yields. The excess organolithium re-
agent reacts to give the insoluble ate complex.

The results of alkylation of B-Cl-9-BBN with organolithiums are summarized
in Table 23.2 [1].

Table 23.2 Alkylation of B-chloro-9-BBN with organolithium reagents [1]

RLi Yield (%) RLi Yield (%)
Methyl 97 tert-Butyl 99
Ethyl 97 Cyclopentyl 84
iso-Propyl 97 neo-Pentyl 94
n-Butyl 96 Phenyl 100
sec-Butyl 99

The dialkylborinate, B-OMe-9-BBN, prepared by methanolysis of 9-BBN is
remarkably stable toward redistribution, as heating it for 1 week in refluxing
n-decane produces no change in composition.

B-OMe-9-BBN on treatment with an organolithium in n-pentane at -78 °C
results in the formation of white precipitate. On warming to room temperature
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(25 °C) this white precipitate dissolves with slow formation of another white
precipitate of lithium methoxide. The pure organoborane is isolated by decan-
tation of the liquid from the insoluble lithium methoxide and removal of the
solvent (Chart 23.3) [1]. It is necessary that the stoichiometry of the B-OMe-9-
BBN is carefully controlled to achieve high yields.

@B OMe + rLi -SH12 @B/OMe L —— B—R+ LiOM
_ n-CsHip _
¢ ' T 78°C ~R | 25°C 1OMe |

Chart 23.3

The results are summarized in Table 23.3 [1].

Table 23.3 Alkylation of B-OMe-9-BBN with organolithium reagents [1]

RLi Yield (%) RLi Yield (%)
Methyl 94 sec-Butyl 87
Ethyl 93 tert-Butyl 90
Allyl 95 neo-Pentyl 97
iso-Propyl 90 Phenyl 95
n-Butyl 89 Benzyl 97

The synthesis of B-R-9-BBN using Grignard reagent is fruitful only in the
case of methylmagnesium compounds. Consequently, methyl Grignard reagent
and dimethylmagnesium give good yield of B-Me-9-BBN (Chart 23.4) [1].

Reagent Yield (%)
X=1 X =Br X=Cl
CH;MgX 93 101 95
CH,=CHCH,;MgX - 66 95
Me,Mg 77
Chart23.4

The boiling points of some of the B-R-9-BBN are summarized in Table 23.4.
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Table 23.4 Boiling points of B-R-9-BBN [1]

R B.P. (°C)/mm R B.P. (°C)/mm
Methyl 23-24/0.5 neo-Pentyl 68-69/0.7
Ethyl 32-34/0.2 Cyclcopentyl 68-70/0.2
iso-Propyl 28-30/0.05 Allyl 41-42/0.05
35.5-37/0.25
n-Butyl 58-59/0.5 Benzyl 105-125/0.5
sec-Butyl 56-58/0.2 Phenyl 90/0.4
t-Butyl 27-28/0.02 p-Tolyl 155-160/5.5

The B-tert-butyl-9-BBN can also be obtained from B-isopropyl-9-BBN.
The B-isopropyl-9-BBN on bromination in methylene chloride with continu-
ous removal of HBr gives B-2'-bromopropyl-9-BBN. The bromoderivative on
treatment with methyllithium provides B-tert-butyl-9-BBN (Chart 23.5) [3], in
quantitative yield.

T CH,CI G T
H,Cly, 0 °C MeLi @
B—C—CH; + Bry ——2"5{( “B—C—CH, MeL1_ B—C—CH
@ | 3 2 _HBr | 3 78°C | 3
H Br CH;

Chart 23.5

The B-benzyl-9-BBN and B-p-CH,0C,H,CH,-9-BBN are obtained in good
yields (Chart 23.6) [4] on treatment of B-C,H,-9-BBN and B-p-methoxyphenyl-
9-BBN, respectively, with thiomethoxymethyllithium-TMEDA [5].

(1) LiCH,SCH,-TMEDA - @
@B® () Cii g R

3%

(1) LICH,SCH,-TMEDA @
2 CH0 CH,—B
CH3O@B® (2) CH, 3 2

84%

Chart 23.6

B-Alkyl-9-BBN derivatives have been synthesized, in a single stage approach
to their preparation, by the alkylation of the electron deficient boron atom of 9-
BBN (Scheme 23.1) with readily available lithium dialkylcuprates [7].
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\ _ o \
(/B—H + R,CuLi _781020°C, /B—R+Cu0+ L+ RH

(80-93%)
R = Me, n-Bu, or Ph

Scheme 23.1

The reaction has an obvious disadvantage, as only one of the alkyl groups
of cuprate is utilized, a problem if such cuprates are difficult to prepare or in-
volve expensive starting material. A systematic investigation, however, solved
the problem by using heterocuprates [8]. The results show high-yield transfer
of the alkyl group with lithium (phenylthio) alkycuprates (Scheme 23.2; Table
23.5) [8], moderate-yield with lithium phenoxyalkylcuprates, and disappointing
results with lithium tert-bitoxyalkyl cuprate [8].

.
Li /Rt 5 (\/Rt
@B_H C S, @ —CuHI g
Rr

[Cu-Li]® + R.H ]
X R R,
LiCu  + BR, / Li’
Ny

R = valuable (transferable) alkyl group; R = dispensable, residue alkyl group=PhS

Scheme 23.2

Thus, the reaction of mixed (phenylthio)alkylcuprates with 9-BBN overcomes
the problem associated with (1) the thermal instability of phenoxy- and tert-bu-
toxyalkylcuprates, (2) the low reactivity of mixed acetylenic cuprates, and (3)
the wasting of one R group of the homocuprates.

The stereoisomer, not obtained by direct hydroboration, has been prepared
by an addition step of carbonylation of B-R-9-BBN. The hydroboration of 2-
methylenenor bornene is expected to proceed predominantly from the exo face
to give the endo derivative. However, the exo derivative is prepared via hydrobo-
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Table 23.5 Reaction of (phenylthio)alkylcuprates, PhS(R,)CuM with 9-BBN [8]

R, M Oxidative product Yield (%)
Me Li MeOH 92
Ph MgBr PhOH 77
PhCH, MgBr PhCH,OH 67
n-Bu Li n-BuOH 86
t-Bu Li t-BuOH 83
n-Pr MgBr n-PrOH 90

ration—-carbonylation of norbornene [9]. The stereochemistry is determined by
the hydroboration step, and carbonylation proceeds with retention of configura-
tion [10]. Consequently, reduction by lithium aluminum hydride of the inter-
mediate formed in the hydride-induced carbonylation of B-R-9-BBN provides a
valuable method for the stereospecific homologation of B-R-9-BBN to B-RCH,-
9-BBN. The results are shown in Chart 23.7 [9].

9-BBN

_—

H

N\ B@

9-BBN,. (1) CO, LTMA
Q) LAIH,
@ (3) CH,SOH B@
77%

Chart 23.7

Strict temperature control during carbonylation and reduction is crucial for
success. Thus, carbonylation at -20 °C in the presence of 1.3 equiv of freshly pre-
pared lithium trimethoxyaluminum hydride (LTMA) and reduction at -20 °C
with 1 molar equiv of lithium aluminum hydride are carried out.

The reaction is extended, for example, in the synthesis of trans isomer from
1-methylcyclopentene. The hydroboration of 2-methylmethylenecyclopentane
yields a mixture predominanting in the cis isomer. On the other hand, hydro-
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boration-carbonylation of 1-methylcyclopentene yields only the trans isomer
(Chart 23.8) [9].

cis, 75% trans, 25%

9-BBN__ B@ (1) CO, LTMA_
Q) LiAH,

(3) CH3SOsH
trans, 88%

Chart 23.8

B-1-Alkynyl-9-BBN derivatives are prepared as 1:1 THF complexes in excel-
lent yields. B-Methoxy-9-BBN in THF on treatment with an alkynyllithium re-
agent at —78 °C results in the formation of an adduct. This adduct is stable and
may be isolated as a complex with THE However, the treatment of this ate com-
plex with 1.3 equiv of BF,-OEt, at -78 °C, followed by warming to 25 °C results
in the formation of trimethylborate, lithium tetrafluoroborate, and the desired
B-1-alkynyl-9-BBN-THF complex. This complex is easily isolated by evapora-
tion of the THF solvent, extraction with pentane, and crystallization. The B-1-
alkynyl-9-BBN-THF complexes are stable crystalline solids that can be stored at
room temperature for up to 1 year with no apparent decomposition (Chart 23.9;
Table 23.6) [11].

THF OMe
B—OMe+ LIC=CR —» B\
-78°C

CCR

Ate complex

B\

[ OMe

THF
i arrom D> 2G5 (7 s vinre now,

C=CR C=CR

Chart 23.9
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Table 23.6 Preparation of B-1-alkynyl-9-BBN-THF derivatives [11]

P THF P THF
B\ B\
C=CR C=CR

R Yield (%) R Yield (%)
H @ n-Hexyl 100

Ethyl 88 Phenyl 90
n-Butyl 86 3-Chloro-n-propyl 95
t-Butyl 94

* Product is decomposed on warming from -78 °C.

The B-(E)-1-alkenyl-9-BBN derivatives exhibit exceptional stereospecific re-
activity [12] and are prepared via the regio- and stereospecific monohydrobora-
tion [13] of 1-alkynes with 9-BBN or dehydroboration [14] of the 1,1-diboryl
adduct. For the synthesis of B-(Z)-1-alkenyls-9-BBN, the hydroborylation of
1-haloalkynes with 9-BBN, followed by treatment with tert-butyllithium afford
[15] a mixture of two products, due to indiscriminate migration of both the
hydride and cyclooctyl ring. The controlled catalytic hydrogenation of B-1-al-
kynyl-9-BBN derivatives under a variety of experimental conditions also results
in a complex mixture of products [16].

The B-(Z)-1-alkenyl-9-BBN, however, are prepared from (Z)-1-lithio-1-al-
kene [17] and B-OMe-9-BBN. (Z)-1-Iodo-1-alkene [18] on reaction with t-
butyllithium in pentane affords the corresponding (Z)-1-lithio-1-alkene. The
treatment of a solution of (Z)-1-lithio-1-alkene in diethylether-n-pentane mix-
ture at —78 °C with B-OMe-9-BBN in THF affords the ate complex. Treatment of
the ate complex with 1.33 equiv of borontrifluoride-diethyl etherate at -78 °C,
followed by warming results in the formation of the desired B-(Z)-1-alkenyl-9-
BBN (Chart 23.10; Table 23.7) [19].

R Li THF, Et ,0 R fBf o+
S==_" + Mc0—B - = Soch; | M
H H n-CsHpp, =78°C | i H 3

R 533 + . —78°C, 25°C R B<>
3 >_ﬂ/ NocH, | L+ 4BFsOBp ———> == 3 H>=<H

H H

+ LIBF4¢ + (CH30)3B

Chart 23.10
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Table 23.7 Preparation of B-(Z)-1-alkenyl-9-BBN [19]

E>=<i®>

R Yield (%) b.p. (°C [p, Pa])
n-C,H, 75 80-82 (13.33)
n-C,H,, 70 104-106 (66.67)
i-C,H, 72 54-56 (40)
c-CH,, 74 88-90 (4)
t-C,H, 70 60-62 (26.67)
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24 Synthesis of Unsaturated Compounds

24.1
Synthesis of Alkenes

24.1.1
Synthesis of Acyclic, Cyclic, and Heterocyclic Alkenes

As already mentioned, the internal triple bond is hydroborated (90-96%) with
equimolar quantity of 9-BBN, while twofold excess of terminal alkyne is used
for monohydroboration (90-100%) with 9-BBN [1]. Protonolysis of B-vinyl-9-
BBN derivatives provides the corresponding alkenes. Thus, protonolysis of the
product from 5-decyne and 9-BBN vyields only cis-5-decene (Eq. 24.1).

CH>;COOH
CH3(CHy)3 (CHy;CH3; —3=—=—"» CH;3(CHy)s

_ \—/

/)
B
\

This method is utilized [1] for the synthesis of deuterated alkenes (Eq. 24.2)
with trans geometry, which otherwise are prepared only by tedious methods.

(CH,)3CH3

(24.1)

CH;COOD CHy(CHy),
_ 96% _

B
@ trans b (24.2)

An alternative and more efficient method for synthesis of trans-vinyl-9-BBN
was developed by Soderquist [2], where 1 equiv of 9-BBN is sacrificed instead
of the terminal alkyne. The process involves the dihydroboration of terminal
alkyne (1 equiv) with 2 equiv of 9-BBN. The 1,1-dibora product is then treated
with 1 equiv of PhCHO for 2 h at 25 °C, and B-PhCH,0-9-BBN and vinyl-9-

CH;3(CHy)4
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BBN are quantitatively formed, the latter with exclusively the trans configura-
tion (Scheme 24.1) [2].

) 1 ArCHO
R——=—— 1 + 9-BBN —> /_< N eCIulv r
1 equiv 2 equiv />

no K )

==V 4+ ArCH0-9-BBN
R H

82-100%

Scheme 24.1

The use of 1-naphthaldehyde instead of benzaldehyde renders the distillative
separation of trans-vinylboranes, a greatly simplified process in most cases.

The vinylboranes that are not formed efficiently even with large excess of
terminal alkynes, however, are prepared conveniently from 1,1-dibora adducts
and are smoothly converted to trans-1-deuterio-1-alkenes with CD,COOD or
AcOD at 0 °C (Eq. 24.3).

4 )
—/ \ CD;COOD b
Y — 24.3
a e ) =/ (24.3)

R =Me, Bu, 79%; TMS, 70%

The conversion of carbonyl compounds to alkenes has always attracted con-
siderable interest, and numerous methods have been developed for their con-
versions [3-10].

It has been found [4b] that carbonyl derivatives as enamines via the hydrobo-
ration process give the corresponding alkenes in excellent yield. However, the
drastic reaction conditions make the isolation of the highly volatile alkenes
difficult. Moreover, no stereochemistry has been assigned to starting acyclic
enamines or the resulting product alkenes. Brown and coworkers have found
[11, 12] that 1-morpholinocyclopentene with 9-BBN in THF affords the corre-
sponding trialkylborane cleanly. This trialkylborane slowly (in 192 h) undergoes
elimination at 25 °C to give cyclopentene (Eq. 24.4).
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()

192h

w THF, 25 °C_ @ . @\T—B<>

(24.4)

In addition, trialkylborane obtained from 1-morpholinocyclohexene and
9-BBN on alkaline hydrogen peroxide oxidation does not yield any aminoalco-
hol. In fact, the elimination takes place after the addition of sodium hydroxide at
25 °C to give cyclohexene. It is further found [13] that even water and methanol
also facilitate this elimination reaction.

The hydroboration of enamine is remarkable regio- and chemoselective as
the boron adds to the electron-rich enamine double bond. Consequently, hy-
droboration of enamines and the treatment of the resulting trialkylboranes with
methanol afford the corresponding alkenes in excellent yield [13]. The process
is a general procedure for the synthesis of terminal alkenes from aldehydes and
internal or cyclic alkenes from ketones (Eq. 24.5).

2

R
N—R? 1)9-BBN R
>—< N (D9-BBN_ peH=cHR! + 2>N—B/ )
(2) CH;0H, R N
1h

R=H orR'= alkyl or R'R-= CH,
\_CH,

(24.5)

The results of formation of terminal monoene are summarized in Table 24.1
[13a].

This general procedure for the synthesis of alkenes from the enamines, when
applied to the acyclic enamines derived from the acyclic ketones by modifica-
tion of hydroboration-elimination procedure, permits a facile, diastereospecific
conversion to either (Z)- or (E)-alkene at will: (A) The hydroboration of en-
amine with 9-BBN, followed by treatment with methanol gives (Z)-alkenes of
99% isomeric purity. (B) The hydroboration of the same enamine with borane-
methylsulfide, followed by methanolysis and oxidation with neutral hydrogen
peroxide gives (E)-alkenes of 99% isomeric purity (Scheme 24.2) [13a].

The results are summarized in Table 24.2 [13a].
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Table 24.1 Alkenes from aldehyde enamines [13a]

Enamine Alkene Yield (%)
(E)-1-Morpholino-1-octene 1-octene 80
(E)-1-Morpholino-3-phenyl-1-propene 3-phenyl-1-propene 82
(E)-1-Phenyl-2-pyrrolidino- ethene 1-phenylethene 76

Table 24.2 (Z)- and (E)-Alkenes from acyclic ketone enamines [13a]

Enamine Proce- Alkene Yield
dure %
(E)-1-Morpholino-1-phenyl-1-propene A (Z)-1-Phenyl-1-propene 80
B (E)-1-Phenyl-1-propene 75
(E)-1,2-Diphenyl-1-morpholinoethene A (2)-1,2-Diphenylethene 65
B (E)-1,2-Diphenylethene 80
(E)-1-Morpholino-1-(4-pyridyl)-1-propene A (2)-1-(4-Pyridyl)-1-propene 60
B (E)-1-(4-Pyridyl)-1-propene 30
(E)-1-Morpholino-1-(2-thienyl)-1-propene A (2)-1-(2-Thienyl)-1-propene 68
B (E)-1-(2-Thienyl)-1-propene 77
(E)-4-Pyrrolidino-3-heptene A (Z)-3-Heptene 69
B (E)-3-Heptene 50
(E)-5-Morpholino-4-nonene A (Z)-4-Nonene 75
B (E)-4-Nonene 80
(E)-6-Morpholino-5-undecene A (Z2)-5-Undecene 90
B

(E)-5-Undecene 85
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The elimination of BMS derivative takes place via syn-elimination, while of
trialkylborane of 9-BBN proceeds through anti-elimination (Chart 24.1) [13].

Q

<B(OR), Rotate, N%—%B(OR)z
CHs — (g H  CH
0—> O_>
<~N’ s CH;0H <~N’ H i-Eliminatiog \_/"

% 5 - S anfi-climination

H > S B<> 3 H 2 B{\) —_—
CH3 H3C * CH3

HOCH;

Chart 24.1

The reaction is also general procedure for the conversion of cyclic ketones
through the hydroboration-elimination sequence (Eq. 24.6) to corresponding
cycloalkenes [13].

1
CH;OH R J
2 > + 2>N—B )
R N

75-84%

-NRR*=N 0, N N N —
= i ) , N(CH;3)CH,

(24.6)
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The formation of pyrrolidine enamines from 2-alkylcycloalkenones is highly
regiospecific [14] and affords the less substituted enamines. Thus, 2-methylcy-
clohexanone yields a mixture of 6-methyl-1-pyrrolidinocyclohexene (90%) and
2-methyl-1-pyrrolidinocyclohexene (10%), which is then converted to 3-meth-
ylcyclohexene (Eq. 24.7) [13].

0 /J O (1) 9-BBN
(2) CH,0H

10% 90%

CH,

70% Yield
>99% Isomeric
purity

(24.7)

The results of unsubstituted cycloalkanones and substituted cyclohexanones
are summarized in Table 24.3 [13a].

Table 24.3 Cycloalkenes and substituted cycloalkenes from ketone enamines [13a]

Enamine Cycloalkene Yield
(%)
1-Morpholinocyclopentene Cyclopentene 82
1-Morpholinocyclohexene Cyclohexene 84
1-Piperidinocyclohexene Cyclohexene 80
1-(Benzylmethylamino)cyclohexene Cyclohexene 75
6-Methyl-1-pyrrolidinocyclohexene 3-Methylcyclohexene 70
6-Cyclohexyl-1-pyrrolidinocyclohexene 3-Cyclohexylcyclohexene 75
6-Phenyl-1-pyrrolidinocyclohexene 3-Phenylcyclohexene 69
1-Morpholino-4-tert-butylcyclohexene 4-tert-Butylcyclohexene 72
3,3,5,5-Tetramethyl- 1-piperidino-cyclohexene 3,3,5,5-Tetramethylcyclo-hexene 68

The generality of hydroboration—elimination is further extended to the syn-
thesis of heterocyclic alkenes. The results are presented in Table 24.4 [13a]. Even
though each of these trialkylboranes contains two leaving groups [ to the boron
atom, only B-morpholino-9-BBN is eliminated, furnishing the corresponding
heterocyclic alkenes (Eq. 24.8) [13].
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()
ol

9-BBN_

CH;OH N / N\ /)

+ O N—B
@ X \

X =0, S, NCH,CHj

(24.8)
Table 24.4 Heterocyclic alkenes from the corresponding ketone enamines [13a]
Enamine Heterocyclic alkene Yield
(%)
4-(1,4-Dioxaspiro[4,5]dec-7-en-8-yl)- 3-Cyclohexen-1-one ethylene ketal 75
morpholine
4-(3,6-Dihydro-2H-pyran-4-yl)-morpholine 5,6-Dihydro-2H-pyran 55
4-(3,6-Dihydro-2H-thiopyran-4-yl)morpholine  5,6-Dihydro-2H-thiopyran 65

4-(1,2,3,6-Tetrahydro-1-benzyl-4-pyridinyl)- 1,2,3,6-Tetrahydro-1-benzylpyridine 80
morpholine

Trisubstituted olefins are prepared from vinyliodide on treatment with
BuLi and alkylated 9-BBN at -80 °C, followed by stirring with iodine in THF
(Eq. 24.9) [15].

R>: <H BuLi_ R _H (1) B-R-9-BBN_ R H R>_<H
Et I Et LQLTHE g R Et
39-82% 10-50%
(24.9)

The reaction assumes importance as the incoming alkyl group attaches to the
position of the iodine in the parent compound. The results are summarized in
Table 24.5 [15].
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Table 24.5 Synthesis of trisubstituted alkenes from vinyliodides and B-R-9-BBN [15]

R R’ Yield (%) R R’ Yield (%)
n-CH,, n-C,H, 63 n-CH,, ¢-C.H, 82
n-C¢H,, i-C,H, 66 n-CiH,, c-CH,, 74
n-CiH,, s-C,H, 76 C¢H, n-C,H, 39

The yield of trisubstituted olefins is controlled by the iodination step, as it
leads to the formation of the parent vinyl iodide as the side product, which is
~50% in phenyl substituted and ~10-15%, in other cases.

The low yield of phenyl substituted olefin is due to the competition between
ipso substitution and attack at the carbon P to boron. The result of substitution
depends on the stabilization of the positive charge on the iodonium ion. When
C-1 stabilizes a positive charge best, the major reaction path is the desired a-
transfer. Alternatively, as C-2 is better able to support a positive charge, the io-
donium ion opens, leaving a positive charge on C-2, and B-R'-9-BBN is either
simultaneously or sequentially lost (Chart 24.2) [15].

o-Transfer R . H
I e _<R'

R H
’ —_— /_B©
R Et> <1 + K
Chart 24.2

The B-alkyl-9-BBN undergoes an interesting reverse reaction to afford the
parent alkene when treated with benzaldehyde. Consequently, the reaction is
uniquely employed for the synthesis of exocyclic olefins (Chart 24.3). The hy-
droboration of cyclic olefins with an internal double bond, followed by homolo-
gation with carbon monoxide in the presence of lithium trimethoxyaluminum
hydride afford B-(cycloalkylmethyl)-9-BBN. This intermediate on treatment
with benzaldehyde leads to an exocyclic methylene compound (Chart 24.3)
[16]. Since the synthesis proceeds from the cycloalkene, thus it provides a valu-
able alternative to the customary methylenation of carbonyl compounds by
Wittig and related procedures. The method also provides a clean synthesis of
deuterium-labeled compounds (Eq. 24.10) [16], without positional scrambling
or loss of label. Consequently, methylmethylene-d,-cyclopentane in 52% iso-
lated yield is obtained.
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/B\Q (1)CO, d-LTMA  /f~p~ "2 PhCHO, CP2
Q) LAD, &/ >

52% Isolated yield
d-LTMA = Li(MeO);AID

(24.10)

Trialkylboranes, obtained after the hydroboration of B,B-disubstituted en-
amines on hydroboration [17] with 9-BBN, do not react with methanol under
conditions that work well for a,B-disubstituted enamine [13]. These trialkyl-
boranes are even inert at 65 °C with methanol for 12 h and are recovered un-
changed. However, thermal decomposition of these trialkylboranes affords the
corresponding alkenes (Eq. 24.11). Consequently, when neat trialkylboranes are
maintained at 200 °C for 6 h, the alkenes are recovered in moderate to excellent
yield by a simple distillation (Table 24.6) [17].
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B <Nj 200°C O/ (24.11)
6h

Table 24.6 Synthesis of alkenes from (3,p-disubstituted enamines [17]

Enamine Alkene Yield
(%)
2-Phenyl-1-pyrrolidino-1-propene 2-Phenyl-1-propene* 84
1,1-Diphenyl-2-pyrrolidinoethene 1,1-Diphenylethene® 80
2-Methyl-1-pyrrolidino-1-pentene 2-Methyl-1-pentene® 66
2-Methyl-1-pyrrolidino-1-undecene 2-Methyl-1-undecene® 80
1-(Cyclohexylidene-methyl)-pyrrolidine Methylenecyclohexane® 82

¢ 1 M BMS in THF; oxidation-elimination with neutral H,0,.
® 10 M 9-BBN in THF; elimination by pyrolysis at 200 °C.

24.1.2
Synthesis of (Z)-Alkenylsilane and (Z)-Alkenyltin

Yamamoto reported a convenient one-pot procedure for the synthesis of (Z)-2-
alkenylsilanes and -tins (Scheme 24.3) [18]. The boron stabilized allyl carban-
ions are prepared in situ by treatment of 1- or 2-alkenyl-9-BBN [19] with lithium
2,2,6,6-tetramethyl piperidide (LiTMP). The carbanion reacts with trialkylsilyl
and -tin halide exclusively at the a position to give 1,1-borasilyl or 1,1-bora-
tin derivatives, which are subsequently protonolyzed with H,O. The results are
summarized in Table 24.7 [18].

RCH,C=CH 9-BBN_ RCH,CH=CH—B )
| LiTMP_

T THF
@Mal >
= RCH=CHCH
RCH=CHCH,Br o » (2)M T —
/w “ux v
R B _ ~
%"\é/ ~ £ _» ReH= CBHC}/ ) AVEVZRAN
Li

/l\

Scheme 24.3



348 24 Synthesis of Unsaturated Compounds

Table 24.7 Stereoselective synthesis of (Z)-2-alkenylsilanes and -tins [18]

9-BBN derivative Electro- Product Yield Isomeric
phile (%) purity (%)
/
n-BuCH=CHfB\ MeSiCl  n-PrCH=CHCH,SiMe, 72 ~100
n-BuCH=CHfB/ n-Bu,SnCl  n-PrCH=CHCH,Sn(n-Bu), 76 ~100
N\
n-BuCH=CHfB/ Me,SnBr n-PrCH=CHCH,SnMe, 70 ~100
N\

CH3CH=CHCH2—B/ ) MeSiCl  CH,CH=CHCH,SiMe, 40 ~100
N

/ _ .
CH;CH=CHCH2—B\> Me,SnBr  CH,CH=CHCH,SnMe, 72 70

* Crotyltins are known to undergo facile isomerization in contrast to other derivatives [20].
The hydroboration of internal allenes with 9-BBN affords the corresponding

allylboranes [21]. These allylboranes when treated with water, leading to the for-
mation of predominantly of (Z)-4-(trimethylsilyl)-2-alkenes (Chart 24.4) [22].

3 A
Me;Si Bw H,0 S0
3 Y\( ~/ Y Me3Si\’55/\]LH
R CHs
R CH

3

R=Me
R =n-Bu
HB() l
‘ Megsi AN
Me;s Sl>—-_—CH3
R R  CHs

R=Me,Z:E=10:1
R=n-Bu,Z:E=9:1

Chart 24.4
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Soderquist has reported [23] that bulky alkylsilyl substituted 1-alkynes place
the 9-BBN f to the silyl group to give (2-borylvinyl)silanes. The protolysis of
these intermediates affords the cis vinyl products cleanly, in quantitative yield
(Eq. 24.12).

MeC=CSi(i-Pr); 2-BBN ( O - H\C=C<H
Sl(l Pr); 85°C, 1h Me” Si(i-Pr)3
100%
OCH;
| ®
BusSn B:) LiS
(24.12)

The ate complex prepared from B-methoxy-9-BBN and Bu,SnLi [24] adds
under copper(I)-catalyzed reaction to 1-alkyne to yield exclusively or pre-
dominantly lithium [2-tri-n-butylstannyl-(Z)-1-alkenyl]-1-borates [25]. These
borates are selectively coupled in the presence of organopalladium or organo-
cuprate with a variety of electrophiles (Chart 24.5), exclusively at the vinylcar-
bon-boron bond to form a carbon-carbon bond (Table 24.8) [25]. The process
is extremely versatile, as various functional groups are tolerated. However, an
alkene with opposite regiochemistry (entry K, Table 24.8) [25] is obtained when
BF,-Et,O is added to the initial reaction, which is then refluxed.

: >_<H R H
usSn B Li—> >=< )
Bu; S A R
© OMe (1) Coupling agent [A]
1 Bu:SnE @ 10 mol% cu'’! (2) Electrophile
R H +|P% [ L1 -65°C, 3 h R1> H Rl "
OMe — .
]i)) <SnBu3 R2>_B<SnBu3
OMe [B]

Chart 24.5
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The 9-BBN ring possesses remarkable thermal stability, and this feature is
utilized in the one-pot conversion of 1-triethylsilyl-1-propyne to trans-(3-deu-
terio-2-propen-1-yl)triethylsilane, as illustrated in Scheme 24.4 [2].

— i, (1) 2 equiv 9-BBN. @B SiEts
(2)170°C, 2 h
.
s

t\_ AcOD <\ B
SiEt3 / —_—
62% L\—SiEt3

lPhCHO
D

Scheme 24.4

24.1.3
Synthesis of (Z)-1-Halo-1-Alkenes

Unlike 1-alkynes, the hydroboration of 1-haloalkynes with 1 equiv of 9-BBN or
Chx,BH does not produce any dibora adducts *!. Moreover, the hydroboration
of 1-halo-1-alkynes with these reagents yields exclusively C-1 monohydrobora-
tion products. The C-1 monohydroboration products are easily protonolyzed
[26] with AcOH to give (Z)-1-halo-1-alkene (Eq. 24.13).

R X R X

R—C=C—X + RRBH —> >c=c_ HOAC, ™Sc=c?

H BR;R, H H

R, =R, = Chx or R,R />> 73799%
1T Ry = lhxor Ky 2:\

(24.13)

It is important to mention that to avoid the interference of cyclohexanol in
the distillation of the product that is formed if oxidation is employed, the bo-
rane residue is removed via the adduct with ethanolamine when Chx,BH is em-
ployed. In the case of 9-BBN, the hydroboration is performed in THF, and then
to significantly reduce the time for protonolysis, THF is removed and replaced
with pentane. The ethanolamine adduct of 9-BBN is very sticky and more dif-
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ficult to handle than in the synthesis with Chx,BH. The distillation of some of
(Z)-1-halo-1-alkenes leads to some isomerization (<20%) to the trans prod-
uct. However, the isomerization is reduced to less than 2% by the addition of
NaHCO, and 2,6-di-tert-butyl-p-cresol (BHT) to the mixture before distillation
[27]. The results are summarized in Table 24.9 [26].

Table 24.9 Synthesis of (Z)-1-halo-1-alkenes from 1-halo-1-alkynes [26]

Compound Hydroborating  Yield (%) Isomeric purity (%)
agent
(Z)-1-Chloro-1-octene Chx,BH 93 >99
(Z)-1-Chloro-1-octene 9-BBN 73 >99
(Z)-1-Bromo-1-hexene Chx,BH 85 98
(Z)-1-Bromo-1-octene Chx,BH 91 98
(Z)-1-Bromo-1-octene 9-BBN 92 98
(Z)-1-Bromo-2-cyclopentyl-1-ethene 9-BBN 82 >98
(Z)-1-Bromo-2-phenylethene Chx,BH 84 >98
(Z)-1-Iodo-1-hexene Chx,BH 94 >99
(Z)-1-Iodo-1-hexene 9-BBN 84 >99
(Z)-1-Iodo-1-octene Chx,BH 98 >99
(2)-1-Todo-3-methyl-1-butene Chx,BH 75 >98
(Z)-1-Iodo-3,3-dimethyl-1-butene Chx,BH 73 >98
(Z)-1-Iodo-2-cyclohexyl-1-ethene Chx,BH 80 >98
24,2

Synthesis of Dienes

24.2.1
Synthesis of 1,w-Dienes

The dienamines derived from enals undergo hydroboration with 9-BBN, with
high regio- and chemoselectivity at the enamine carbon-carbon double bond
and place the boron atom on a carbon having higher electron density. The high
selectivity is confirmed by the hydroboration of a 1:1 mixture of 1-hexene and
I-morpholino-1-octene with 1 equiv of 9-BBN. The reaction mixture affords,
after the addition of methanol, a 1:1 mixture of 1-hexene and 1-octene, and no
1-hexanol is detected. Consequently, this process is used to convert unsaturated
aldehydes to dienes. Thus, enamine of citronellal on hydroboration—elimination
affords a chiral non-conjugated diene, B-citronellene (Scheme 24.5) [1].
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H;;CcCH=CH—N O + C4HyCH=CH, + 9-BBN
(10 mmol) (10 mmol) (10 mmol)

(1)3h,25°C
(2) 1 equiv MeOH

(3)[0]
H;3C¢CH=CH, + C4HoCH=CH,; + 1-Hexanol
0%
| (1) 9-BBN o+ CN_B<>
(2) CH30H
O
75% yield
92% ee

Scheme 24.5

The results of this process for the synthesis of dienes are summarized in Table
24.10 [1].

Table 24.10 The dienes from aldehyde enamines [1]

Dienamines Dienes Yield (%)
(R)-(-)-(E)-1-Pyrrolidino-3,7-dimethyl-1,6-octadiene ~ (R)-(-)-3,7-Dimethyl- 75
1,6-octadiene
(1E,4E)-1-Morpholino-1,4-decadiene (4E)-1,4-Decadiene 82
(1E,4Z)-1-Morpholino-1,4-decadiene (4Z)-1,4-Decadiene 89
(E)-1-(Hexamethyleneimino)-1,10-undecadiene 1,10-Undecadiene 72

In an another method, dialkyl chloroboranes undergo methylcopper-in-
duced coupling to produce symmetrical (E,E)-1,3-dienes in excellent yields and
high stereochemical purity [2, 3]. In this reaction it is essential to use 3 equiv of
methylcopper in order to achieve the effective conversion of organoboranes into
dienes.
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A more milder procedure is where sodium methoxyalkenyl dialkylborates ob-
tained by the simple treatment of alkenyldialkylboranes with sodium methoxide
react readily with cuprous bromide-methyl sulfide at 0 °C to afford symmetrical
conjugated E,E-dienes (Chart 24.6; Table 24.11) [4]. However, if the tempera-
ture is lowered to —15 °C, the dark blue-black complex formed is stable and can
be trapped by allylbromide, which afford a stereochemically defined synthesis of
(4E)-1,4-dienes [5] (Chart 24.6; Table 24.12).

Table 24.11 Synthesis of 1,3-dienes [4]

Alkyne Hydroborating Product Yield
agent (%)
1-Hexyne 9-BBN, (5E,7E)-5,7-Dodecadiene 95
Chx,BH (5E,7E)-5,7-Dodecadiene 97
3-Hexyne Chx,BH (3E,5E)-4,5-diethyl-3,5-octadiene 99
3,3-Dimethyl-1-butyne 9-BBN (3E,5E)-2,2,7,7-Tetramethyl-3,5-octadiene 98
4-Acetoxy-1-butyne Chx,BH (3E,5E)-1,8-Diacetoxy-3,5-octadiene 80
Phenylethyne Chx,BH (1E,3E)-1,4-Diphenyl-1,3-butadiene 79
5-Chloro-1-pentyne Chx,BH (4E,6E)-1,10-Dichloro-4,6-decadiene 95
1-Iodo-1-hexyne? Chx,BH (52,7Z)-5,7-Dodecadiene 85

* The intermediate borane is treated with ¢-BuLi to get (12)-1-1-hexen-1- yldicyclohexylborane.

Table 24.12 Synthesis of 1,4-dienes [5]

Alkyne Hydroborating ~ Product Yield
agent (%)

1- Hexyne 9-BBN (4E)-1,4-Nonadiene 92

1- Hexyne Chx,BH (4E)-1,4-Nonadiene 93

3- Hexyne 9-BBN (4E)-4-Ethyl-1,4-heptadiene 95
Chx,BH (4E)-4-Ethyl-1,4-heptadiene 96

4-Acetoxy-1-butyne Chx,BH (4E)-7-Acetoxy-1,4-heptadiene 73

1-Todo-1-Hexyne* Chx,BH (42)-1,4-Nonadiene 76

1-(Trimethylsilyl)-1-Nonyne =~ Chx,BH (42)-4-(Trimethylsilyl)- 83

1,4-dodecadiene

2 The intermediate borane is treated with ¢-BuLi.

1,3-Butadienes are important starting material for the Diels—Alder reaction
[6]. Moreover, many naturally occurring biologically active organic molecules
possess conjugate diene functionality [7, 8]. Matteson [9], Yamamoto [10], and
Wang [11] have reported that condensations of trimethylsilyl-substituted allyl-
boronates or allylboranes with aldehydes proceed with diastereoselectivity, and
the resultant f-hydroxysilanes undergo loss of trimethylsilanol to give dienes
[12, 13]. Under basic workup conditions, a syn-elimination of trimethylsilanox-
ide affords one geometry of the carbon-carbon double bond, while acid work
up procedures gives the complimentary isomer [14].
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Trimethylsilyl-substituted allenes[15, 16] undergo ready hydroboration with
9-BBN to afford the corresponding allylboranes. For example, hydroboration of
1,2-bis(trimethylsilyl)-2,3-butadiene (2), readily prepared from 1 (40% yield)
[15], with 9-BBN [17] affords the corresponding allylborane (3). Condensation
of 3 takes place smoothly with aldehydes and ketones, and after basic or acid
work up affords the [E]- or [Z]-2-[(trimethylsilyl) methyl]-1,3-butadienes, re-

spectively (Scheme 24.6 Table 24.13) [18].

. . Me3Si
Me,SiCH,MgCl/CuBr,Li

40%

Me3SiC=CCH20T
Me3Si 2

Me;Si
9-BBN_

rt.,2 rt,2h RiR’
€3SI @

N / -5
N\ 0—B — [£]
MesSi R MesSi R’
4 H,S04
anti ,
— 6 R
[£]

Scheme 24.6
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Table 24.13 Stereoselective synthesis of 2-[(trimethylsilyl) methyl]-1,3-butadienes [18]

Diene R R’ Yield (%) 5:6
5a H CH, 61 98:20
6a H CH, 50 2:98
5b H n-CH,, 82 97:30
6b H n-CH,, 87 0.5:99.5
5¢ H C.H. 88 98:20
6¢ H CH, 83 2:98
5d H (E)-CH,CH=CH 59 98:20
5e -(CH,),. 58

5e -(CH,);. 61

5f CH, n-C,H, 68 55:45

Wang and coworkers [19] extended this methodology for the synthesis of vari-
ous terminal 1,3-butadienes from the readily available variety of trimethylsilyl-
substituted terminal allenes [15, 16]. Hydroboration of allenes 7-12 with 9-BBN
gives the corresponding allylboranes 13-18 (Scheme 24.7). Allylboranes 13-17
are predominantly E isomers (E:Z 2 91:9), while 18 favors Z geometry. (E:Z =
28:72). Subsequent condensation of these allylboranes with hexanal, benzalde-
hyde, acetaldehyde, or crotonaldehyde takes place smoothly to yield the corre-
sponding 1,3-butadienes, after either basic or acidic workup (Table 24.14) [19a].

Table 24.14 Stereoselective synthesis of terminal 1,3-butadienes [19a]

Diene = Workup (time) R R! Yield  Isomer ratio
(%) (21:22)
21 NaOH (2 h) Me n-C.H,, 73 95:5
21 NaOEt ( 30 min) 72 98:2
22 H,50, (1h) 65 3:97
21 NaOH (40 min) Me Ph 71 98:2
22 1,80, (2 h) 69 2:98
21 NaOH (2h) n-Bu n-C.H,, 81 96:4
22 H,S0, (2 h) 70 3:97
21 NaOH (1 h) n-Bu Ph 81 98:2
22 H,50, (2h) 75 2:98
21 NaOH (2 h) n-Bu (E)-CH,CH=CH 53 93:7
21 NaOH (30 min) Me,SiCH, Me 61 98:2
22 H,S0, (30 min) 50 2:98
21 NaOH (30 min) Me,SiCH, n-C.H,, 82 97:3
21 NaOEt (30 min) 85 97:3
22 H,80, (30 min) 87 0.5:99.5
21 NaOH (30 min) Me,SiCH, Ph 88 98:2
22 H,S0, (40 min) 83 2:98
21 NaOH (2h) Me,SiCH, (E)-CH,CH=CH 59 98:2
21 NaOH (30 min) Ph n-CH,, 67 96:4
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Table 24.14 (continued) Stereoselective synthesis of terminal 1,3-butadienes [19a]

Diene  Workup (time) R R! Yield  Isomer ratio
(%) (21:22)
21 NaOEt (15 min) 80 95:5
22 H,S0, (2 h) 84 5:95
21 NaOH (15 min) Ph Ph 58 >99.5:0.5
22 H,S0, (2 h) 56 <0.5:99.5
21 NaOH (30 min) i-Pr n-C.H,, 77 88:12
21 NaOEt (30 min) 82 88:12
22 H,S0, (2 h) 65 11:89
21 NaOH (30 min) i-Pr Ph 85 91:9
22 H,S0, (2h) 84 11:89
21 NaOH (2 h) t-Bu n-CH,, 55 41:59
21 NaOEt (1 h) 79 29:71
22 H,S0, (5h) 69 72:28
21 NaOH (30 min) t-Bu Ph 70 41:59
21 NaOEt (30 min) 83 29:71
22 H,S0, (1.5 h) 68 62:38

Me3Si HB@
R>: —_— MC3SIY\/ B@

R
7, R=Me; 8, R =n-Bu 13, R =Me; 14, R =n-Bu
9, R =Me,;SiCH,; 10, R = Ph 15, R = Me;SiCH,; 16, R = Ph
11, R =i-Pr; 12, R=t-Bu 17, R =i-Pr; 18, R = t-Bu

H
R'CHO R//:l\i/ ®  —

19
NaOH R>:<:
>
) syn-elimn
B—O SiMe; H )1 R
ey
H,SO4 .
—_—
anti-elimn
20 i R’ R

Scheme 24.7
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The dienes formed (Table 24.14) have high isomer purity; thus, the conden-
sation step is highly diastereoselective, with 13-17 to afford predominantly 20
(Scheme 24.7). Subsequent treatment with NaOH or NaOEt to promote Peter-
son olefination [14] affords diene 21 as the major isomer after syn elimination
of trimethylsilyloxide. On the other hand, diene 22 is obtained preferentially by
reaction with concentrated H,SO,, which induces anti-elimination [14].

The E geometry of the C=C in 13-18 is assigned on the basis of its 'H NMR
study and by oxidizing the allylboranes to the corresponding allylic alcohols by
alkaline H,O, (Table 24.15) [19a].

Table 24.15 The geometry of the double bond of allyboranes 13-18 [19a]

Allylborane E:Z ratio® Allylborane E:Z ratio®

13 98:2 (>99:1) 16 99:1 (98:2)
14 97:3 (98:2) 17 91:9 (92:8)
15 97:3 (>99:1) 18 28:72 (42:58)

* The numbers in parentheses refer to the E:Z ratio of the corresponding allylic alcohols.

When glanced, it appears that hydroboration of 142 occurs preferentially
from the side of the bulkier trimethylsilyl group [20], and in the case of 12 from
the tert-butyl side. This is in contradiction to the general behavior of the hy-
droboration, which prefers the less hindered side of a carbon-carbon double
bond [21]. However, allylic boranes are known to undergo rapid [1,3]sigmat-
ropic rearrangement, which then leads to interconversion of the geometry of
double bond. Thus, the product distribution described in Table 24.15 reflects
only the thermodynamic equilibrium of E and Z isomers of allylboranes 13-18
rather than the kinetic preference of the hydroboration step. This is explained
based on large A" allylic interaction [22] with the sterically bulkier trimeth-
ylsilyl group in 13b-17b and is responsible for shifting the equilibrium toward
13a-17a. On the other hand, interaction with ¢-butyl group is more severe, and
18b becomes the preferred isomer (Chart 24.7) [19a].

H R H H
Me3Si\%\/B<> Me3Si\’)\ R\%\/B<>
R B;

SiMej
13a, R = Me; 14a, R = n-Bu 13b, R= Me; 14b, R = n-Bu
15a, R = Me3SiCHy; 16a, R = Ph 15b, R = Me3SiCH,; 16b, R = Ph
17a, R=1i-Pr; 18a, R=t-Bu 17b, R=1i-Pr;18b, R = t-Bu

Chart 24.7
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The ketones are reported [19] to react very slowly, for example, cyclohexa-
none reacts with 15 at reflux in THF and forms diene, after basic workup, in 58%
yield; 2-pentanone does not react at all. However, the addition of BF,-OEt, (ca.
0.2 ml for a 3-mmol reaction), makes the reaction fast both with cyclohexanone
and 2-pentanone (Egs. 24.14, 24.15) [19]. The reaction in presence of BF,-OFEt,
proceeds through an acyclic transition state with enhanced reaction rate [23].

0 Me,Si
(1) 15 _ (24.14)
(2) BF-OE,, 2h, rt.
23, 61%
i S
e
| m1s _ MesSi (2415)
(2) BF,OEt,, 35°C, 2 h
24

The presence of BF, OEt, also simultaneously promotes Peterson olefination
[14, 24]. The corresponding dienes are produced [19] without treating with
NaOH or H,SO,.

The lower reactivity of allyboranes 14 or 15 toward the keto group is exploited
[18, 19a] for selective condensation with the aldehyde group of 25 [25] to form
26 (Eq. 24.16).

(0] O O
R
H (1)14or15
(2) NaOH
X
25 26a, R = n-Bu, 73% (E : Z =4 : 96)

26b, R = Me,SiCH,, 87% (E : Z=95: 5)

(24.16)
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The ester moiety is also much less reactive, and selective condensation is
achieved [19] with 27 [26] (Eq. 24.17). Hydrolysis of 28a affords the correspond-
ing (6E)-7-methyl-6,8-nonadienoic acid (E:Z = 96:4) [19a].

O
Me;Si B
MeO | 3 @ H,S04
MH n Y\/ >
R

13,R = Me
14,R = n-Bu

0] 27
Rf\
MCOY\/\/
(0]
28a, R = Me, 81% (E :Z=96 : 4)
28b, R = n-Bu, 59% (E :Z= 96 : 4)

(24.17)

The concept of using an excess of the alkyne to enhance vinylborane forma-
tion is not workable for an a,w-diyne if both alkyne moieties are to be hydrobo-
rated. However, for example with 4:1 9-BBN:1,8-nonadiyne stoichiometry, the
1,1,9,9-tetra-9-BBN adduct is cleanly formed. The treatment of tetraborane ad-
duct with 2 equiv of PACHO results in the clean formation of trans,trans-1,9-
di-9-BBN-1,8-nonadiene which on deuterolysis with AcOD affords the pure
trans,trans-dideuterated diene in 64% overall yield (Scheme 24.8) [27].

4 equiv 9-BBN
25 °C, 4h
- = B B @B B@

2 equiv PhCHO
0°C,1h;25°C,3h

R SV I VS

Scheme 24.8

Z X
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24.2.2
Synthesis of Internal 1,3-Dienes

In the stereoselective synthesis [27-29] of internal 1,3-butadienes (Chart 24.6,
Table 24.11) with high isomeric purity, the alkenyl reagents with predetermined
geometry must be used. However, it is not always an easy task to synthesize
certain alkenyl reagents with required geometry. The condensation reaction
between aldehydes and allylic organometallics containing a y-trimethylsilyl or
y-phosphorus substituent constitutes one of the most promising direct routes
to 1,3-dienes [28]. Wang and coworkers [30] have reported the condensation of
y-trimethylsilyl substituted allylboranes and aldehydes to get the stereodefined
1,3-dienes.

The reaction sequence involves: (1) the hydroboration of internal allenes 29
and 30 with 9-BBN [17], (2) condensation with aldehyde followed by (3) elimi-
nation of hydroxy trimethylsilane by either (a) basic (syn-elimination) or (b)
acidic (anti-elimination) workup conditions [14] to afford the Peterson olefina-
tion reaction. The reaction sequence is sketched in Scheme 24.9 [30].

It is postulated that the attack of 9-BBN occurs initially from the less hin-
dered allyl side of 29 or 30 to produce the Z isomer [A], which then rapidly
rearranges through [B] to the thermodynamically more stable E isomer (31 or
32, Eq. 24.18).

. i R
Mes Sl>_ ._<H RWB Me381y/\/CH3
R CH, .
Me; Si CH; B
29,R=Me [A] [B]
30, R=n-Bu
R CH;

31 o0r32

(24.18)

The formation of Z geometry for a-double bond indicates a large preference
for the allylic methyl group on the a-carbon to adopt the axial position in the
33 and 34 transition states, in spite of the presence of the 1,3-diaxial interaction
between the allylic methyl group and the R group. However, if the methyl group
assumes the equatorial position as in 39, it would have suffered from a large non-
bonded interaction with the rigid bicyclic framework on the boron atom. Appar-
ently, this repulsion is severe enough to override the 1,3-diaxial interaction.
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<H 9-BBN, Me3SiY\rB@ R'CHO

R CH,

MC3Si>

R CH;
29, R =Me 31, R=Me
30, R=n-Bu 32, R=n-Bu

33, R = CH,

@B_O e CHs RR/SS pair
— n p

H R minor 1ISomers

RS/SR pair, major

35 R =Me
R =n-Bu

NaOH H,SOq4
'syn-elimin anti-elimin
o
W
P
R R

R = Me or n-Bu R = Me or n-Bu
oz, BZ oZ, BE

Scheme 24.9
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The use of dicyclohexylborane [31] as the hydroborating agent for allenes,
however, affords the 1,3-dienes with preference for aE geometry [32] of dienes
(Scheme 24.10). Apparently the less rigid cyclohexyl group could rotate away to
avoid excessive nonbonded interaction with the equatorial allylic methyl in the
transition state.

Me3Si>_._ <H (1) Chx,BH Chx;B—0 SiMe; .
R CH; (2) R'CHO RN = RR/SS pair
H R CH minor
29,R=Me RS/SR pair, major
30, R=n-Bu

NaOH H,S04
syn-elimin anti-elimin
e

R = Me or n-Bu R = Me or n-Bu
ak, BZ oF, BE

Scheme 24.10

Consequently, the four possible geometric isomeric of several representative
internal 1,3-dienes are synthesized (Table 24.16) [30], with high isomeric pu-
rity.
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Table 24.16 Stereoselective synthesis of internal 1,3-dienes [30]

Borane Workup Diene R R! Yield (%) Isomer ratio
(37:38:40:41)
9-BBN NaOH 37a Me n-CH,, 77 94:1:4:1
H,80, 38a 80 1:90:3:6
Chx,BH NaOH 40a 78 0:0:98:2
H,SO, 41a 70 0:0:08:92
9-BBN NaOH 37b Me CH; 86 92:1:5:2
H,S0, 38b 87 1:91:2:6
Chx,BH NaOH 40b 83 0:0:97:3
H,SO, 41b 82 0:0:5:95
9-BBN NaOH 37c n-Bu n-C.H,, 68 97:1:2:0
H,80, 38¢ 65 1:93:2:4
Chx,BH NaOH 40c 77 0:0:97:3
H,SO, 41c 73 0:0:9:91
9-BBN NaOH 37d n-Bu CH; 83 92:1:4:2
H,S0, 38d 86 1:92:2:5
Chx,BH NaOH 40d 85 0:0:97:3
H,SO, 41d 79 0:0:3:97
24.2.3

Synthesis of Nitrogen-Containing Heterocyclic (Z)-1,3-Dienes

The reaction is extended [33] to synthesize 1,3-butadienes having a nitrogen
containing heterocyclic substituents. Consequently, y-(trimethylsilyl)allylboran
e 13 is condensed with 2-, 3-, and 4-pyridinecarboxaldehydes (42) and affords
after base-induced Peterson olefination reaction the corresponding (Z)-1,3-
butadienes (44a-c, Scheme 24.11; Table 24.17) [33]. The condensation reaction
tolerates the presence of an N-H group without the undesired protonolysis of
allylboranes (13), as in the case of dienes 44d-f (Table 24.17) [33].

The poor diastereoselectivity in 44e is not due to deterioration of diastereose-
lectivity during condensation step. Instead the Z isomer of 44e is isomerized to
more stable E isomer during treatment with NaOEt and during purification by
column chromatography. The rate of isomerization is much faster in imidazole
derivative 44f, and it is attributed to the more acidic character of the hydrogen
atom of N-H bond [34], which results in rapid deprotonation of 44f by NaOEt
and consequently, an accelerated rate of isomerization.

The limited success to synthesize E isomers by Peterson olefination employ-
ing concentrated sulfuric acid is attributed to the formation of pyridinium salt
in 44a-c, which results in reduced rate and formation of undesirable side prod-
uct. The nitrogen ring system of 43d—f can not tolerate the presence of sulfuric
acid and condensation adducts decompose.
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Table 24.17 Synthesis of 1,3-butadienes having a nitrogen-containing heterocyclic substituent [33]

Diene Base (time) Yield (%) Isomer ratio
(Z:E)
NaOH (1 h) 92 98:2
NaOH (1 h) 83 98:2
= =
NaOH (1 h) 91 98:2
~
X
N
44c
=z
7\ NaOEt (15 h) 67 98:2 (98:2)°
=
N
H 444
/
/
NaOEt (15 h) 88 3:1(9:1)
A\
H 44e
N =z

NaOEt (15 h) 63 2:3 (2:3)

o
\

44f

@ The ratio in parentheses is the isomer ratio of the crude product before purification.
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MesSi HB@ )
> Me381w/A/B RCHO
13

R —
NaOH o ,NaO,Et> >:<7 R = N-containing heterocycles
syn-Elimination

H

44

Scheme 24.11

24.2.4
Synthesis of Sulfur-Substituted 1,3-Dienes

Sulfur substituted 1,3-butadienes are valuable synthons, particularly in Diels-
Alder reactions, where they impart an added level of reactivity and regioselec-
tivity [35]. Pearson et al [36] have reported the stereoselective synthesis of 2-
(phenylthio)-1,3-butadiene by the protocol delineated in Scheme 24.12.

Allene 46 is prepared from 1-(phenylthio)-1-propyne 45 [37a] by deprot-
onation [37b] with LDA, followed by quenching with chlorotrimethylsilane
(TMSCI). Hydroboration of 46 with 9-BBN leads to allylborane. The facile al-
lylic rearrangement of allylic dialkylboranes allows the formation of more stable
Z isomer 47. Condensation of 47 with aldehydes proceeds smoothly at room
temperature, and the intermediate 48, on treatment with sulfuric acid gives the
Z-diene 49 and with 4 N sodium hydroxide affords the E-diene 50 (Table 24.18)
[36].

The reaction proceeds with good chemoselectivity and tolerates the presence
of other electrophilic and/or Lewis basic groups (bromides, esters, azides, Table
24.18; Eq. 24.19).
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| B
(1) LDA_(CHa)sSi 9-BBN . S
_ () LDA_ o= "% (CH;3):Si
PhS———=CH; ) TMSCI  Ph THF (CHz)s \ow
45 46 35°C 47
lRCHO

R/\(\ H,S0,4 OB@

H
anti-elimn
SPh \/©
pa SN s [1=5
SPh NaOlH PhS Si(CH3)3 R
X syn-elimn 48 PhS
AN

(E) 50

Scheme 24.12

Table 24.18 Stereoselective synthesis of 2-(phenylthio)-1,3-butadienes from aldehydes (RCHO)
and allylborane 47 [36]

R Diene 49 Yield (%) Diene 50 Yield (%)
n-C,H,, a 80 a 92
n-C.H,, b 78 b 74
i-C,;H, [ 76 c 83
c-CH,, d 82 d 87
Ph e 58 e 80
CH,Ph £ 68 £ 84
(CH),CH,Br g 73 g 82
(CH,),CH,Br h 78 h 86
(CH),CH,N, i 79 i 86
(CH,),CH,N,  j 63 j 80
(E)-CH=CHPh k 66 k 83
OAc OAc =

(1) 47
N 0O —> N 24.19
3W Q)NaOH % Z " gph ( )

93% (E/Z=>97/3)
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The dienes 49 and 50 isomerize slowly on standing or extended contact with
silica gel and the actual isolated E:Z ratio depends on the method of purifica-
tion. Using flash-chromatography the diene isomerizes with 0-5% change in the
values reported in Table 24.18.

24.2,5
Synthesis of Stannyl Dienes

The lithium[2-tri-n-butylstannyl-Z-1-alkenyl]-1-borates, prepared by copper
catalyzed addition of Bu,SnB-(OCH,)-9-BBNLi* to 1-alkynes (vide supra), are
selectively coupled via organopalladium or organocuprate with allylbromide,
exclusively at the vinyl boron bond. The process results into the exclusive or pre-
dominant formation of 5-tributylstannyl-1,4-(E)-dienes (Chart 24.8) [38].

S)]
© . R’ <H
R + o + —
Rt ) 0t L 5, P
OMe . '
OMe
(1) 1 equiv CuBr - SMe,,
—78°C,2h
(2) /\/BI‘
R* H
N
Chart 24.8

The results are summarized in Table 24.19 [38].

Table 24.19 Synthesis of 5-tributylstannyl-1,4(E)-dienes [38]

R Yield (%) R Yield (%)
HOC,H, 57 BrC,H, 53
THPOC,H, 62 C.H, 80
CNC,H, 78 (96:4) CH, 89 (92:8)
AcOC,H, 73 CH, 78 (92:8)"

A ratio of 1,4(E)-diene:other isomers.
® Pd(Ph,P), is used instead of CuBr-SMe,.



24.2 Synthesis of Dienes 369

24.2.6
Synthesis of B-Isoprenyl Derivatives

The functionalized 1,3-butadiene moiety is an important structural feature of
many natural products. One of the methodologies to achieve the synthesis of this
structural moiety is the formation of isopropenyl anion, which is subsequently
incorporated into various molecules [39]. The synthesis of isopropenyl anion
is, however, cumbersome. Brown and Randad [40] have achieved a convenient
procedure, which is detailed as: (1) application of the Schldsser reaction [41] to
2,2,6,6-tetramethylpiperidine provides the potassium amide, (2) the potassium
amide cleanly converts isoprene to isoprenyl-potassium [42], and (3) treatment
of B-OMe-9-BBN with isoprenyl-potassium provides the corresponding ate
complex. Addition of controlled amount of BF,-EE to the ate complex yields the
desired B-isoprenyl-9-BBN (Scheme 24.13).

K
>(j< T >(j< |
N (2) -BuOK
H
MeOB<>

| 13@ _BEYEE (‘v <>
l MeO

Scheme 24.13

Typical of allylboranes, B-isoprenyl-9-BBN reacts with acetaldehyde with
allylic rearrangement to provide the borinate intermediate via a six-mem-
bered transition state [43]. The alkaline hydrogen peroxide oxidation of this
intermediate affords the desired 4-methylene-5-hexen-2-ol (Eq. 24.20). Table
24.20 [41] summarizes the results of representative aldehydes with B-isopre-
nyl-9-BBN.
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D

| B@ CH;CHO [0]
— X — |
| 78°C, 1 h
OH
65%
(24.20)

Table 24.20 Isoprenylation of aldehydes with B-isoprenyl-9-BBN [41]

Aldehyde Product Yield (%)
Acetaldehyde 4-Methylene-5-hexen-2-ol 65
2-Methylpropionaldehyde  2-Methyl-5-methylene-6-hepten-3-ol 65
Benzaldehyde 3-Methylene-1-phenyl-4-penten-1-ol 60
Isovaleraldehyde 2-Methyl-6-methylene-7-octen-4-ol (ipsenol) 65
B,8-Dimethylacrolein 2-Methyl-6-methylene-2,7-octadien-4-ol (ipsdienol) 60

243
Synthesis of Enynes

24.3.1
Stereoselective Synthesis of Conjugated (E)- and (Z)-Enynes

Brown and Molander [1] have reported the synthesis of conjugated enynes. The
reaction involves the synthesis of alkenylcopper intermediates from alkenylbo-
ron derivatives of 9-BBN, which undergo coupling with 1-halo-1-alkynes in a
stereodefined manner and afford the conjugated trans enynes (>95% pure) in
almost quantitative yields. The cuprous iodide is the reagent of choice as com-
pared to cuprous bromide-dimethylsulfide (Eq. 24.21; Table 24.21) [1].

©

OCH
@BR NaOCH; Bg Na® Cul {Goldseltlll r}g:/llow}
R R

BrC=CBu-n ﬁBu-n
40w025°C. R

(24.21)
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Table 24.21 Synthesis of conjugated enynes [1]

Alkenylborane Product Yield (%)
B-[(1E)-1-Hexene-1-yl]-9-BBN (5E)-5-Dodecen-7-yne 93
B-[(1E)-3,3-Dimethyl-1-buten-1-yl]-9-BBN  (3E)-2,2-Dimethyl-3-decen-5-yne 90
B-[(1E)-1-(5-Chloropenten-1-yl)-9-BBN (4E)-1-Chloro-4-undecen-6-yne 98

In another method, y-(trimethylsilyl)-allenylborane undergoes condensation
with hexanal and benzaldehyde with high diastereoselectivity [2] and elimina-
tion (Peterson olefination) [3] with KH (syn-elimination) or acid (anti-elimina-
tion) yields the corresponding enynes in high isomeric purity (Scheme 24.14)

[2].

Me;Si (1) RCHO HO SiMes H
.i< —_—_— R e ﬂ» —_—
HOCH,CH,NH = syn-elimn
5 2) HOCH,CH,NH, HR ~ limn
RR/SS pair R=n-CsHy;, 97%
| E:Z,83:17
T R =Ph, 97%
H,SO04, 1it., anfi-elimn AcOH/NaOAc¢ [ :7;93:7
20 min, 92% 50°C, 50 h,
98%
n-C5H11 // Ph //
H H
E:Z,86:14 E:Z;95:5

Scheme 24.14

24.3.2
Stereoselective Synthesis of Silylated (E)- and (Z)-Enynes

Wang et al [2] have reported that treatment of the readily available 3-(tert-butyl-
dimethylsilyl)-1-(trimethylsilyl)- 1-propyne [4] with n-butyllithium, followed by
B-MeO-9-BBN and 4/3 BF,-OEt, [5] yields B-allenyl-9-BBN. The condensation
of B-allenyl-9-BBN with hexanal or benzaldehyde and followed by the elimina-
tion step of the Peterson olefination [3] affords the conjugated enynes (Scheme
24.15) [2].

The results are summarized in Table 24.22 [3].
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t+-BuMe,Si i) ﬂ—B'llL.i, -10°C . "

N ime,  )BMcO-9BBN t-BuMcz&: SiMes
— ¥ L ]
H :B

iii) 4/3 BF;*OEt,

- BuMe,Si Si
i) RCHO >: -%}{) HO>_/Si-t-BuM52
I . / — \
ii) HOCH,CH,NH, B R \§\
0 H H SiMey
:4

SR I RS pair
iMe3
o 7
R T ]
syn-elirmn H
iMe3
H350, H //
anti-elimn
R H
Scheme 24.15
Table 24.22 Stereoselective synthesis of silylated enynes [3]
R and elimination Yield  Isomer ratio
conditions (%)
HO  Si-+-BuMe, SR/RS:RR/SS
............. — n-C.H,, 98 >98:2
RH o SiMe, Ph 63 >98:2
SR/RS pair
SiMe3 Z:E
R // n-C.H,, KH(Et,0,r.t, 1h) 87 >99:1
Ph, KH(E,O, r.t., 30 min) 94 >99:1
H H
SiMe
3 H,SO, (r.t.,, 2 h) 88 98:2

W/

Ph H
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244
Synthesis of Endiynes

24.4.1
Stereoselective Synthesis of (E)- and (Z)-Endiynes

y-(Trimethylsilyl)-allenylborane undergoes diastereoselective condensation [1]
with acetylenic aldehydes to produce predominantly RR/SS pairs of the corre-
sponding silyl derivatives. The elimination step of Peterson’s olefination [2] with
KH (syn-elimination) provides the corresponding endiynes with moderate iso-
meric purity (Scheme 24.16) [1].

Me;Si . (1) RCHO HO, . SiMes . - >/
>= =< P — D O
B<> @noCH,CHNe, 1 NI neelim N

RR / SS pair
R=n-Bu-C=C(C, 91%
E:Z,73
R =Ph-C=C, 90%
E:Z;2:1

Scheme 24.16

24.4.2
Stereoselective Synthesis of (E)- and (2)-Silylated Endiynes

The y-(tert-butyldimethylsilyl)-allenylboranes, which are conveniently prepared
(vide supra), undergo condensation [1] with conjugated acetylenic aldehydes [3]
and furnish after workup with 2-aminoethanol, the corresponding adducts with
high diastereoselectivity (de >96%). Endiynes with Z geometry (>99% Z) are
obtained by treating the adducts with KH (syn-elimination), whereas endiynes
with E geometry (298% E) are prepared by treating the condensation adduct
with H,SO, (anti-elimination) [2] (Scheme 24.17).

The data are summarized in Table 24.23 [1].
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t-BuMe,Si SiMes (1) RCHO HO Si--BuMe,
— & X > Rl """ e —
o B (2) HOCH,CH,NH, —f H \\SiMe3
SR/RS pair
SiMe3
./
KH _
syn-elimn  ~ / \
H H
(Z) SiMeg,
4
H2$O4 o \
anti-elimn ~ ~ /7 \
R H
(E)
Scheme 24.17
Table 24.23 Stereoselective synthesis of silylated endiynes[1]
R and elimination Yield  Isomer ratio
conditions (%)
. SR/RS:RR:SS
HO Si---BuMe n-Bu-C=C 73 >98:2
........ Ph-C=C 64 >98:2
R/ \™ =
H Hoo~SiMe;
SR/RS pair
Z:E
SiMe; )
n-Bu-C=C, KH(Et,O, r.t., 30 min) 94 >99:1
// Ph-C=C, KH(EL,0, r.t., 1 h) 81 >99:1
R
H H
EZ
SiMe, n-Bu-C=C, H,80, (r.t.,, 5h) 85 >98:2
// Ph-C=C, 1,50, (r.t., 2h) 79 >98:2
H
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245
Synthesis of 5-Methylene-1,3-Cyclohexadienes (o-Isotoluenes)
and 1,2,4,6-Heptatetraenes: (Diene-Allenes)

Synthesis of 5-methylene-1,3-cyclohexadiene (o-isotoluene) was first reported
by Bailey and Baylouny [1]. Several different routes to this alicyclic isomer of
toluene [2] and its benzologs [3] have been reported. However, almost all of
these methods are multistep synthesis and generally require gas-phase pyroly-
sis. Andemichael and Wang [4] have reported the condensation reaction meth-
odology to synthesize diene-allenes [5] and o-isotoluenes by using the readily
available conjugated allenic aldehydes [6] and y-(trimethylsilyl)-allylboranes.
Consequently, condensation of allylboranes with 4-methyl-2,3-pentadienal [6],
followed by treatment with 2-aminoethanol produces allenic alcohols with high

diastereomeric purity (de >90%) (Scheme 24.18) [4].
o
Me;Si H@ (1>:.

N— — e MesSi Bi )> >
* e W (2) HOCH,CH,NH,
R

R=H R=H, 94%
R =Me R =Me, 93%
N/
) L x
xkn |/ ow <1n
syn-elimn. // / 25 °C
— R =H, 82%
R =Me, 81%

o
— R
H,S0, J—<_\
= >
anti-elimn.

R=H, 90%
R =Me, 88%

Scheme 24.18
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To promote Peterson olefination, the use of KH results in the formation of
o-isotoluene derivatives [2d, 7]. On the other hand, treatment of allenic alcohols
with concentrated sulfuric acid produces the diene-allenes. The preference for
Z geometry of the methyl-substituted a C=C in silylated allenic alcohol is at-
tributed to the allylic methyl group at the C-1 position, favoring the axial posi-
tion in the chair-like transition state, thus avoiding the severe steric interaction
between the equatorial allylic methyl and the equatorial rigid bicyclic ligand on
the boron.

Similarly, condensation of allylborane formed with bicyclohexylborane with
4-methyl-2,3-pentadienal leads to o-isotoluene and the corresponding diene-al-
lene with E geometry (>98%) of the a C=C double bond (Scheme 24.19) [4].

KH H,SO4
syn-elimn anti-elimn
I<EJ
>7 ’
80% 95%

Scheme 24.19

24.6
Synthesis of Enyne-Allenes, Dienyne-Allenes,
and Trienyne-Allenes, and Their Cycloisomerization

The endiyne and enyne-allene have attracted the attention, as they undergo fac-
ile cycloaromatization to produce reactive biradicals [1], which could mimic
the DNA-cleaving mechanism and properties of the new class of very potent
antitumor antibiotics calicheamicins [2], esperamicins [3], neocarzinostatin [4],
and dynemicins [5].

9-Allenyls-9-BBN required for the synthesis of these unsaturated compounds
are obtained by the following reaction sequence. Allenylsilanes [6] are lithi-
ated with tert-butyllithium [7], followed by treatment with B-OMe-9-BBN and
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4/3 BF,- OEt, [8] to produce allenylboranes. Wang et al [9] have synthesized both
(E)- and (2)-1,2,4-heptatrien-6-ynes (enyne-allenes) by condensing allenylbo-
ranes with readily available conjugated allenic aldehydes [10]. The condensation
affords, after treatment with 2-aminoethanol [11], hydroxypropargylsilanes with
high diastereomeric purity (293:7) and in excellent yields. The KH-induced syn-
elimination [12] of hydroxytrimethylsilanes give (E)-1,2,4-heptatrien-6-ynes as
the major isomers (296%). The H,SO,- or NaHSO,- induced anti-elimination
[12] yields (Z)-1,2,4-heptatrien-6-ynes (enyne-allenes) and (Z)-dienyne-allenes.
Both base and acid eliminations afford the corresponding E and Z isomers, re-
spectively, in 296% isomeric purity (Scheme 24.20) [9].

Me;Si (1) tert-BuLi, -78° to -40°C Me:Si
R>:o :< (2) B-MeO-9-BBN R>:o :<
H (3) 4/3 BFy-OEt @
R=Me
R= CHz:CHCHchZ

R .
(1)R>=._ o Me3SL"",=o_
R':Me?or= R R/ ‘<®

R'=n-Bu o
—_— — ——.
(2) HOCH,CH,NH, Rx> 5
R
e N
syn-elimn R
HO SiMe; E-isomer
H/ AN R =R'=Me; 90%
\ = | —
,/ R \ + SR /RS pair,— E = Igff RcﬁggléIiZ%
minor = CH,= ,CHy-,
Rv// = CH=C
, RR /SS pair, R'=Me; 91%
R major ~93.7 N
o H,S0, or NaHSO, R .
R =R'=Me; 89% anti-elimn R'> ° \\
R =Me, R'=n-Bu, 90%
R = CH,=CHCH,CH,-, Jisomer
R'=Me; 92%

R =R'=Me; 91%

R =Me, R'=n-Bu, 82%
R = CH,=CHCH,CH,-,
R'=Me; 92%

Scheme 24.20
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The other enyne-allenes prepared by Wang by this method are outlined in
Scheme 24.21 [13].

+-BuMe,Si (1) n-BuLi

t-BuMe,Si SiMes
N — SiMes (2) B-Me0-9-BBN | >=. %
H B\

(3)  BF;-OEt,

o R
1) H)j\%°)\R SiMe;

=z

R =Me or t-BuMe,Si: R
R=rBuor _ %\ (1) KH | P
(2) HOCH,CH,NH, ~—* R (2) NaOEt .
HO g
R = Me, 77% 8a%
R =#-Bu, 65% (Z:E>99:1)
K}f/
SiMes 4
Z TBAF L
| =
l ./ °
0,
81% ST%
(Z:E> 96:4)

Scheme 24.21

The KH-induced syn-elimination of hydroxytrimethylsilane (R = Me) pro-
duces enyne-allene (Z:E = 96:4), which on treatment with tetrabutylammonium
fluoride (TBAF) affords the desilylated adduct. Conversion of hydroxytrimeth-
ylsilane (R = ¢-Bu) to enyne-allene (Z:E = 99:1) is achieved in one operation by
treatment with KH, followed by desilylation with sodium ethoxide.

The methodology is extended to the synthesis of triene-allene with high (Z)-
isomeric purity of the new formed carbon—carbon double bond (Scheme 24.22)
[14].

Further, it is reported that these trienyne-allenes undergo cycloaromatiza-
tion in a single step. On heating, acyclic enyne-allenes undergo a sequence of
intramolecular transformations with a cascade of energy, and represent a new
approach to a one-step O(zero) > ABCD ring construction of the tetracyclic
steroidal skeleton having an aromatic C-ring (Scheme 24.23) [14].

Similarly, dienyne-allene on refluxing in benzene undergoes cycloaromatiza-
tion to afford a bicyclic aromatic adduct in 74% yield (Scheme 24.24) [9].
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\

(1) n-BuLi
(2) DMF
(3) 0.1 N HCI

Scheme 24.22

H
H R
‘<:<>re:ﬂux benzene
i\/r
=

Scheme 24.23

o) Me,Si
\% (1) ﬁ%{)
° R
F R=H
R=Me _
(2) HOCH ,CH,NH,
50%
H,S0, H% K
=k o
anti-elimn \\\\ \\)/

R=H,93%;Z:E=96:4
R=Me, 86%;Z:E=97:3

R=H, 50%
R=Me, 13%
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H c R
2
H H H H
Reflux benzene ° ‘>H
—_— —
\ 25h H
H H
H
H
L] L]
[A]
H H
[1.5] [1.5]
Migration H Migration
H < H
H
L] H \
H
H 74%
[B]

Scheme 24.24

The reaction involves two intermolecular H shifts. The biradical [A] decays
with an initial [1,5]-sigmatropic H shift to give another biradical [B]. This bi-
radical undergoes a second [1,5]-sigmatropic shift to afford the aromatic bicy-
clic adduct. The mechanism gets support by the synthesis of [C] from deuter-
ated dienyne-allene, where deuterium from one of the deuterated gem-dimethyl
groups migrates to benzylic system (Scheme 24.25) [9].

(1) —

— < DsC CHO

8))(@) HOCHCH:NH;

M€3Si>

CH,=—=CHCH,CH,

Ds;C 89%
H H
HySO4 % Reflux benzene iy
88% 25h
%\ DCHzD
N
Ds;C
D¢ CD3 ’
b

Scheme 24.25
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24.7
Synthesis of Silylated Z,Z-Diendiynes
and Z,Z,Z,Z-Tetraentetraynes, and Their Cycloisomerization

The synthesis of (Z,Z)-3,5-octadien-1,7-diynes (diendiynes) by condensation of
enynyl aldehydes and B-allenyl-9-BBN is outlined in Scheme 24.26 [1]. The reac-
tion sequence involves the treatment of the readily available 3-(tert-butyldimeth-
ylsilyl)-1-(trimethylsilyl)-1-propyne [2] with #-butyllithium, followed by reac-
tions with B-MeO-9-BBN [3] and 4/3 BF,-OEt, [4], which afford allenylboranes.
The required (Z)-enynyl aldehydes are prepared by a Pd(PPh,),-catalyzed cross-
coupling between 2-bromo-1-cyclopentenecarboxaldehyde [5] and terminal al-
kynes [6]. The condensation of allenylborane, prepared in situ with (Z)-enynyl
aldehydes, affords the corresponding silylalcohol with high diastereoselectivity
(Table 24.24) [1]. The high diastereoselectivity in silyl alcohols is attributed to
the preference of the tert-butyldimethylsilyl group and Z-enynyl group of

(1) n-BuLi
. . 2) B-McO-9-BBN  #-BuMe,Si.. SiMe;
+BuMe,SiCH,C = CSiMe, X oSk,
S 3 (3) 4/3 BF,.OFt, H/—’—<B@
H
=0 | -BuMe,Si SiMej
-BuMe,Si., iMey
) <
R

2) 2-aminoethanol

H H

.....

KH
syn-elimination
SiMe 3

Scheme 24.26

the aldehydes to the opposite sides in the six-membered transition states in or-
der to minimize the nonbonded steric interactions [7]. The syn-elimination,
with potassium hydride [8], of silyl and OH group affords (Z,Z)-3,5-octadien-
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1,7-diynes with high geometric purity (Z:E > 92:8, Table 24.24) [1]. Diendiynes,
owing to the presence of two substituents at the alkynyl terminus, are stable
enough to be purified by column chromatography.

Table 24.24. Stereoselective synthesis of silyl alcohols and diendiynes 1]

R Silylalcohols Yield (%) Diendiynes Yield (%) (Z:E)?
Me,Si a 61 a 78 (93:7)
Bu b 65 b 80 (92:8)
Phenyl c 56 c 83 (95:5)
Methylethenyl  d 54 d 81 (95:5)
1-Cyclohexenyl e 55 e 81 (94:6)

* The preferential formation of the Z isomer by treatment of silylalcohol with potassium hydride
indicates that the SR/RS pair are produced predominantly.

The desilylation of the disilyl derivative of diendiyne with tetrabutylammo-
nium fluoride (TBAF) results in the formation of diendiyne. The diendiyne
then undergoes electrocyclization reactions to benzocyclobutadiene, followed
by its dimerization and yielding of all the four possible angular dimers, with
nearly equal proportions in 66% isolated yield. However, in the presence of ex-
cess of cyclopentadiene, the Diels—Alder reaction occurs to give the endo isomer
(Scheme 24.27) [1].

Scheme 24.27
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The treatment of butyl- and trimethylsilyl-substituted terminal carbon-car-
bon triple-bonds derivative with TBAF leads to selective dimerization and af-
fords only one angular dimer product in 61% yield. However, the presence of
excess of cyclopentadiene leads to the Diels-Alder adduct in 50% isolated yield
along with 20% of the dimer (Scheme 24.28) [1].

Scheme 24.28

Interestingly, when a diendiyne having a phenyl group is reacted with TBAF,
the dimer formed initially is converted to rearranged linear dimer in 89% yield
(Eq. 24.22), within 3 h of heating. The isomerization also occurs slowly at room
temperature, which suggests that dimer is the syn isomer. This is consistent
with the observation that the syn isomer is prone to thermal isomerization [9b],
whereas the anti isomer is thermally much more stable.

SiMe3

(24.22)
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The treatment of isopropenyl derivative with TBAF, however, affords 1,5-cy-
clooctadiene with trans geometry. Here, formal [4+4]cycloaddition of the inter-
mediate occurs (Scheme 24.29) [1]. The unexpected formation of trans geom-
etry is

Scheme 24.29

explained via a two-step diradical mechanism. A radical pathway involves an
initial head-to-head dimerization to form diradical, which then undergoes
an intramolecular radical-radical combination to form the trans isomer (Eq.
24.23).
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g

(24.23)

Similarly, cyclohexenyl derivative on treatment with TBAF undergoes dimer-
ization to afford two trans isomers (Eq. 24.24).




386 24 Synthesis of Unsaturated Compounds

The condensation-Peterson olefination sequence has been further extended
[10] to the synthesis of open chain (Z,Z)-diendiynes as outlined in Scheme
24.30. The reactions involve condensation of enynal, synthesized by oxidation
of the commercially available (Z)-3-methyl-2-penten-4-yn-1-ol [11], and silyl
substituted allenyl-9-BBN, prepared in situ, followed by treatment with 2-ami-
noethanol. The condensation product silyl alcohol, 6-tert-butyldimethylsilyl-8-
trimethylsilyl-3-methyl-3-(Z)-octen-1,7-diyn-5-ol is formed in 69% yield with
high diastereoselectivity (de > 99%). The Pd(PPh,),-catalyzed cross-coupling,
between terminal alkyne-silylalcohol and aryliodides, gives the aryl adducts of
silylalcohols in 42-78% yields. The aryl adducts (entries c—e, Table 24.25) are
obtained from monocoupling of 1,2-, 1,3-, or 1,4-diiodobenzene with 1 equiv
of terminal alkyne. The conversions of silylalcohols to diendiynes are achieved
with potassium hydride (syn-elimination) [8] in diethylether at 0 °C. The di-
endiynes have predominantly Z,Z geometry (>98%) and are thermally stable at
room temperature (Scheme 24.30; Table 24.25) [10].

H  +BuMe,Si,,

\O 1 H/_

% SiMe3
(£)-69%
I@R HO SiM
1MI€3
74
5 mol % Pd(PPh,), R
Cul, i-Pr,NEt N\

72-98%

42-78%

Scheme 24.30
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Table 24.25 Synthesis of aryl adduct, diendiynes, and dibenzo[a,e]cyclooctenes [10]
R Aryladducts  Yield  Diendiynes Yield  Dibenzo[a,e]  Yield
(%) (%) cyclooctenes (%)
H a 78 a 98 a 74
4-Me,Si b 66 b 98 b 54
2-Todo c 69 c 95 c 47
3-Todo d 42 d 72 d 40
4-Todo e 50 e 84 e 43

@ The preferential formation of the Z,Z isomer (>98%) of diendiynes by treatment of aryl adduct
of silyl alcohol with KH to induce syn-elimination indicates that the RS/SR pair is produced

predominantly.

The treatment of silyl derivatives of diendiynes with TBAF triggers a cascade
sequence, initiating from the desilylated diendiynes, and through benzocy-
clobutadienes afford dibenzo[a,e]cyclooctenes (syn-dibenzocyclooctatetraenes)

(Scheme 24.31; Table 24.25) [10].

=—=—SiMe;

Scheme 24.31

TBAF
—_—

40-74%
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However, when 2 equiv of silyl-substituted terminal alkyne-silylalcohol is
coupled, independently, with 1 equiv of 1,2- or 1 equiv of 1,4-diodobenzene, it
leads to the corresponding 1,2- or 1,4-aryl adducts. The KH-induced syn-elimi-
nation of silyl-alcohol moiety leads to the formation of silyl derivative of o- or
p-substituted, Z,Z,Z,Z-tetraentetraynes (Schemes 24.32, 24.33) [10].

Pd(PPhs),

. Cul, i-Pr,NEt
SiMes

Scheme 24.32

5 mol %
Pd(PPh,),
—_—

Cul, i-Pr, NEt

m“‘Si't'BuMez Sl V|e3
KH
il

SiMe,

Si---BuMe,
N

I \\ SiMe3

Scheme 24.33
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The silyl derivatives of o- and p-substituted tetraentetraynes on treatment
with TBAF afford shining black and yellow solids, respectively. These solids are
mixture of oligomers.

The diiodo derivative of dibenzo[a,e]cyclooctene (entry e, Table 24.25) un-
dergoes cross-coupling with 2 equiv of 6-tert-butyldiemthylsilyl-8-trimeth-
ylsilyl-3-methyl-3-(Z)-octen-1,7-diyn-5-o0l (ca. Scheme 24.30) to afford the
silylalcohols as a 1:1 mixture of two diastereomers in 64% isolated yield. The
subsequent KH treatment gives the corresponding Z,Z,Z,Z-tetraentetrayne
(Scheme 24.34) [10].

H H
HO'Y/  \™ Si--BuMe, 5 mol %

Pd(PPhj),

Cul, i-Pr,NEt

SiMe,

-BuMe,Si_ \\ Si-t-BuMe,
HG, ZH

64%

76%

Scheme 24.34
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Treatment of diiododerivative of dibenzo[a,e]cyclooctene (entry e, Table
24.25) with 1 equiv of 6-ftert-butyldimethylsilyl-8-trimethylsilyl-3-methyl-3-
(Z)-octen-1,7-diyn-5-0l (ca. Scheme 24.30) produces the monocoupling ad-
duct, which on treatment with KH vyields the corresponding Z,Z-diendiyne.
The cascade sequence triggered by TBAF affords the diiodide derivative of tris-
dibenzo[a,e]cyclooctene. The reactions sequence is outlined in Scheme 24.35
[10].

Scheme 24.35

Consequently, 6-tert-butyldimethylsilyl-8-trimethylsilyl-3-methyl-3-(Z)-octe-
ne-1,7-diyn-5-ol serves as alatent diendiyne moiety, which on cross-coupling with
aryliodides provides an easy access to a variety of diendiynes, (Z,2)-1-aryl-3,5-
octadiene-1,7-diynes. These diendiynes are precursors of 5,6-diaryldibenzo[a,e]
cyclooctenes. The generation of two diendiynyl moieties (tetraentetraynes) in the
same molecule produces oligomers having multiple dibenzo[a,e]cyclooctenyl
units.
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25 Reduction

25.1
With 9-BBN-THF

9-BBN reduces aldehydes and ketones rapidly and cleanly to the corresponding
alcohols[1]. The reaction is carried out by the dropwise addition of an essentially
stoichiometric quantity of 9-BBN solution in THF to the aldehyde or ketone in
THE solution at 25 °C. After completion of the reaction, the product carbinol is
isolated by either of the following procedures. After the reaction is over, the re-
action mixture is treated with alkaline hydrogen peroxide to oxidize the 9-BBN
moiety, and the alcohol is separated from the cis-1,5-cyclooctanediol by distil-
lation. Alternatively and more conveniently, THF is removed and n-pentane is
added to the reaction mixture. The addition of 1 mol of ethanolamine precipi-
tates the 9-BBN moiety as the adduct, displacing the carbinol to the pentane
layer quantitatively. After removal of pentane, the desired alcohol is obtained in
quantitative yields by distillation (Scheme 25.1). The process is an excellent neu-
tral workup procedure for compounds having acid-and base- sensitive groups.
In addition to pentane, ether and benzene also work quite satisfactorily.

(1) THF

2) n-PENTANE o

R,CO+ H—B ~THE _ R,CHOB @ > R,CHOH + '
25°C (3) H,NCH,CH,OH A
H,

R=H, alkyl,aryl

>95%
(mp 201-204 °C)

Scheme 25.1

Both aldehydes and ketones consume 1 equiv of 9-BBN (3-5% excess) for
complete reduction.

Cyclic and bicyclic ketones such as cyclohexanone, 2-methylcyclohexanone,
4-tert-butylcyclohexanone, and norcamphor undergo complete reduction in
30-60 min. Hindered ketones, like diisopropyl ketone and camphor, need 6-12
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h for complete reduction at 25 °C. In refluxing THEF, the complete reduction of
these ketones is achieved in 1 h. A highly hindered ketone, such as 2,2,4,4-tet-
ramethyl-3-pentanone, is inert and remains ineffective even in refluxing THF
after 24 h.

The reduction of monocyclic ketones with disiamylborane and di-3-pinanyl-
borane takes place from the less hindered side to yield predominantly the less
stable of the two possible isomers. In contrast, 9-BBN exerts little influence on
the direction taken by the reduction. With 3-methyl- and 4-tert-butylcyclohex-
anones, the products are predominantly the more stable of the two possible iso-
mers. Reduction of bicyclic ketones such as norcamphor and camphor proceeds
with preferential attack of the 9-BBN from the less hindered side, yielding the
less stable of the two possible isomers (Eq. 25.1).

9-BBN, THF
e 25.1
65C,1h° ( )
) OH
100% (81% isolated)
75% exo

The stereochemical outcome after the reduction are summarized in Table
25.1 [1].

Table 25.1 Stereochemistry of the reduction of representative cyclic and bicyclic ketones with 9-
BBN in THF at 25 °C [1]

Ketone Total yield (%) Percentage cis:trans
2-Methylcyclohexanone 100 40:60
3-Methylcyclohexanone 98 88:12
4-tert-Butylcyclohexanone 99 8:92

endo:exo
Norcamphor 100 91:9
Camphor 100 2575

Anthraquinone reacts with 2 equiv of 9-BBN to give cleanly 9,10-dihydro-
9,10-anthracenediol (Eq. 25.2). However, p-benzoquinone gives unsatisfactory
results.
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O OH
2 equiv 9-BBN, THF
25°C.24h (25.2)
e} OH
79% isolated

Carboxylic acids liberate hydrogen rapidly and quantitatively (<5min) and
further reduction is very slow. However, complete reduction of n-hexanoic acid
and n-octanoic acid have been achieved at 65 °C in <24 h (Eq. 25.3). The same
reaction with benzoic acids is very slow.

CH(CH,),cOOH 4€quiv9-BBN. THF =~y o) cH,0H (25.3)

65°C, 18 h

92% (83% isolated)

Acetic anhydride consumes two hydrides very rapidly for reduction, with
slow reduction thereafter. Both succinic anhydride and phthalic anhydride react
only at a moderate rate.

Acid chlorides react sluggishly with borane and thexylborane and are inert
with disiamylborane. However, hexanoylchloride (Eq. 25.4) and benzoylchlo-
ride undergo rapid and quantitative reduction with 2 equiv of 9-BBN to the
corresponding alcohols.

CH;(CH,),COCI Zeq“zw 9éB}f’;;TH£ CH;(CH,);CH,0H (25.4)
5°C,

81% isolated

Ethylhexanoate, methylhexanoate, and y-butyrolactone (Eq. 25.5) are re-
duced in refluxing THF with 2 equiv of 9-BBN.

0)

0o 2 equiv 9-BBN, THF
equél; can HOCH,CH,CH,CH,0OH (25.5)

98%
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n-Octylbromide and p-bromotoluene are completely inert toward 9-BBN.
Although the reaction of epoxides with 9-BBN is quite sluggish and requires
3-8 days for completion, the introduction of a catalytic (7.5 mol%) of lithium
borohydride converts 1,2-butylene oxide to 98% of 2-butanol (Eq. 25.6).

/O% 9-BBN,THF
CH;CH,CH —CH, , > CH;CH,CH(OH)CH; (25.6)
7.5 mol % LiBH, .
25°C,0.5h 98%

Primary amides liberate only one of the two possible hydrogens, and further
reduction is very slow. Tertiary amides are rapidly reduced to give alcohols as
the major product (Eq. 25.7). Nitriles and nitrobenzenes are reduced slowly.
1-Nitropropane is inert. Azobenzene is inert while azoxybenzene is slowly re-
duced to the azobenzene stage.

-BBN, THF
C6H5CONM62 9—’> C6H5CH20H + C6H5C02NM62 (257)

25°C,4h
80% 20%

The reduction of tertiary amides with borane-THF proceeds to give amines
and with disiamylborane affords aldehydes. Consequently, it is possible to get
the desired product using the appropriate reagent (Chart 25.1).

Cyclohexanone oxime undergoes slow reduction to N-cyclohexylhydroxyl-
amine. Phenylisocyanate undergoes rapid reduction to the amine stage, and fur-
ther reduction is very slow.

Pyridine and pyridine N-oxide undergo slow reduction with 9-BBN. The be-
havior of four hydroborating agents toward pyridine N-oxide is illustrated in
Chart 25.2 [1].

BH; THF
>

RCH,NR’
SiazBH
[ 9-BBN RCH,OH

THF

Chart 25.1
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_ BH;orThBH, ">Ej
\

—B O_B—

Sia,BH
Z | I SlazBH
“ + H, + (Sia;B)0
j
—B81a
‘ 2 QD

L > | W | leW B@
1 \ 1
L) ) RO
7
T35 L | + B— o + H,

N

Chart 25.2

Among the sulfur compounds, only dimethylsulfoxide is reduced at a moder-
ate rate whereas disulfide, sulfide, sulfone, tosylate, and sulfonic acid are inert
to 9-BBN under the conditions. These observations are similar to those realized
with borane, thexylborane, and disiamylborane.

The results are summarized in Table 25.2 [1].

The competition experiments [1] of a mixture of hexanal and 2-heptanone
reveal the preferential reduction of aldehyde of over 85% (k, Ky epatanone = 27)
Cyclohexanone undergoes reduction at a faster rate than does cyclopentanone
by a factor of 3.2. Cyclopentene is hydroborated with total exclusion of an ester,
an acid, and an epoxide. Acid chlorides are reduced, quantitatively, without any
significant attack on the esters (<2%).

The reactivity of various functional groups toward 9-BBN thus is classified
into five broad categories as: (1) very rapid-reduction aldehyde and ketone; (2)
rapid reduction-reaction olefin, quinone, tertiary amide, acid anhydride, acid
chloride, and lactone; (3) slow-reduction ester, epoxide, and oxime; (4) very
slow-reduction carboxylic acid, sulfoxide, and azoxy; and (5) inert (no reaction)

exanal /
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nitro (both aliphatic and aromatic), azo, sulfide, disulfide, sulfone, sulfonic acid,
tosylate, and halogen (alkyl and aryl).
The relative rates of reduction obtained by competition experiments (Table 25.3)
[2] reveal that many aldehydes and ketones have widely different reactivity toward
(9-BBN),, though these show the same first-order rate constant (vide supra).
The relative behavior of 9-BBN, which is an acidic reducing agent, has been
compared with extensively studied, nonacidic sodium borohydride [3] (Chart

Table 25.2 Products of reduction of selected organic compounds containing representative func-
tional groups with 9-borabicyclo[3.3.1]nonane in tetrahydrofuran [1]

Compound Time Temp 9-BBN: Products Yield
(h) (°C) compound (%)
Hexanal 0.5 25 1 1-Hexanol 100
Cyclohexanone 1 25 1 Cyclohexanol 100
2-Methylcyclo-hexanone 1 25 1 2-Methylcyclo- 100
hexanol
2,2,4,4-Tetramethyl- 24 65 4 2,2,4,4-Tetramethyl-
3-pentanone 3-pentanol <1
2,2,4,4-Tetramethyl-
3-pentanone 96
Camphor 12 25 1 Borneols 100
1 65 1 Borneols 100
Cinnamaldehyde 2 0 1 Cinnamyl alcohol 98
Anthraquinone 24 25 2 9,10-Dihydro-9,10-
anthracenediol 79
Hexanoic acid 18 65 4 1-Hexanol 92
Octanoic acid 18 65 4 1-Octanol 92
Benzoyl chloride 6 25 4 Benzyl alcohol 90
Hexanoyl chloride 18 25 2 1-Hexanol 92
Ethyl hexanoate 24 25 4 1-Hexanol 75
4 65 2 1-Hexanol 100
Methyl heptanoate 4 65 2 1-Heptanol 99
y-Butyrolactone 2 65 2 1,4-Butanediol 98
Cyclohexene oxide 24 25 4 Cyclohexanol 30
1,2-Butylene oxide 0.5 25 4 2-Butanol 98
1-Butanol 2
n-Octylbromide 24 25 4 n-Octane 0
n-Octyl bromide 100
p-Bromotoluene 24 25 4 Toluene 0
p-Bromotoluene 96
N,N-Dimethyl 3 25 4 Benzyl alcohol 80
Benzamide N,N-dimethyl-
benzyl amine 20
Nitrobenzene 24.0 25 4 Nitrobenzene 90
Di-n-butyl disulfide 24.0 25 4 Di-n-butyl disulfide 98

* In the presence of 7.5 mol % of lithium borohydride.
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25.3) [2]. The data show that reduction of carbonyls with 9-BBN is less suscep-
tible to steric effects than is sodium borohydride, in spite of the bulky nature of
the former reagent. For example, cyclooctanone is reduced by 9-BBN by a factor
of 50 slower than cyclohexanone. Whereas the factor is as much as 2,050 for
reduction with sodium borohydride [3c].

(9-BBN), NaBH,
Cyclopentanone 26 4.35
Cyclohexanone 100 100
Cycloheptanone 11 0.64
Cyclooctanone 2 0.049

Chart 25.3

Table 25.3 Relative reactivities for the reduction of representative aldehydes and ketones with
(9-BBN), in THF at 25 °C[2]

Compound Relative rate

1-Hexene = 100 Hexanal = 100
p-Methoxybenzaldehyde 1,154 142
p-Tolualdehyde 911 112
Hexanal 813 100
Benzaldehyde 672 87
p-Chlorobenzaldehyde 494 64
2,2-Dimethylpropanal 479 62
Cyclohexanone 197 25.5
Cyclopentanone 51 6.61
p-Methoxyacetophenone 32.1 4.15
Cycloheptanone 22 2.85
Norbornanone 19.6 2.54
p-Methylacetophenone 16.8 2.18
Acetone 13.8 1.78
2-Butanone 11.3 1.46
Acetophenone 9.8 1.27
2-Heptanone 9 1.17
3-Methyl-2-butanone 8.9 1.15
Benzophenone 7.2 0.93
p-Chloroacetophenone 7 0.9
3,3-Dimethyl-2-butanone 6.9 0.89
Cyclooctanone 39 0.5
Camphor 3.6 0.46
3-Pentanone 3 0.39

2,4-Dimethyl-3-pentanone 0.94 0.122
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This huge difference in reactivity is certainly not owing to electronic factors
only, since it cannot be large in these two ketones. Moreover, camphor is reduced
more slowly, by a factor of 6, over that of norbornanone by 9-BBN, whereas the
factor is more than 900 in case of sodium borohydride reduction (Chart 25.4).

(9-BBN)2 NaBH,
1 1
\
(0]
0.18 0.011
A
(0]
Chart25.4

The lower susceptibility of 9-BBN to steric effects is explained that the boron
of the 9-BBN monomer gets coordinated to carbonyl oxygen while the bulky
cyclooctyl moiety keeps away from the alkyl groups of the substrate. The acyclic
ketones behavior toward the rate of reduction is also similar (vide supra). For
example, the introduction of two methyl at the same o position of acetone (3-
methyl-2-butanone) leads only to a moderate decrease, whereas introduction of
methyl groups on both the a positions (3-pentanone) brings about a consider-
able decrease in the rate of reduction.

Relative rate

Acetone 1.00

3-Methyl-2-butanone 0.67

3-Pentanone 0.20

2,4-Dimethyl-3-pentanone 0.069
Chart 25.5

Since the change in electronic factor is comparable in both the cases, it thus
demonstrates that the 9-BBN monomer approaches the carbonyl group from
the less hindered face. This fact is further confirmed in the reduction of methyl
tert-butylketone, which is reduced by a factor of 2 slower than is acetone. On the
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other hand, 2,4-dimethyl-3-pentanone is reduced by a factor of 15 slower than
is acetone (Chart 25.5).

The study of electronic factor reveals that electron-releasing substituent in
p-substituted benzaldehyde and acetophenone increase the rate of reduction.
The electron-withdrawing substituents decrease the rate. This again provides
the evidence that carbonyl oxygen gets complexed with the boron of 9-BBN
monomer. The opposite electronic effects are observed with sodium borohy-
dride reduction [4].

The steric and electronic effects thus suggest acidic 9-BBN as reductant gets
coordinated with the carbonyl oxygen, and such an interaction makes the boron
atom electron rich. Consequently, this facilitates the transfer of hydrogen with
the bonded electron pair, as shown in Chart 25.6.

+
& o
Ry,C==0 or P -
HBR, SG-H
Chart 25.6

It has been established [5] by competition experiments involving 9-BBN
that the carbonyl of aldehyde or ketone is reduced rapidly and cleanly to
the corresponding alcohol, much faster than the hydroboration of olefins
(K yctohexanone ! Keyopentene = 37)- This is complementary to the behavior of borane,
which shows greater reactivity toward alkenes. This characteristic of 9-BBN has
been utilized for the selective 1,2-reduction of a,p-unsaturated aldehydes and
ketones to the corresponding allylic alcohols (Chart 25.7) [5].

9-BBN, THF
2hat0°C, 1 hat25°C
R = CH;, 98%; R = Ph, 99%

R—CH=CH—CHO

R—CH=CHCH,0OH

O OH

9-BBN, THF
2hat0°C, 1 hat25°C

100% (84% isolated)

ﬁ OH

9-BBN, THF _ . . -
4hat0°C,2hat25°C 100% (85% isolated)

Chart 25.7
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The product alcohol is isolated either by oxidation or alternatively and conve-
niently by the addition of ethanolamine (Eq. 25.8).

B—o—&—é—é HaNCHyCHOH 0 L[/ B Oj
[T T mpentane U

(25.8)

The results of reduction of 2-cyclopentenone with various reducing agent
(Table 25.4) [5] clearly reveals the superiority of 9-BBN over these reagents.

Table 25.4 Reduction of 2-cyclopentenone with various reducing agents 5]

Reagent Product composition (%)
% 80; % §0H7

LiAlH,, THE 0 °C® 0 14 2.5 83.5
LiAIH(OCH,),, THE 0 °C* 0 90.5 0 9.5
LiAIH(O-tert-Bu),, THE 0°C* 0 0 11.2 88.2
NaBH,, EtOH, 78 °C* 0 0 0 100
AlH,, THE 0 °C*? 0 920 6.1 3.9
i-Bu,AlH, CH,, 0 °C® 0.5 99 0 0.5
9-BBN, THE, 0 °C 0 100 0 0

2 Data from Brown HC, Hess HM (1969) ] Org Chem 34:2206.
b Data from Wilson KE, Seidner RT, Masamune S (1970) ] Chem Soc Chem Commun 213.

The earlier studies and the competition experiments [5b] with equivalent
molar, enal, or enone: 9-BBN (3-5% excess) reveal that enals or enones are se-
lectively reduced to allylic alcohols (Eq. 25.9) in the presence of other organic
functional groups such as nitro, halogen, epoxide, carboxylic acid, amide, ester,
nitrile, sulfide, disulfide, sulfoxide, sulfone, tosylate, azo, etc.
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(|) OH
9BBN HF (259)
3hat0°C, 1hat25°C
COOC,Hs COOC,H;
95%

The selective 1,2-reductions of some a,p-unsaturated aldehydes and ketones
is summarized in Table 25.5 [5b].

Phenalene attracts considerable attention from chemists because of its abil-
ity to generate an anion, neutral radical, and cation, all of which are aromatic
and stable in solution [6]. This molecule is prepared by the reduction of phen-
alenone. Phenalenone, synthesized by the method of Fieser and Hershberg [7],
when stirred overnight with excess of 9-BBN in THF at room temperature af-
fords [8] phenalene (Eq. 25.10) in net yields of ~90%. Phenalene is sensitive to
silica gel, so Florisil, a much more acidic absorbent than silica gel, has been used
to get the satisfactory purification.

excess 9-BBN

THEF, r.t. (25.10)

~90%
Phenalenone Phenalene

Table 25.5 Reduction of a,B-unsaturated aldehydes and ketones with 9-borabicyclo[3.3.1]nonane
in tetrahydrofuran at 0 °C[5b]

Compound Time (h) Product Yield (%)
Crotonaldehyde 2 Crotyl alcohol 98
Cinnamaldehyde 2 Cinnamyl alcohol 99
3-Penten-2-one 3 3-Penten-2-ol 75
1-Acetylcyclohexene 2 1-Cyclohexene-1-ethanol 90
2-Cyclohexenone 2 2-Cyclohexenol 100
2-Cyclopentenone 4 2-Cyclopentenol 99
3-Methyl-2-cyclopentenone 2 3-Methyl-2-cyclopentenol 76
o-Nitrocinnamaldehyde 2 o-Nitrocinnamyl alcohol 76
4-Carbethoxy-3-methyl- 4 4-Carbethoxy-3-methyl- 95

2-cyclohexenone 2-cyclo-hexenol
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0 0O H Ol
SMe
1
R )H S NSMe R M SMe 2l /<SMe
R’ R Rz
R! = Aryl; R?>=H
839
& 9-BBN NaBH, / NiCl,
2 equiv LiAlH,, THF
r.t.
(0]
SMe
R Z \SMe
DIBAL )
or R
catecholborane NaBH4 / MeOH
O
SMe
1 Rl AN COXMG
R SMe
2
R’ R
X=0,S
Chart 25.8

The a-oxoketone dithioacetal reduction is reported [9] to follow different
pathways, depending on the nature of reducing agents and reaction condition
(Chart 25.8). The electrophilic reducing agent, 9-BBN effects the conjugate re-
duction to afford the B-methylthioketone [10].

9-BBN exhibits good selectivity toward carboxylic group of the amino acids
in proteins. Consequently, it reduces the y-carboxyl group of the glutamate and
unhindered C-terminal carboxylate group with only marginal reduction of the
B-carboxyl group of aspartate in proteins, lysozyme, and myoglobin [11]. Unlike
BH,-THF [12], 9-BBN does not cleave the disulfide bonds that are responsible
for the tertiary structure of protein.

25.2
With 9-BBN-Py

9-Borabicyclo[3.3.1]nonane-pyridine (9-BBN-Py), prepared [13] readily from 9-
BBN dimer and pyridine in pentane solution (Eq. 25.11), has been found to cleanly
reduce the aldehyde group in the presence [14] of the ketone (Table 25.6) [13].
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<\ /) Ly O __pentane B/ H
",, \\\‘ / '\N

|
X
(25.11)
Table 25.6 Selective reduction of aldehydes with respect to ketone with 9-BBN-Py in Et,O at 25 °C
(13]
Compounds Product Mol %
Cyclohexanone Cyclohexanone 98.5
+ Cyclohexanol 1.5
Benzaldehyde Benzaldehyde 6.0
Benzylalcohol 93
Acetophenone Acetophenone 96
+ 1-Phenylethanol 2
Benzaldehyde Benzaldehyde 4
Benzylalcohol 94
3-Pentanone 3-Pentanone 96
+ 3-Pentanol 2.5
Octanal Octanal 45
1-Octanol 94.5

The functional groups, such as ester, lactone, N,N-dialkylamide, nitrile, al-
kylhalide, benzylic halide, epoxide, alkene, alkyne, and nitroalkane are inert.
Alcohols, water, and carboxylic acid produce only hydrogen. No further reac-
tion occurs in B-acyloxy-9-BBN-Py with excess of the reagent 9-BBN-Py. Acid
chlorides and anhydrides are, however, reduced rapidly. Thus, with exception of
these groups, the selective reduction of aldehyde, in the presence of nearly all
other functional groups, can be achieved (Eq. 25.12).

RCHO+ B/OCH2
O Q |
¢ 31
H,

(25.12)
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The times required for the reduction of aldehydes and ketones are summa-

rized in Table 25.7 [13].

Table 25.7 Reduction of aldehydes and ketones by 9-BBN-Py in THF solutions at 25 °C [13]

Compounds Time (h) Percentage reduced
Benzaldehyde 1 95
1.5 100
Cinnamaldehyde 1 86
1.5 98
Cyclohexylcarboxaldehyde 1 91
3 100
Octanal 1 91
2 99
Hexanal 1 94
2 100
Propanal 1 85
1.5 97
Cyclohexanone 1 0
1.5 3
2-Methylcyclohexanone 2 0
2-Hexanone 1 5
12 43
Dicyclopropyl ketone 1.5 8
3-Pentanone 1 5
7 10
Acetophenone 1 3
9 5
Phenylacetone 1 6
8 46

25.3

With Li 9-BBNH

It is reported that the mild reducing character of lithium borohydrides [15] is al-
tered by the introduction of alkyl groups. The alkyl groups enhance the hydride
donor activity tremendously. Lithium trialkylborohydride [16] is a remarkably
powerful and selective reducing agent. In addition, various alkali metal alkylbo-
rohydrides have been prepared [17]. Thus, a “basic” dialkylborohydride lithium
9-boratabicyclo[3.3.1] nonane (Li 9-BBNH) [18] in THF is prepared by reflux-
ing at 65 °C 1 equiv of 9-BBN with excess of finely divided lithium hydride (0.5
equiv excess) in THF for 24h, followed by stirring for another 24 h at room tem-
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perature. The reagent has been examined (in THE room temperature) for its

approximate rates and stoichiometry, in order to explore its reducing character-

istics [18]. The rate of hydrogen evolution with alcohols decreases in the follow-

ing order primary >> secondary > tertiary. Phenol, 2,6-di-tert-butylphenol and

thiols liberate hydrogen instantly and quantitatively. 2,6-Di-tert-butylphenol is

known to be inert to 9-BBN [5], the parent compound of Li 9-BBNH.
n-Hexylamine is inert to Li 9-BBNH.

Aldehydes and ketones of wide variety such as caproaldehyde, benzaldehyde,
2-heptanone, and norcamphor utilize 1 equiv of hydride in THF and are re-
duced rapidly and quantitatively to the corresponding alcohols at 15+2 °C. The
hindered ketone, 2,2,4,4-tetramethyl-3-pentanone, which is inert to 9-BBN [5],
however, is rapidly reduced with Li9-BBNH. Reduction of camphor gives 91%
isoborneol and 9% borneol (Eq. 25.13).

Li 9-BBNH, THF
15°c OH

+

0 Isoborneol OH
91% Borneol

9%
(25.13)

The stereochemical outcomes of Li9-BBNH reduction are summarized in
Table 25.8 [18].

Cinnamaldehyde is rapidly reduced to the cinnamyl alcohol (97%), without
attack on the double bond.

The reduction of carboxylic acid is very sluggish. Anhydrides—acetic anhy-
dride, succinic anhydride, phthalic anhydride—consume 2 equiv of hydride and

Table 25.8 Stereochemistry of reduction of representative cyclic and bicyclic ketones with Li 9-
BBNH in THF at 1542 °C[18]

Ketone Time (h) Total yield (%) Percentage cis:trans
2-Methylcyclohexanone 1 94 63:37
4-tert-Butylcyclohexanone 1 100 24:76

endo:exo
Norcamphor 1 100 94:6

Camphor 1 100 9:91
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afford equimolar mixture of corresponding carboxylic acids and alcohols (Eq.
25.14). Acid chlorides—caproylchloride and benzoyl chloride—too consume 2
equiv of the hydride to give the corresponding alcohol in quantitative yield (Eq.

25.15).
0
| . CH,OH
o THF, 15+2 °C (25.14)
30 min
| COOH
o}
C¢H5COCI THE 1542°C CeHsCH,OH (25.15)

30 min

Esters such as ethylcaproate, ethylbenzoate, phenylbenzoate and lactones, y-
butyrolactone, and phthalide utilize 2 equiv of hydrides. Esters are reduced to
the corresponding alcohols, while lactones afford the diols in almost quantita-
tive yield.

Esters are selectively reduced in the presence of the carboxylic acid (Chart
25.9) [18].

PhCOOEt + n-CsHy; COOH + Li 9-BBNH 1%» PhCH,OH + n-CgH,30H

5 mmol 5 mmol 10 mmol 5 mmol Not detected

}’l-C7H15COOEt + H-C5H11COOH + Li 9-BBNH 1%’ }’l-CgH17OH+}’l-C6H13OH

5 mmol 5 mmol 10 mmol 5 mmol Not detected
Chart 25.9

Alkylbromides react at a moderate rate to Li 9-BBNH. Thus, in the presence
of n-octylbromide, ethylacetate has been selectively reduced (Eq. 25.16).

, THF
CH;COOEt + n-CgH7Br + Li9-BBNH 2m 2EtOH + n-CgHpsBr

5 mmol 5 mmol 5 mmol 9.21 mmol 4.9 mmol

(25.16)
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Isopropenylacetate utilizes 3 equiv of the hydride, resulting the reduction of
the acetate group to ethanol and isopropenyl group to 2-propanol (Eq. 25.17).

CH; OH

I | |
Hy;C—C—0—C=CH, lgﬂg C,HsOH + CH;CHCH, (25.17)

The reactivity order of epoxides is in accordance with their steric require-
ments. 1,2-Butylene oxide, styrene oxide, cyclohexene oxide, and 1-methyl-1,2-
cyclohexene oxide consume 1 equiv of hydride within 0.25, 1.0, 1.5, and 24 h,
respectively. The ring opening of the epoxide occurs from the less hindered side
and affords the Markovnikov alcohol, in quantitative yield (Chart 25.10) [18].

/\ o
CH;CH,CH—CH, ————> H;CCH,CHCH; + CH;CH,CH,CH,OH
99% 1%
OH
/' \ |
C¢HsCH—CH, —  » C¢HsCH—CH; 4+ CgHsCH,CH,OH
93% 7%

Chart 25.10

Acetals, ketals, and ortho esters are inert toward Li 9-BBNH.
Primary amides undergo reaction very slowly. Tertiary amides consume 2
equiv of hydride slowly to produce the corresponding amines (Eq. 25.18).

THF, 25 °C
— >
24h
2 equiv 2 equiv 94%

I’l-C5H11CON(CH3)2 + Li9-BBNH n-C6H]3NM62

(25.18)

It is significant to note that LiEt,BH [19] or 9-BBN [5] reduces tertiary amides
to the corresponding alcohols, whereas Li9-BBNH reduces N,N-dimethylam-
ides to the corresponding tertiary amines.

Benzonitrile consumes 2 equiv of hydride to give benzylamine within 12 h,
whereas an aliphatic nitrile, capronitrile, reacts sluggishly.

Nitropropane involves 1 equiv of hydrogen and forms white precipitates with
0.6 equiv of hydride consumption. The reaction probably involves the active a-
hydrogen of nitropropane. Nitrobenzene undergoes slow reduction (48 h) uti-
lizing 2.5 equiv of hydride, 1 equiv for hydrogen evolution, and 1.5 equiv for
reduction.



414 25 Reduction

Azobenzene is inert, whereas azoxybenzene is reduced very sluggishly. How-
ever, both are reduced very rapidly by lithium triethylborohydride [19]. No re-
duction is observed of cyclohexanone oxime, which means it provides another
method for protection of the carbonyl group toward Li 9-BBNH [18].

Phenyl isocyanate consumes 1 equiv of the hydride and rapidly provides for-
manilide, in quantitative yield (Eq. 25.19) [18].

THF, 15+2 °C
_—

CeHsN=C=0
615 1h

HCONHCHs (25.19)

Pyridine reduction is very slow, whereas pyridine N-oxide undergoes rapid
reduction and utilizes 3 equiv of hydride.

Both, aliphatic and aromatic disulfides such as diphenyl disulfide and di-
n-butyldisulfide undergo rapid reduction to the thiol stage, each consuming 2
equiv of the hydride, 1 equiv for hydrogen evolution and 1 equiv for reduction.
However, methylphenyl sulfide is inert toward Li 9-BBNH. Sulfoxides, sulfones,
and sulfonic acids are inert to this reagent.

A secondary tosylate, cyclohexyltosylate, is inert, whereas n-octyltosylate, the
primary one, consumes 1 equiv of hydride within 3 h to afford n-octane. This
selective conversion is useful for synthetic purposes.

n-Alkylchlorides are inert to Li9-BBNH, whereas n-alkylbromides react slug-
gishly, and n-alkyliodides react rapidly. n-Hexyliodide and n-octylbromide each
consumes 1 equiv of hydride within 1 and 6.0 h, respectively, whereas n-octyl-
chloride is inert, showing the order of the reaction as R-I > R-Br >> R-CI [18].
The rate of reduction in case of bromides is primary alkylbromide >> secondary
alkylbromide. A secondary alkylbromide is almost inert to Li 9-BBNH. There-
fore, it is possible to reduce alkyliodide or bromide selectively in the presence
of alkylchloride. And it is also possible to reduce a primary alkylhalide in the
presence of the secondary.

In summary, the reactivity of various functional groups toward Li 9-BBNH is
classified into four broad categories [18]: (1) rapid- or fast-reduction aldehyde,
ketone, ester, lactone, acylchloride, acid anhydride, epoxide, disulfide, n-alkyli-
odide, and tosylate; (2) slow-reduction tertiary amide, alkylbromide, and aro-
matic nitrile; (3) sluggish-reduction carboxylic acid, aliphatic nitrile, primary
amide, nitro and azoxy compounds, and secondary alkylbromide and tosylate;
(4) inert olefin, oxime, alkylchloride, sulfoxide, azo-compound, sulfide, sulfone,
and sulfonic acid.

254
With B-Siamyl-9-BBN

B-Siamyl-9-BBN, [B-(3-methyl-2-butyl)-9-BBN] [20], is prepared by the hy-
droboration of 2-methyl-2-butene with 9-BBN. The reagent reduces a variety
of functionalized aldehydes to the corresponding alcohols (Table 25.9; Chart
25.11) [21].
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Table 25.9 Reduction of all aldehydes to alcohols with B-siamyl-9-BBN in THF at reflux tempera-
ture [21]

Product GCyield (%)
CH,(CH,),CH,0H 103
(CH,),CCH,0OH 101
(CH,),C=CH(CH,),C(CH,)=CHCH,OH 100
CH.,CH=CHCH,OH 82
CH.CH,0H 97
p-CIC,H,CH,0H 92
p-CH,OC,H,CH,0H 97
p-(CH,),NC,H,CH,0H 92
p-O,NC,H,CH,0H 76

\ \
@BCH(CH3)CH(CH3)2 + RCHO %ﬁ BOCH;R + CH;CH=C(CHs),

O
\ H>NCH,CH,OH N\
b »CHy j l
@/BOCHZR —Eoo 0oc = RCHOH + B\N
Hy

Chart 25.11

Further, it is reported [21] the ability to selectively reduce the aldehydes even
in the presence of unhindered ketones. Competition experiment of benzal-
dehyde and acetophenone with 1 equiv of B-siamyl-9-BBN results in a >95%
reduction of the aldehyde in 2 h, with no detectable reduction of ketone. The
ketones are reduced at least 100-200 times slower are than the aldehydes [21].

25.5
With Lithium 9,9-Di-n-Butyl-9-Borabicyclo[3.3.1]nonanate

It has been found that lithium-9-methyl-9-#-butyl and lithium-9,9-di-n-butyl-
9-borabicyclo[3.3.1]nonanates are capable of selective removal of halogen atom
from tert-alkyl, benzyl, and allylic halides to afford the corresponding hydrocar-
bons in excellent yields, without concomitant attack on the secondary, primary,
and aryl halide (Chart 25.12) [22].
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N\ R
= @ " r.t e
@B{) L+ R"X Toxare > R"H + LiX + Borane
RN
A=R'=R"=n-Bu R'" = tert-alkyl, benzyl, allyl
B=R'=CHj; R"=n-Bu
Chart 25.12

The, lithium di-n-butyl ate complex [A] of 9-BBN is found [23] to be better
than the mixed ate complex [B]; the white gel of di-n-butyl of the ate complex is
prepared [23] by treatment of B-n-butyl-9-BBN with 1 equiv of n-butyllithium
in pentane or hexane. There is a significant effect of the solvent in the reaction.
In benzene or hexane the reduction of benzylchloride is completed within 1.5 h,
whereas in THF 85% of benzyl chloride is recovered [23].

The reaction is carried out by adding alkyl halide to the white gel of lithium
9,9-di-n-butyl-9-borabicyclo[3.3.1]nonanate suspended in hexane, and the re-
action is quenched with alkaline hydrogen peroxide. The results are summa-
rized in Table 25.10 [23]. Tertiary alkylhalides are smoothly converted to the
corresponding alkanes, whereas primary and secondary halides are inert under
the reaction conditions.

The reactivities of organotin hydrides [24] and chromium (II) complex [25]
toward alkyl halides are also in the order of tertiary > secondary > primary al-
kylhalides. However, this trend is much stronger with the ate complex of 9-BBN
than that with these reagents. Consequently, the high selectivity, gentleness,
and convenience exhibited by the reagent has the practical synthetic applica-
tion (Eq. 25.20) Benzylic halides are also reduced easily (entries 11-13, Table
25.10), whereas aryl and vinylhalides are inert (entries 19, 20). Benzylic geminal
dihalides are reduced stepwise (entries 16, 17). The reaction of 1-phenylallyl-
chloride [26] which also contains 33% of cinnamyl chloride with an equiv of ate
complex of 9-BBN affords mixture of allylbenzene (36%) and B-methylstyrene
(66%).

(et
B—(n-Bu),Li, hexane
> (25.20)
Br r.t.,24h
Br

Br
57%

The hydride source in the reduction is the bridged a-carbon as reduction
of benzylchloride with lithium di-n-butyl-9-BBN ate complex gives exclu-
sively bicyclo[3.3.0]oct-1-yldibutylborane [27] (oxidation of this gives cis-
bicyclo[3.3.0]octan-1-ol, 79%) and n-butanol (200%) in addition to toluene. The
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Table25.10 Reduction ofvarioushalides withlithium 9,9-di-n-butyl-9-borabicyclo[3.3.1]nonanate

in hexane at 20 °C[23]

Entry Substrate Time Product Yield
(h) (%)
n-C,H,C(Br)(CH,)(C,H,) 3 n-C,H,CH(CH,)(C,H,) 98
2 n-C,H,CCI(CH,)(C,H,) 3 n-C,H,CH(CH,)(C,H.) 94
Br H
3 3 90
CyHs CoH5
4 1-Bromoadamantane 4 Adamantane 100
C,H, Br 16 C,H,, 1
6 C,H, Br 6 C,Hy, 8
(at 60
oC)
7 C,H,,CHBrCH, 16 CyHy 3
8 C,H,,CHBrCH, 6 C,Hy, 39
(at
60 °C)
9 X 18 <:>—H 0
(X=ClL, B
10 Cl 16 <:><H or <:><H 0
cl Cl H
11 CH,CH,C1 05  C/H,CH, 100
12 CH,CHCICH, 18 CH.CH, C.H,
13 CH,CHBrCH, 18 C,H.C,H, 81
14  CH,CH,CH,Br 18 C,H.C,H, 2
15 C,H,CHBrCH,Br 18 C,H,CH,CH,Br 60
16  CH.CHCI, 18 C,H.CH,CI 49
17 CH,CHCl? 18 CH.CH, 50
18 C,H.CH=CHCH,Br 18 C,H.CH=CHCH, 90P
19  CHCI 18 C.H, 0
20  CH,CH=CHBr 16 CH.CH=CH, 0

* Two equiv of reagent are used.
® Alkylbenzene (10%) is produced.

possibility that the reducing species is R,BHLI, a known and efficient reagent for
dehalogenation [28] and is often derived from the reaction of a trialkylborane to
a bulky alkyllithium [29], is ruled out because of the absence of IR absorption of
the B-H bond of such a borohydride (at 4-6 ) [30].
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The reactivity order of alkylhalides that is tertiary > secondary > primary
suggests the reaction does not proceed via S, mechanism but via radical or car-
bocation like mechanism. To discriminate between the two mechanisms: 1,1-
dimethyl-5-hexenyl chloride is reacted with tributyltin hydride (which involves
radicals) and with the lithium di-n-butyl-9-BBN ate complex. It is well known
that 5-hexenyl radicals undergo cyclization to give cyclopentylmethyl radicals
[31], whereas hexenyl cation cyclizes to cyclohexyl cation [32]. As reduction
with ate complex (Chart 25.13) affords none of the cyclopentyl derivatives, thus
rules out the radical mechanism.

k— O OO

Cl
50% 40% 5%
Q @ [\ 0, 0
B—(n-Bu)le/CéHf;—Céle 33% 0% 7%
/
0°C,1h
Chart 25.13

Further, the reduction of 1,7,7-trimethylbicyclo[2.2.1]hept-2-ylchloride
(2-chlorocamphane) with the lithium di-n-butyl-9-BBN ate complex proceeds
with skeleton rearrangement to afford 2,2,3-trimethylbicyclo[2.2.1]heptane, iso-
camphane. In contrast, reaction of 2-chlorocamphane with tributyltinhydride
affords exclusively 1,7,7-trimethylbicyclo[2.2.1]heptane, bornane (Scheme
25.2). Consequently, the rearrangements of alkyl halides with the ate complex of
9-BBN are assumed to proceed through the intermediacy of a carbocation.

\O ®

B—(n-Bu),Li
BuzSnH =
~ Cl -

Bornane (Camphane) 2-Chlorocamphane Isocamphane

Scheme 25.2
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The reduction of cis-and trans-4-t-butyl-1-methylcyclohexyl chloride with
lithium di-n-butyl-9-BBN in hexane gives 4-t-butyl-1-methylcyclohexane, with
partial inversion of configuration in cyclohexane, whereas in benzene both cis
and trans isomers afford thermodynamically stable trans-4-t-butyl-1-methylcy-
clohexane, predominantly (Scheme 25.3) [23].

Me CI CL Me [ Me | B
i \oO @
' ' B— (n-Bu),Li n-Bu __Bu-n
B
+ > v
Collo <
t-Bu t-Bu | t-Bu |
Me
+
-Bu -Bu
cis 20-30% trans 70-80%
Scheme 25.3

The predominant formation of thermodynamically stable trans isomer from
cis-and trans-chloro compounds in benzene (homogeneous condition) is ex-
plained [23] due to the trap of the dissociated carbocation intermediate, as
shown in Scheme 25.3. The partial inversion of configuration under heteroge-
neous conditions in hexane (ate complex is insoluble in hexane) is attributed to
the nucleophilic attack of the second molecule of the ate complex to the carbo-
cation, which still has a very weak interaction with the leaving 9-BBN moiety.

The lithium di-n-butyl ate complex of 9-BBN also exhibits high chemose-
lectivity, where aldehyde is preferentially reduced in the presence of a ketone.
The reagent also discriminates between the regioisomers of ketone, as shown in
Chart 25.14 [33].
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Chart 25.14

Cyclohexenone is reduced to cyclohexanone, whereas excess reagent leads to
the formation of cyclohexanol. Cyclohexanone is preferentially reduced in the
presence of benzyl chloride. Under the reaction conditions, methyl benzoate
and benzylcyanide do not undergo reduction. Consequently, the lithium di-»-
butyl ate complex of 9-BBN permits [33] the chemoselective reduction of alde-
hydes in the presence of ketones, esters, and nitriles.

A further study of the rate of reduction of various ketones reveals that the
reactivity varies with electronic and positional environments of carbonyl groups
(Table 25.11) [33].

Table 25.11 Relative reactivity of ketones toward lithium-di-n-butyl ate complex of 9-BBN [33]

Ketone R? Ketone R?

Cyclohexanone 1 Phenylethyl ketone 0.22
Cycloheptanone 0.5 Phenyl-n-propyl ketone 0.06
Cyclooctanone 0.4 Phenylisopropyl ketone 0.03
p-Chloroacetophenone 1 2-Heptanone 0.78
Acetophenone 0.51 3-Heptanone 0.43
p-Methoxyacetophenone 0.18 4-Heptanone 0.03

The equimolar mixture (2-mmol scale) of the ate complex and substrate in hexane are stirred for
5 h, and then the reaction mixture is quenched.
* R = yield of the alcohol based on ketone. R = 1 indicates formation of alcohol in 100% yield.

A noteworthy discrimination is between phenylethyl ketone and phenyl
n-propyl ketone and between 3-heptanone and 4-heptanone. The presence of
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methanol enhances regioselectivity, although it decreases conversion. Transla-
tion of these intermolecular results of ketones to an intramolecular diketones
are demonstrated in Chart 25.15 [33].

\o @
0 (/B—(n-Bu)zLi, MeOH OH
R—g@CH2CH2CCH3 veon R—g@CHZCH2CHCH3

1
+

R—(gH CH,CH ECH
Isolated yield of ketol 1:2 212 3

a,R=Ph  77% ~100:0 2
b,R=i-Pr 69% >99:<]
c.R=n-Pr 59% 97.3
d,R=Et 57% 90:10
R=Me 60% 83-17

Chart 25.15

The lithium-di-n-butyl-9-BBN ate complex exhibits a “reversed” regioselec-
tivity in the reduction of epoxides [34]. For example, aromatic epoxides are re-
duced from the most hindered site, whereas aliphatic epoxides are attacked at
the least hindered position (Chart 25.16) [34].

€] ©)
/ O\ B—(n-Bu),Li
PhCH—CH,

» PhCH,CH,OH
3h 99%
o ®
/O\ B—(n-Bu),Li
n-CgH,CH—CH, > n-CgHy7,CH(OH)CH3 + n-CgH;7CH,CH,OH
20h 3% o

Chart 25.16

These results contrast with the reduction of LiAlH, or LiEt,BH, which show
Markovnikov ring opening or the mixed hydrides, such as LiAlH,-AICI, or
BH,-BF, which show anti-Markovnikov ring coupling [35-37].
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25.6
With 9-BBN Derivatives (as Catalysts)

For reduction, lithium borohydride [38] has an advantage over sodium boro-
hydride, as it is readily soluble in simple ether solvents. Lithium borohydride
reduces selectively the esters in the presence of other reducible groups. The re-
duction of esters proceeds smoothly but relatively slowly. However, it is found
[39] that in the presence of 10 mol% of lithium-9-boratabicyclo[3.3.1]nonane,
Li 9-BBNH, or lithium triethylborohydride, LiEt,BH strongly catalyzes the re-
duction of esters by lithium borohydride in diethyl ether. Catalytic effects have
also been observed with B-OMe-9-BBN, LiB(OMe),-9-BBN, and LiEt,BOMe
(Table 25.12) [39].

Table 25.12 Rate of reduction of ethyl caproate by LiBH, in the presence of various catalysts in
ether at 25 °C[39a]

Percentage reaction

Catalyst 05h 1h 2h 4h 8h 24h
No catalyst 17 28 41 65 100 100
LiEt,BH 80 100 100
\ _H
. e
Li B 100 100
H
LiEt,BOMe 83 98 100
L \ _OMe
1 B\ 100 100
OMe
BF,-OEt, 21 35 50 73 100 100
BH, THF 10 14 18 26 53 62
n-Bu,B 22 98 100
B—OMe g0 103
n-OctB(OMe), 92 100
(MeO),B 52 100
(PhO),B 14 30 45 68 98
(n-DodO),B® 26 46 100

* [Ester] = 1.0M, [LiBH,] = 1.0 M, [catalyst] = 0.1 M.
® n-Dod n-dodecyl.
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Further, it is found that B-OMe-9-BBN is for more powerful than any other
species examined (Table 25.13). Another advantage of this reagent is its easy
removal from the product. B-Methoxy-9-BBN forms the hydroxy derivative,
which is soluble in sodium hydroxide as the ate complex. Consequently, it pro-
vides a practical method for the reduction of esters in the presence of reducible
groups such as chloro and nitro (Table 25.13) [39].

Table 25.13 Reduction of esters by lithium borohydride in refluxing ether in the presence of B-
methoxy-9-BBN or methyl borate [39]

Ester Catalyst Product Reduction Yield
time (h) (%)
Ethyl caproate (MeO);B 1-Hexanol 1.0 82
Methyl stearate B-MeO-9-BBN  1-Octadecanol 0.5 97
Ethyl cyclohexane- (MeO),B (Hydroxymethyl)- 1.0 80
carboxylate cyclohexane
Ethyl pivalate (MeO),B 2,2-Dimethylpropanol 1.0 81
Ethyl-1-adaman- (MeO),B 1-Adamantanecarbinol 1.0 90
tanecarboxylate
Ethyl benzoate B-MeO-9-BBN  Benzyl alcohol 2.0 81
Ethyl-4-chlorobenzoate B-MeO-9-BBN  4-Chlorobenzyl alcohol 1.0 90
Ethyl-3-chloro propionate  (MeO),B 3-Chloro-1-propanol 0.5 84
Ethyl-4-nitrobenzoate B-MeO-9-BBN  4-Nitrobenzyl alcohol 0.5 91

Ester = 20 mmol (2 M), LiBH, = 11 mmol (1.1 M), catalyst = 2 mmol (0.2 M).
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26 Asymmetric Reduction

The synthesis of optically active compounds is challenging problem before or-
ganic chemists. The main interest lies in the biologically active and pharmaceu-
tical compounds. A large number of drugs, agrochemicals, food additives, and
flavoring agents are being prepared by total synthesis. The racemic compounds
thus formed in the course of reaction sequence are normally resolved at the end
of the synthesis. This procedure thus leads to the wastage of half of the synthetic
product, which is discarded. Moreover, resolution is usually a tedious and labo-
rious process.

Asymmetry in organic molecules [1] and concept of asymmetric synthesis
[2] are known for nearly a century. The tragedy of thalidomide babies is one of
the necessities to get enantiomerically pure pharmaceuticals, emphasizing the
desirability of achieving asymmetric synthesis [3].

In an asymmetric reaction [4, 5] the reactants combine to form diastereo-
meric states, and one of the two reactants must have chiral center to induce
asymmetry at the reaction site. Generally, asymmetry is created when the sp?
carbon is converted to sp* carbon, and one such functionality in organic com-
pounds involves the conversion of prochiral >C=0 to asymmetric >CH-OH.

In the last three decades, the asymmetric reductions of carbonyl compounds
have been actively investigated by organic chemists [6].

The chosen asymmetric reducing agent is required to mimic the action of
enzymes. Consequently, the reagent must be catalytic, selective, and yield prod-
ucts of high enantiomeric purity. In addition, the desired reagents should be
inexpensive, easy to handle, tolerant of “typical” organic solvents and functional
groups, effective on a wide range of substrates, allow for the easy isolation of
products, and be available in both enantiomeric forms.

Trialkylboranes, however, do not contain an active hydrogen on boron, yet are
made to react (e.g., with carbonyl moiety) under forcing conditions of heat or
by careful selection of organoborane structure. The reaction proceeds through a
bimolecular six-membered state in which the p-hydrogen of the organoborane
is transferred to the carbonyl carbon (Eq. 26.1) [7]. Organoboranes are tolerant
of many functional groups and thus can be used in the presence of wide variety
of system [8].
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(26.1)

In addition to asymmetric hydroboration of C=C, the hydroborating re-
agents also exhibit remarkable asymmetric induction in the reduction of the
carbonyl moiety. Chiral organoboranes derived via hydroboration with 9-BBN
are proven to be highly useful for the asymmetric reduction. The characteristics
of asymmetric induction in the reduction of prochicral carbonyl compounds of
individual chiral organoboranes are discussed in this chapter.

26.1
Alpine-Borane

26.1.1
Reduction of Aldehydes

Optically active primary-1-deuterio alcohols are important class of compounds,
as these have been extensively studied for mechanistic studies of chemical and
biochemical reactions [1]. However, their preparations are tedious or inefficient
[2]. The preparation of these alcohols generally involves the fermenting yeast
reduction of the corresponding deuterated aldehydes. Although high optical
purity is achieved, the process is tedious and not amenable to large-scale prepa-
ration.

Midland has found that certain B-alkyl-9-BBN compounds reduce benzalde-
hyde at a much faster rate than the corresponding trialkylboranes, under mild
conditions [4]. Midland has further demonstrated [5] that chiral organobo-
rane, B-3-pinanyl-9-BBN, prepared from (+)-a-pinene (92%, ee) and 9-BBN,
reduces benzaldehyde-a-d [6] with high enantiomeric yield, approaching those
obtained from enzyme. The process is extremely simple and can be performed
on a large scale. The reaction is completed within 2 h at room temperature, with
slight excess of B-3-pinanyl-9-BBN. The excess organoborane is destroyed with
volatile aldehydes. The generated pinene is removed under vacuum and can be
recycled. 9-BBN is precipitated by the addition of 1 mol of ethanolamine [7,
12]. The process affords (S)-(+)-benzyl-a-d-alcohol when (+)-a-pinene is used
(Chart 26.1).

The systematic studies conducted by Midland and coworkers [8] have shown
that among the various B-alkyl-9-BBN obtained from (+)-a-pinene, (-)-p-pi-
nene, (-)- camphene, and (+) 3-carene (Chart 26.2), B-3-pinanyl-9-BBN (Alpine-
Borane) shows remarkable enantioselectivity as illustrated in Table 26.1 [8].
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Distilled off

(S)-(+)-Benzyl-a-d-alcohol
yield 81.6%, 95% ee

Chart 26.1

Table 26.1 Reduction of benzaldehyde 1-d with chiral B-alkyl-9-BBN reagents [8]

Reagent from ee (%) Configuration of benzyl-(a)-d-alcohol
(+)-a-Pinene 90 S-(+)
(-)-B-Pinene 47 S-(+)
(-)-Camphene 75 R-(-)
(+)-3-Carene 61 S-(+)

X

Chart 26.2

The, B-3-pinanyl-9-borabicyclo[3.3.1]nonane or Midlands reagent or Al-
pine-Borane is commercially available [9].
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As indicated in Table 26.1, (S)-(+)-benzyl-a-d-alcohol (Eq. 26.2) of 90% ee is
obtained by using 92% enantiomerically pure a-pinene; the results thus repre-
sent an essentially complete asymmetric reduction. Such an exceptionally high
degree of asymmetric induction in the reduction of deuterated aldehyde thus far
is unknown in nonenzymatic system.

(26.2)

Now both (+) and (-)-a-pinene of optical purities approaching 100% ee are
readily available [10].

It is observed that tertiary B-hydrogen (relative to boron) preferentially re-
acts in the presence of secondary or primary -hydrogen [4]. Consequently, the
hydrogen added via the hydroboration process is the reducing hydrogen. The
chiral organoborane obtained by the deuterioboration of (+)-a-pinene with
9-BBN-9-D, quantitatively, transfers deuterium to benzaldehyde (Eq. 26.3).

(R)-(-)Benzyl-a.-d-alcohol
(26.3)

Therefore, this avoids the necessity of prior preparation [6] of 1-deuterated
aldehydes. The absolute configuration of the major products are consistently
(R)- when deuterated Alpine-Borane (from (+)-a-pinene) is used for the reduc-
tion. The product of (S)-configuration is readily obtained by using deuterated
B-3-pinanyl-9-BBN prepared from (-)-a-pinene and 9-BBN-9-D. On the other
hand, reduction of deuterated aldehyde with Alpine-Borane from (+)-a-pinene
affords (S)-alcohols and (R)-alcohols are obtained when (-)-a-pinene is used
(Chart 26.3).
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+ RCDO ——> RCHDOH <-—— + RCHO
(S)-alcohol

(R)-Alpine-Borane

+ RCHO ———> RCHDOH <-—— + RCDO
(R)-alcohol

(S)-Alpine-Borane

Chart 26.3

The results of reduction of aldehydes with Alpine-Borane are summarized in
Table 26.2 [8].

Table 26.2 Reduction of aldehydes with deuterated B-3-pinanyl-9-BBN [8]

Aldehydes Alcohols ee ee ee
(%) (%) (%)
CH,CH,CH,CHO CH,(CH,),CHDOH 83 101 101
CH,(CH,),CHO CH,(CH,),CHDOH 64 83 89
(CH,),CCHO (CH,),CCHDOH 70 91 98
CH,CH=CHCHO CH,CH=CHDOH 60 78 84
CH, 58 75 81

|
(CH;),C=CH(CH,),C=CHCHO

CH,CHO CH,CHDOH 70 91 98
p-CIC;H,CHO p-CICH,CHDOH 87 94 101
p-O,NCH,CHO p-O,NCH,CHDOH 86 93 100
p-CH,C,H,CHO p-CH,C,H,CHDOH 76 83 89
p-CH,0C,H,CHO p-CH,0C,H,CHDOH 70 76 82
p-(CH,),NCH,CHO p-(CH,),NC,H,CHDOH 61 66 71

¢ The percent ee is measured by carbinyl proton area, using Eu(hfc),. The undeuterated product
contributes to both the peaks and that results to low values.

® The percent ee values are corrected because different samples of 9-BBN-9-d were used for deu-
teration. The value of first entry is corrected for 90% deuteration, next five for 87% deuteration
and remaining values for 96% deuteration.

< The corrected values as (+)-a-pinene used was 93% ee (100% ee for the first entry)

The results in Table 26.2 show that steric effects have little influence on the
reduction. The electron-withdrawing groups in benzaldehyde increase the en-
antiomeric purities, which surprisingly are accompanied by an enhancement
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in the rate of reduction. Normally, the faster the reaction, the less selective it
should be. The loss of selectivity is attributed to a competitive dehydrobora-
tion-reduction mechanism that leads to inactive product (Scheme 26.1) [11,
12]. Therefore, in the faster reduction dehydroboration becomes remote, and
the product is obtained from chiral reagent (Scheme 26.1).

o OB@
)]\ “Cyclic mechanism” )\
© R R’

R R’
Optically -active

O
L, 7
R R’ }\
Racemic
Scheme 26.1

Consequently, a deuterated B-3-pinanyl-9-BBN finds applications in the re-
duction of variety of aromatic, aliphatic, and a,B-unsaturated aldehydes to the
corresponding chiral primary 1-deuterio alcohols either with (R)- or (S)-con-
figuration.

The following model (Fig. 26.1) explains the delivery of deuterium for chiral
reduction of aldehydes from Alpine-Borane prepared from (+)-a-pinene.

The reagent is also used to prepare chiral tritium labeled alcohol [13].

&)

i
O

Fig. 26.1 Deuteride delivery by Alpine-Borane-A model for chiral reduction of aldehyde
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26.1.2
Reduction of Ketones

The availability of both enantiomeric pinenes and the ability to recycle the pinene
ligands make Alpine-Boranes attractive reagents for asymmetric reduction. The
reagents are the most stereoselective reducing agents [1-4]. Consequently, the
ketones of moderate steric bulk [5] and those containing electron-withdrawing
groups [1], a-haloketones, and a-ketoesters [3, 4a, b, 5] are reduced to the cor-
responding alcohols in high asymmetric induction. The cyanoketones give the
amino alcohols in high ee [4c]. However, the reduction of typical ketones is less
straightforward; alkyl ketones and arylalkylketones are reduced very slowly and
often several days or even weeks are required for complete reaction. In general,
the longer the reaction time, the lower the enantiomeric purity.

26.1.2.1
Reduction with Alpine-Borane, under Pressure

Reduction of Prochiral Ketones

Similar to the reduction of aldehydes, reduction of ketones with Alpine-Borane
also involves two competing reaction pathways, a bimolecular p-hydride elimi-
nation process (cyclic mechanism) affording optically active product [6], and
a dehydroboration-reduction sequence yielding racemic product [2] (Scheme
26.1).

It is found that the undesired dissociation process is suppressed by carrying
out the reaction at elevated pressure (up to 6.08x10° Pa) along with the enhance-
ment of the rate of desired reaction [7]. In selected cases enantiomeric efficien-
cies approaching 100% are achieved. Acetophenone is reduced in 3 days with
100% ee at 2.03x10® Pa (Table 26.3) [8] and in less than 24 h at 6.08x108 Pa.

Table 26.3 Asymmetric reduction of prochiral ketones with Alpine-Borane at 6.08x10° Pa [8]

Ketone Pressure (Pa) Reaction Percentage ee*  Percentage
time (days) reduction
Acetophenone 1.01x10° 8 87 80
6.08x10° 25 92 (100) 78
2-Octanone 1.01x10° 7 57 -
6.08x10° 3.5 63 (68) 90
3-Methyl-2-butanone ~ 1.01x10° 29 52 50
6.08x10° 10 79 (86) 71

2 92% ee a-pinene is used. The values in parentheses are corrected for the pinene purity.
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The results of the reduction of ketones at 6.08x10® Pa at 25 °C are shown in

Table 26.4 [8].

Table 26.4 Asymmetric reduction of prochiral ketones with Alpine-Borane at 6.08x10° Pa [8]

Ketone Reaction Isolated  Percentage ee® Percentageee Configu-
time yield (%) (6.08x10°Pa) (1.01x10°Pa) ration
I
1 day 63 58 (63) 57 S
(0]
\Hk 1 day 47 83 (90) 67 S
(0]
>Hk 9 days No reaction
(0]
/\/lk 11h 67 45 (49) - S
X
O
é}i\/\k 18h 69 45 (49) 38 S
(0]
w 23h 90 65 (71) 58 S
(0]
@ 1 day 38 (41) 34 S
O
@ 1 day 80 92 (100) 87 S

2 92% ee pinene is used. The values in parentheses are corrected for the pinene purity.
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Table 26.4 (continued) Asymmetric reduction of prochiral ketones with Alpine-Borane at 6.08x10°
Pa [8]

Ketone Reaction Isolated  Percentage ee® Percentage ee Configu-
time yield (%) (6.08x10°Pa) (1.01x10°Pa) ration
(0
4 1.5days 67 92 (100) 90 S
X
N
0
@;(\5 3days 43 82 (89) 52 s
0
©/L CF3 3days 46 50 (54) 18 R
O O
M 1.5days 60 57 (62) 52 R
t-Bu
0
5.5days 65 69 (75) - N

o

2 92% ee pinene is used. The values in parentheses are corrected for the pinene purity.

The asymmetric induction decreases at elevated temperature at 6.08x10* Pa
(Table 26.5) [8].

The results of Table 26.4 along with other data [8] describe that the relative ste-
ric requirements of the groups on ketone are categorized as: very small (C=CH,
C=N, H, D), small (CH,, COOCH,), medium (n-alkyl, trans-RHC=CH), me-
dium large (CF,, i-Pr), large (Ar), and too large (¢-butyl). Effective asymmetric
reductions are achieved when groups from nonadjacent categories are attached
to the carbonyl moiety [8].

The ketone approaches the borane, such that boat-like transition state is
formed (Fig. 26.2). Consequently, the absolute configuration of the product al-
cohol can be predicted from the model [8].
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Table 26.5 Asymmetric reduction of prochiral ketones at elevated temperatures and pressure [8]

Ketone Pressure (Pa) Reaction Temp (°C)  Percentage ee* Percentage
time reduction
Acetophenone  1.01x10° 8 days 25 87 80
6.08x108 2.5 days 25 92 78
6.08x108 13h 40 88 88
6.08x108 14h 66 71 100°
2-Octanone 1.01x10° 7 days 25 57 -
6.08x10° 3.5 days 25 63 90
6.08x108 16 h 55 46 100°
a-Tetralone 1.01x10° 29 days 25 52 50
6.08x108 10 days 25 79 71
6.08x108 16 h 57 38 70

2 92% ee pinene is used. In all cases the S alcohol is obtained.
b No ketone is detected.

o OH

/U\ Alpine-Borane
R

Favored )
Disfavored

S small, L large

Fig. 26.2 Cyclic transition states for asymmetric reduction of ketone

Reduction of Ketones with Chiral Centers

The reduction of ketones containing chiral center is studied using (R)-Alpine-
Borane obtained [8] from (+)-a-pinene. The chiral center plays significant role
in determining the selectivity and rate of reduction. d-Carvone gets reduced at
6.08x10® Pa in 90% yield in 3 days and provides two epimeric alcohols in a 4.6:1
ratio, predominantly equatorial alcohol (Chart 26.4). At 6.08x10® Pa [-carvone
shows no reaction with (R)-Alpine-Borane, even after 5 days. Models indicate
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that for [-carvone to approach (R)-Alpine-Borane, either the sterically demand-
ing vinylmethyl group or isopropylene group interacts with the 2-methyl group
of the pinene or bicyclononane moiety of 9-BBN.

O HO HO.,.
—_—

6.08x10° Pa
3 days, 90%

d-Carvone 4.6:1
-H
)
—~ i
6.08<10° Pa No reaction
! 5 days
/-%
[-Carvone
Chart 26.4

Methyl-substituted cyclohexanones show no discrimination between enan-
tiomers. The steric interactions are complicated by changes in the conforma-
tions of cyclohexyl rings and by the position of the substituents. The results of
reduction of chiral ketone are summarized in Table 26.6 [8].

26.1.2.2
Reduction with Alpine-Borane as Neat or in Excess

26.1.2.3
Reduction of Prochiral Ketones

Brown and Pai have reported [3] that the dissociation problem is also over-
come by carrying out the reaction with the Alpine-Borane either as neat reagent
or concentrated solutions (=2 M). The reduction of a wide range of prochiral
carbonyl compounds with good to excellent asymmetric induction has been
achieved. The reduction is performed at 25 °C by using either a 100 or 40% ex-
cess (for reactive substrate) of the reagent, synthesized by the hydroboration of
commercial available 92% ee (+)-a-pinene with 9-BBN. On completion of the
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reaction, the excess reagent is destroyed with volatile acetaldehyde or propion-
aldehyde, and liberated a-pinene is pumped off under vacuum. The free alcohol
is liberated from its borinate ester by exchange with ethanolamine [9], where
9-BBN-ethanolamine adduct precipitates out (Chart 26.5).

Chart 26.5

Alpine-borane
—_—

NH,
Ether, 0 °C
_—>

15 min

HO

s+ (O

R

The reduction utilizing 100% excess of the neat reagents is slow [5], and most
ketones require 7-14 days for complete reaction. The optical induction increases
with steric inequality of the two groups attached to the carbonyl functionality

(Table 26.7) [3, 5].

Table 26.7 Reduction of prochiral simple ketones with neat Alpine-Borane (from 92% ee (+)-a-

pinene) at 25 °C [3, 5]

Ketone Reagent Reaction Yield Percentage ee Absolute
(molar equiv) time (%) configu-
(days) ration
Observed  Correction
2-Butanone 2 10 90 40 43 N
3-Methyl- 2 14 78 57 62 S
2-butanone
3,3-Dimethyl- 2 40 40 0.6 0.7 S
2-butanone
2-Octanone 2 07 65 44 48 N
Acetophenone 1 14 68 80 87 N
Acetophenone 2 07 68 78 85 S
Acetophenone 2 3-4at 85 63 68 S

45°C




26.1 Alpine-Borane 441

26.1.2.4
Reduction of a-Haloketones

The electron-withdrawing substituents on the carbonyl compounds are known
to increase the rate of reduction [1, 2]. Higher reduction rate sometimes also in-
creases the optical induction, owing to the reaction operating via cyclic mecha-
nism rather than dissociation mechanism.

The a-haloalkylaromatic ketones (entries 1-7, Table 26.8) react with 100%
excess of neat Alpine-Borane and afford the corresponding halohydrins in ex-
cellent enantiomeric purities with high chemical yields. The a-chloroacetophe-
none as compared with a-iodoacetophenone has poor solubility in the neat re-
agent and takes 6-8 days for completion. The model proposed by Midland [1b]
correctly predicts the (R)-configuration. The (R)-configuration is a consequence
of CIP convention rather than a change in the mode of attack.

With the iodo compound (entry 3, Table 26.8), reduction is accompanied by
deiodination. Reduction of a,p-dibromoacetophenone and a-bromo-p-cyano-
acetophenone is carried out in highly concentrated (~5 M), partially hetero-
geneous solution in THE, as these compounds are insoluble in neat reagent.
The a,a,a-trifluoroacetophenone is very sluggish to react and takes 45 days to
achieve ~90% reaction, with only 32% optical induction. The sluggish reduc-
tion is attributed to the steric bulk of trifluoromethyl or to its powerful elec-
tron-withdrawing capacity. The former might make it difficult to approach the
reagent, while the latter might prevent coordination.

The chiral bromohydrins are valuable intermediates for further elaboration,
for example, in the synthesis of the alkaloid ubine [10].

Table 26.8 Reduction of prochiral a-halo ketones with neat Alpine-Borane (from 92% ee (+)-a-
pinene) at 25 °C using 100% excess reagent [3, 4a]

Entry Ketone Time Yield Percentage ee Absolute
(days) (%) configu-
Observed  Corrected ration

1 a-Chloroacetophenone 6-8 91 88.5 96.2 R

2 a-Bromoacetophenone 4 95 86 93 R

3 a-Iodoacetophenone 2 60 86 93 R

4 a,p-Dibromoacetophenone* 3 95 88 96 R

5 a-Bromo-p-cyano- 2-3 60 88 96 R
acetophenone®

6 a-Bromo-2’-acetonaphthone* 3-4 90 83 90 R

7 a,a,a-Trifluoroacetophenone 45 57 32 35 R

8 1-Bromo-3-methyl- 14 60 61 66 R
2-butanone

9 3-Bromo-3-methyl- No reaction
2-butanone

“Reaction is carried out in ~5 M THF solution.
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The aliphatic a-haloketones do not give good results. For example, 3-bromo-
3-methyl-2-butanone fails to react, and 1-bromo-3-methyl-2-butanone yields
the corresponding bromohydrin in 61% ee.

26.1.2.5
Reduction of Ketoesters

The reaction is extended [3] to the reduction of a-ketoesters, another class of
ketones, possessing powerful electron-withdrawing ester group. The reduction
of a-ketoesters with 40% excess of neat Alpine-Borane proceeds rapidly at 25 °C
(Eq. 26.4; Table 26.9) [3, 4b].

O \\\\H HO H

I B 25°C,4h >\
H;C~ COOR neat ~ pooc” CH,
(S)-Isomer
(26.4)

Except for t-butyl ester, the increase in the steric bulk has no significant affect
(entries 1, 2, 4, Table 26.9). However, increase in the steric bulk of alkyl chain
(Table 26.9) results in increase in asymmetric induction. On the other hand,
branching of the alkyl chain leads to a drastic decrease in the reaction rate as
well as in asymmetric induction (entry 11, Table 26.9). Separating the isopropyl
group from the reaction center by a methylene group leads to both increase in the
reaction rate and increase in asymmetric induction (entry 12, Table 26.9) [3].

The corresponding aromatic ketoesters such as methyl, isopropyl, and tert-
butylbenzoylformates are reduced to the corresponding mandelic esters (entries
14-16, Table 26.9) with excellent asymmetric induction, possessing (R)-con-
figurations (Eq. 26.5) [4b]. The formation of product with (R)-configuration is
in accordance with Midland’s model, which also suggests that phenyl group is
bulkier than the ester moiety.

N ® 25°C,24-48 h HO)\H
—> q

neat HsC¢~ “COOR

(R)-enantiomer

+
HsCe~ “COOR

(26.5)
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Table 26.9 Reduction of a-ketoesters with 40% excess of neat Alpine-Borane (from 92% ee (+)-a-
Pinene) [3, 4b]

Entry a-Ketoester Reaction Yield Percentage ee Absolute
conditions (%) configu-
ration
Temperature Time Observed  Corrected
) (h)
1 Methylpyruvate 25 4 64 79 86 S
2 Ethylpyruvate 25 4 81 76 83 N
3 Ethylpyruvate 0 24 81 82 89 S
4 Isopropyl- 25 4 72 72 78 N
pyruvate
5 tert-Butyl- 25 4 98 85 92 N
pyruvate
6 tert-Butyl- 0 24 98 92 100 N
pyruvate
7 tert-Butyl-2- 0 24 71 92 100 N
oxobutyrate
8 Methyl-2- 25 10- 80 88 96 S
oxopentanoate 20
9 Ethyl-2- 25 4 77 88 96 S
oxopentanoate
10 tert-Butyl-2- 0 24 79 92 100 N
oxopentanoate
11 Methyl-3- 25 8 70 10 11 R
methyl-2- days
oxobutanoate
12 Ethyl-4- 25 20 50 75 82 S
methyl-2-
oxopentanoate
13 tert-Butyl- 0 24 72 92 100 S
4-methyl-2-
oxopentanoate
14 Methyl- 25 24 95 83 90 R
benzoylformate
15 Isopropyl- 25 48 91 88 96 R
benzoylformate
16 tert-Butyl- 25 48 89 92 100 R
benzoylformate

The unexpected high asymmetric induction realized with ftert-butyl esters in
both aliphatic and aromatic systems may be due to increased +I effect of the
tert-butyl group.

The substrate with two electron-withdrawing substituents, such as ethyl a-
bromopyruvate, is made to react with a slightly less than stoichiometric amount
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of Alpine-Borane. The reaction is very fast and is completed in less than half
an hour. The product alcohol, however, has a disappointing low enantiomeric
purity of only 7.6% ee (Eq. 26.6).

0
HO H
)I\ ..... ® 25°C,0.5h N\
BriH,C coocsz ~ neat BrH,C COOC;Hs

7.6% ee
(26.6)

The low asymmetric induction is because of the comparable size of both bro-
momethyl and ethyl carboxyl groups, and the reagent has no preferred mode of
approach.

The other substrates with different electron-withdrawing substituents such
as a-hydroxyacetone, a-acetoxyacetophenone, and phenyl glyoxal monohydrate
are completely inert to Alpine-Borane. Unlike a-ketoesters, the f-ketoesters re-
act very slowly, e.g., reduction of ethylacetoacetate with 100% excess of neat Al-
pine-Borane takes 3-5 days for completion, with 50.6% asymmetric induction.

26.1.2.6
Reduction of a,f-Unsaturated Ketones

Among the a,B-unsaturated ketones, only the trans-4-phenyl-3-buten-2-one af-
fords the excellent induction (Eq. 26.7). The product alcohols have the (S)- con-
figuration (Table 26.10) [3, 5].

Table 26.10 Reduction of prochiral a,f-unsaturated ketones with neat Alpine-Borane (from 92%
ee (+)-a-pinene) at 25 °C[3]

Ketone Reaction Percentage ee
condition
Reagent Time Yield Observed Corrected Absolute
(molar equiv) (days) (%) configuration
3-Buten-2-one 1.4 5 30 60 65 S
1-Acetyl-1- 1.4 12 90 59 64 S
cyclohexene
3-Methyl-2- 1.4 12 70 18 19.6 S
cyclohexenone
trans-4-Phenyl- 1.4 10 80 89 97 N

3-buten-2-one
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WH ® HO H

< B

) e P
_—

10 days H5C6/ — CHs

0)

HsCq
89% ee
(S)-isomer

(26.7)

26.1.2.7
Reduction of Propargyl Ketones

It is significant to mention that most of the studies for asymmetric reduction are
conducted on acetophenone as a substrate. This is because most of the reducing
agents uniformly fail for nonaromatic ketones. To circumvent this problem sev-
eral research groups have investigated the reduction of propargyl ketones [11],
as the resulting propargylic alcohols are very useful in organic synthesis [12].

Midland and coworkers [13, 14] achieved the reduction of sterically less con-
gested propargyl ketones with Alpine-Borane. The reduction is accomplished
using 2 equiv of 0.5-M solutions of Alpine-Borane (Table 26.11) [14]. Termi-
nal acetylenic ketones and acetylenic ketoesters are completely reduced after 8
h at room temperature. Internal acetylenic ketones require 1-4 days at room
temperature for complete reductions. The optically active chromanyl substrates
(entries 7, 8) yield diastereomeric alcohols with (R,R):(R,S) ratios of 85:15 for
internal and 91:9 for the terminal acetylenes with the Alpine-Borane derived
from (+)-a-pinene of 100% ee. The reagent obtained from pure (-)-a-pinene af-
fords 18:82 ratio of the two diastereomeric internal propargylic alcohols.

Table 26.11 Reduction of alkynyl ketones with 100 excess, 0.5 M Alpine-Borane (from 92% ee
(+)-a-pinene) in THF [14]

Ketone RCOC=CR’

R R’ Yield ee*
1 CH, n-C,H, 72 89
2 CH, CH, 98 72 (78)
3 n-CH, n-CH,; 68 77°
4 n-CH, n-C,H, 66 78 (85)
5  n-CH,, H 70 920
6 CH(CH,), H 78 91 (99)

¢ The numbers in parentheses are corrected for 92% ee a-pinene.
® 100% optically pure (+)-a-pinene is used.
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Table 26.11 (Continued) Reduction of alkynyl ketones with 100 excess, 0.5 M Alpine-Borane
(from 92% ee (+)-a-pinene) in THF [14]

Ketone RCOC=CR'

R R’ Yield ee?

BzO.
7 CH, 77 85:15

BzO.
8 H 75 91:9
0
9  CH,0,CCH,CH, n-CH,, 75 90 (98)
10 CH, CO,CH, 59 71 (77)
11 CH,CH, CO,CH, 58 88 (96)
12 n-CH, CO,CH, 72 85 (92)
13 CH, CO,CH, 64 92 (100)
14 Z-C.H, CH=CHCH, CO,CH, 73 90
15 Z-C,H,CH=CH CO,CH, 62 98
16 C(CH,), CH, 0 -
17 CH, C(CH,), 62 73
18 CH,00CCH,CH, SiMe, - 89

@ The numbers in parentheses are corrected for 92% ee a-pinene.
® 100% optically pure (+)-a-pinene is used.

The mildness and selectivity of the reagent are illustrated in the reduction
of vinylacetylenic ketone. This ketone is extremely sensitive to acid- or base-
catalyzed isomerization of the cis double bond. (R)-Alpine-Borane (from 100%
ee (+)-a-pinene) provides the (S)-enantiomer of alcohol in >98% ee, while the
reagent from (-)-a-pinene (90% ee) gives 87% ee of (R)-alcohol (Eq. 26.8) [14].

VTV

H

Il
n-C3H17\ _CC=CCOO0C,Hs n-Can\ _CH(OH)C=CCOOC;Hs
c=cZ L > oe=cl

(26.8)
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The base-sensitive propargyl alcohol is separated by precipitating 9-BBN as
its ethanolamine adduct. In many cases the product propargyl alcohol is en-
trapped in the precipitate. This problem is overcome by oxidative workup, and
propargylic alcohol is separated from cis-1,5-cyclooctanediol by distillation or
precipitation of the diol from hexane or ether.

Midland and coworkers [1c] have reported that reduction of alkynyl ketones
affords excellent chemical and optical yields that approached 100% in many
cases. In general, under Midland’s reaction condition, for example, 4-phenyl-
3-butyn-2-one takes 48 h for complete reduction at 25 °C with 100% excess of
Alpine-Borane. On the other hand Brown has reported [3] the reduction of ke-
tones in 8-12 h, using a 40% excess of the neat reagent (Scheme 26.2; Table
26.12), and products show a substantially higher optical rotation as compared to
reported by Midland [1c].

100% Excess H OH
0.5 M in THF, 25 °C
48 h C¢C CHj3
HsC¢™
[e) 5%-6
aD+ 51.8 °, 72%ee
C
HeC o H OH
e 40% Excess
Neat, 25 °C - C/éc CH;
8-12h HsCe™
(R)-isomer
abD+ 70.3 °, 98%ee
Scheme 26.2

For low-molecular-weight acetylenic ketones such as 3-butyn-2-one, it is ad-
vantageous to use a slight excess of the ketone rather than the reducing reagent.
Though the reaction is slowed down, the asymmetric induction is not affected.
The advantage of excess ketone lies in the avoidance of destroying the excess
reagent using acetaldehyde, which produces ethanol as the side product; since
the two alcohols have fairly close boiling points, the separation of the product
needs careful distillation.

The reduction products have the same absolute configuration. Thus, the acet-
ylenic moiety exerts the same influence as hydrogen in aldehydes, i.e., it behaves
as if it were smaller than the alkyl group [1c].

The results are summarized in Table 26.12 [3].
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Table 26.12 Reduction of prochiral a,B-acetylenic ketones with 40% excess of neat Alpine-Borane
(from 92% (+)-a-pinene) at 25 °C[3]

Ketone Time (h) Yield (%) Percentage ee

Observed Corrected

3-Butyn-2-one 4 80 73 79
4-Methyl-1-pentyn-3-one 4 87 91 99
4-Phenyl-3-butyn-2-one 8-12 95 98 106.5

The ketone with t-butyl group fails to undergo reduction. However, these ke-
tones are reduced when subjected to high pressure [14] (Eq. 26.9).

Q . OH
MeyCLC=CSiMes o ézey'sl?orane Me;CCHC=CSiMes (26.9)
6.08x10° Pa 100% ee
71%

Alpine-Borane is an extremely chemoselective; benzoyl chloride, y-valero-
lactone, ethylpropiolate and phthalic anhydride are not reduced by the neat re-
agent [14] over a period of several days. Aldehydes are reduced up to 10° times
faster than ketones [15].

The chemoselectivity shown by Alpine-Borane allows one to achieve selec-
tive reduction of propargyl ketone in the presence of methyl ketone [14] (Eq.
26.10).

(0] (0] 0] OH
l Alpine-Borane

% neat %
91% ee, 80% yield

(26.10)

The selectivity of the reagent is based purely on steric grounds rather than on
an electronic effects, though electronic effects do change the rate of reduction.

The stereochemical outcome of the reduction is predicted by the following
model [14] for Alpine-Borane prepared from (+)-a-pinene. The hydride trans-
fer occurs from the boat-like transition state in which the acetylene occupies the
axial position (Fig. 26.3).
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EB;,
“0 H
HoR / + ‘C“OB®
(': RC S

C
Rr

A

Fig. 26.3 Midland’s model for a reduction of prochiral a, p-acetylenic ketones

The acetylene handle can be moved through a series of CH, units, using po-
tassium-3-aminopropylamide (KAPA) without affecting the chiral center [16]
(Eq. 26.11).

OH OH

)\ KAPA ;

R C=C(CH,),CHs R (CH,);+1C=CH (26.11)

Reduction of a carbon-carbon triple bond of acetylene produces the optically
active cis or trans allylic alcohols. The functionality and chirality of the alcohol
center may then be transferred by sigmatropic rearrangement [17] or by S,? dis-
placement [18] to remote carbon centers (Chart 26.6) [14].

26.1.2.8
Reduction of Propargylic Ketones with a-Chiral Centers

An efficient stereoselective reduction of 22-keto-23-acetylenic steroid to anti-
Cram product 22-(R)-hydroxy-23-acetylenic steroid and Cram product 22-
(S)- hydroxy-23-acetylenic steroid has been achieved using (R)-Alpine-Borane
[(+)-a-pinene, 92% ee] (125:1, R:S) and L-selectride (lithium tri-sec-butylboro-
hydride) (1:11, R:S), respectively [19] (Chart 26.7). (S)-Alpine-Borane (2 M in
THF) prepared from (-)-a-pinene (92% ee) provides unexpectedly low 1:2.7,
R:S ratio due to the influence of the a-chiral center at C-20 of the steroid, and
also the reduction is much slower than with (R)-Alpine-Borane.

Using neat (S)-Alpine-Borane the reaction is 67% complete in 92 h, and 22-
(S)- is obtained in a 7:1 ratio. It is thus apparent that for (R)-Alpine-Borane the
double asymmetric inductions are working together, whereas in (S)-Alpine-Bo-
rane they are working in opposite direction. A similar change in selectivities is
observed in the asymmetric reduction of these acetylenic ketones using (+)-
and (-)-N-methylephedrine/LAH [18]. The faster rate of reduction with (R)-
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OH OH
ARt
lCHgC(OC2H5)3 lCH3C(oczH5)3
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Chart 26.6
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OH
R
+ Alpine-Borane ¢
(2.3 equiv 02 h’

2.0 M, 92% ee)

22-(S)

R-Alpine-Borane 22-(R):22-(S)  Isolated yield

R=CH; 125:1 95%
R = C(CH3),0THF 125:1 96%
R =C(CH3),0TBDMS  125:1 96%
L-Selectride

R = C(CH;),OTBDMS 1:11 100%

Chart 26.7

Alpine-Borane reveals that there is a synergistic effect of the two chiral centers
on the rate of reduction. This suggests that it should be possible to selectively
reduce the (S)-C-20 epimer in the presence of (R)-C-20 epimer with (R)-Al-
pine-Borane.

Consequently, a-chiral site reinforces or diminish enantioselectivity as well
as influence the rate of asymmetric reduction of a-chiral alkynyl ketones with
Alpine-Borane. This type of influence of an asymmetric induction has not been
observed in the reduction of B-chiral alkynyl ketones [14, 20].

26.1.2.9
Reduction of Acylcyanide

The reduction of acylcyanide using neat (R)-Alpine-Borane affords the corre-
sponding (R)-B-amino alcohols [4c]. The reduction of acylcyanide and subse-
quent workup is not a straightforward process. The reaction of benzoylcyanide
with neat Alpine-Borane (1.5 equiv) is complete within 2 h. The cyanohydrin—
9-BBN adduct builds up to maximum, and then decreases with the appearance
of a 9-BBN-benzyl alcohol adduct. Apparently, the 9-BBN-cyanohydrin adduct
undergoes an elimination reaction to give benzaldehyde, which then undergoes
reduction. The results indicate that the desired bimolecular reduction process
can compete with the elimination reaction.

The clean reduction, however, is achieved [4c] using 15 mmol of neat solution
of (R)-Alpine-Borane and acylcyanide (10 mmol). The progress of the reaction
is monitored by '"H NMR (appearance of a-pinene signal at 5.2 ppm). The reac-
tion mixture is then treated with methanol containing cobaltous chloride [21],
followed by the addition of sodium borohydride (Eq. 26.12) [4c].
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0]
[l . (1) CoCl,, NaBH4
HsC¢—C—CN -+ (R)-Alpine-Borane >y I HCl C¢HsCHOHCH,NH,
10 mmol 15 mmol (2)3M, (-)-(R)-2-Amino-1-
phenylethanol
(26.12)

The results are summarized in Table 26.13.

Table 26.13 Yields and ee of substituted 2-ethanolamine from acylcyanides using neat Alpine-
Borane (from 92% ee (+)-a-pinene) [4c]

RCHOH CH,NH, Percentage yield Percentage ee* Configuration
CH. 77 90 (98) R
0-CICH, 74 86 (94) R
p-CH,C,H, 78 87 (95) R
m-CH,CH, 84 85 (92) R
n-CH,, 86 77 (84) R

@ The numbers in parentheses are corrected for 92% ee a-pinene. Sodium borohydride-cobaltous
chloride reduction is performed as soon as the reduction of carbonyl is complete. Warming of
the reaction mixture or longer times leads to the formation of undesired product.

26.2
NB-Enantrane

The synthesis of (S)-enantiomer of propargyl alcohol is achieved by Alpine-Bo-
rane obtained from (-)-a-pinene. However, (-)-a-pinene is an expensive reagent.
Consequently, structurally related nopol, 6,6-dimethylbicyclo[3.1.1]hept-2-en-2-
ethanol, which is a low-cost and commercial alternative to (-)-a-pinene is used.
Nopol, after conversion to benzyl ether is hydroborated [1, 2] with 9-BBN on
reflux in THF overnight to give the borane NB-Enantrane [2] (Scheme 26.3).

OBzl
(1) NaH (1) 9-BBN
2) leCl (2) A

Scheme 26.3

NB-Enantrane
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The reduction of a,B-acetylenic ketones is accomplished in 24-48 h at room
temperature by using twofold excess of NB-Enantrane and running the reaction
without solvent. Both chemical and enantiomeric yields are high (Table 26.14)
and provide (S)-propargyl alcohols. The reduction fits the steric model proposed
for Alpine-Borane reduction [3]. Nopol benzyl ether liberated after the reduc-
tion may be easily isolated during purification of the product and recycled.

Table 26.14 Reduction of a,3-acetylenic ketones with NB-Enantrane [1]

RCOC=CR’ Isolated yield %  Percentage ee Configuration
R R’

n-C.H,, H 74 95 S

n-CH,, CH, 79 91 S

n-C.H,, SiMe, 81° 9% S

n-C.H,, CO,C,H, 74 91 S

C,H, C,H, 77 94 S

Cyclohexyl n-C,H,, 84 96 S

CH, CH, 87 86 S

* During oxidative workup, the trimethylsilyl group is removed.

26.3
Eapine-Borane and Prapine-Borane

Brown and coworkers [1] have found that NB-Enantrane is effective only for the
reduction of a,B-acetylenic ketones. The reduction of other ketones is too slow
to be of any practical use. The retarded rate is attributed to the steric bulk at the
2 position since no internal coordination has been detected by "B NMR (8 86
ppm) [2]. On the other hand, Alpine-Borane has proven to be versatile reagent
for the asymmetric reduction of variety of ketones. Consequently, two reagents
B-(iso-2-ethylapopinocampheyl)-9-borabicyclo[3.3.1]nonane (Eapine-Borane)
and B-(iso-2-n-propylapopinocampheyl)-9-BBN (Prapine-Borane) having in-
creasing steric requirement at the 2 position, are prepared by the hydroboration
[3] of 2-ethyl- and 2-n-propylapopinene.

(-)-2-Ethylapopinene is prepared from the commercially available, inexpen-
sive homoallylic alcohol, (-)-nopol [a],*-37 °C (neat), as shown (Eq. 26.13) [4].

OH OTs
n-BuLi LAH
70%
(—)-Nopol (-)-2-Ethylapopinene

(26.13)
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(+)-Nopol is not commercially available. Thus, (+)-2-ethylapopinene is pre-
pared from (+)-a-pinene by the following sequence (Eq. 26.14) in high optical

purity [4].

+ +-BuOK 4 n-BuLi

(+)-0-Pinene

hexane

r.t,48h

THF/- 78°C/Mel

_78°C —» I.t.

5 65%
[a]y +46.4 (neat)

(+)-2-Ethylapopinene

(26.14)

The reagent Eapine-Borane, prepared (Eq. 26.15) from (-)-2-ethylapopinene
by hydroboration with 9-BBN have been studied for its reaction with repre-
sentative ketones and is found to react at faster rate than NB-Enantrane, but at
slightly slower rate than Alpine-Borane (Table 26.15) [1].

e
‘ _H B@
9-BBN ‘/

Eapine-Borane

(—)-2-Ethylapopinene

(26.15)

Table 26.15 Reaction of Eapine-Borane with representative ketones at 25 °C[1]

Ketone Reagent  Reaction Percentage  Percentage ee with
equiv time (days) ee Alpine-Borane
3-Methyl-2-butanone 2 20 38 62
2,2-Dimethylcyclopentanone 2 7 3 20
Acetophenone 2 20 78 85
3-Acetylpyridine 3 15 96 93
2-Chloroacetophenone 2 15 72 96
Methylbenzoylformate 1.4 3 90 90
trans-4-Phenyl-3-buten-2-one 1.4 15 32 56
2-Cyclohexenone 2 15 36 30
4-Phenyl-3-butyn-2-one 1.4 16 h 89 82
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The high asymmetric induction achieved with Eapine-Borane for the a,f-
acetylenic ketones and a-ketoesters led an examination of the reduction of a
series of a,p-acetylenic ketones (Eq. 26.16) and a-ketoesters (Eq. 26.17), and
the comparative reduction data of Eapine-Borane with Alpine-Borane are sum-
marized in Tables 26.16 and 26.17. It should be mentioned that Eapine-Borane
offers no advantage for the reduction of aromatic a-ketoesters. Thus, Eapine-
Borane is an efficient reagent for the chiral reduction of a,3-acetylenic ketones
(Table 26.16) [1] and of alkyl a-ketoesters (Table 26.17) [1], of appreciable steric

difference between the two groups on both sides of the carbonyl group.

G

/
- JH
B@ O HO, H
N Neat, r.t. '
Z R 7 R
R R

1.4 equiv

(26.16)

Table 26.16 Reaction of Eapine-Borane with representative a,(3-acetylenic ketones at 25 °C[1]

Ketone Reagent Reaction Percentage ee Percentage ee with
equiv time (h) (configuration)  Alpine-Borane
3-Butyn-2-one 1.4 12 82 (S) 77
1-Octyn-3-one 1.4 48 96 (S) 88
3-Hexyn-2-one 1.4 36 88 (S) 80
3-Nonyn-2-one 1.4 72 88 (S) 82
5-Methyl-3-hexyn-2-one 1.4 72 88 (S) 88
4-Phenyl-3-butyn-2-one 1.4 16 89 (S) 82
' JH
‘ o
B@ N H O
OR’ eat, r.t. /
+ R — R OR
O

1.4 equiv

(26.17)
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Table 26.17 Reaction of Eapine-Borane with a-ketoesters at 25 °C[1]

Ketone R R’ Reagent Reaction Percentage ee Percentage ee
equiv time (configuration)  with Alpine-

Borane (con-
figuration)

Methylpyruvate Me Me 14 4h 97 (R) 92 (S)

Ethylpyruvate Me Et 1.4 4h 95 (R) 91 (S)

Ethyl 4-methyl- t-Bu Et 14 7 days 82 (R) 51 (S)

2-oxovalerate

Methyl- Ph Me 14 3 days 90 (S) 90 (R)

benzoylformate

Ethylbenzoylformate Ph Et 1.4 3 days 89 (S) 93 (R)

Prapine-Borane is prepared neat from (-)-2-n-propylapopinene by hydrobo-
ration with solid 9-BBN, using the same procedure as used for the preparation
of Alpine-Borane and Eapine-Borane. (-)-2-n-Propylapopinene is prepared in
84% yield from nopyltosylate by treatment with dimethylcuparate, prepared in
situ [5] from methyllithium and cuprous iodide (Scheme 26.4).

OTs
_IsCl Me,CuLi Solid 9-BBN_ @
Etg,N 65 °C,6h

84% Prapine-Borane
(-)-2-n-Propylapopinene

Scheme 26.4

The rate of reduction of representative a,p-acetylenic ketones with Prapine-
Borane is slightly slower than Eapine-Borane but with improved chiral induc-
tion (Eq. 26.18; Table 26.18) [1].
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W)
n l Neat, r.t.
, e
=z R
R R

1.4 equiv

(26.18)

Table 26.18 Reaction of Prapine-Borane with representative o,(-acetylenic ketones at 25 °C[1]

Percentage ee

Ketone Reagent  Reaction  With Prapine- With Eapine- With Alpine-
equiv time (h) Borane Borane Borane

3-Butyn-2-one 1.4 12 82 (S) 82 (S) 77
1-Octyn-3-one 1.4 48 99 (S) 96 (S) 88
3-Hexyn-2-one 1.4 36 88 (S) 88 (S) 80
3-Nonyn-2-one 1.4 72 91 (S) 88 (S) 82
5-Methyl-3- 1.4 72 88 (S) 88 (S) 88
hexyn-2-one

4-Phenyl-3- 1.4 16 96 (S) 89 (S) 82
butyn-2-one

(+)-2-n-Propylapopinene is prepared, in 78% yield, via Schlésser metalation
[2] of (+)-a-pinene [3], followed by treatment with ethyliodide (Scheme 26.5).
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Etl
78 °C +

K-O-¢-Bu
Ee—

n-BulLi
-78 °C
91% 9%
THEF, r.t. HB(D
9 mol%

{))
. Distill I

(+)-2-n-Propylapopinene

Scheme 26.5

Prapine-Borane obtained from (+)-2-n-propylapopinene reacts with 4-phe-
nyl-3-butyn-2-one and provides the (R)-propargylic alcohol in 96% ee (Eq.
26.19). Thus, both enantiomers of propargylic alcohols are synthesized in very
high ee.

96% ee (R)

(26.19)

However, unlike Eapine-Borane and Alpine-Borane; Prapine-Borane fails to
provide improved asymmetric induction in the reduction of a-keto esters (Table
26.19) [1].
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Table 26.19 Reaction of Prapine-Borane with a-keto esters at 25 °C[1]

Ketone Reagent Reaction  Percentage ee Percentage ee with
equiv time (configuration)  Eapine-Borane
(configuration)
Ethylpyruvate 1.4 4h 89 (R) 95 (R)
Methylbenzoylformate 1.4 3 days 86 (S) 90 (S)
26.4

NB-Enantride

The lithium B-(isopinocampheyl)-9-borabicyclo[3.3.1]nonane hydride (Alpine-
Hydride), a highly hindered trialkylborohydride containing an asymmetric
group is obtained by treatment of Alpine-Borane with t-BuLi at -78 °C (Eq.
26.20) [1]. The ketones are reduced rapidly and quantitatively to the corre-
sponding alcohols [1] at -78 °C

D ),
’ * )<Li =25 @ @ L+ )X\

Alpine-Hydride

(26.20)

with Alpine-Hydride and affords (R)-alcohols (3-37% ee) as the major enan-
tiomers when the reagent is prepared from (+)-a-pinene. The low asymmetric
induction is attributed to the transfer of the hydride from the reagent, which
takes place one atom away from the chiral center. Midland and Kazubsky [2]
have modified the reagent, preparing it by treatment of NB-Enantrane with
t-Buli (Eq. 26.21) [2, 3].

OBn :/\OBH —
@ -BuLi_ ?@ L
H

NB-Enantrane NB-Enantride

(26.21)
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It is found that incorporation of an oxygen into the chiral ligand provides a
fixed coordination site for lithium and hence to a more rigid and thus more ste-
rically demanding transition state. The NB-Enantride reduces acetophenone to
(S)-phenylethanol (Eq. 26.22), whereas the Alpine-Borane prepared from (-)-a-
pinene gives the (R)-enantiomer [4].

~"0Bn, -
0
g ]l3<) Li H.'C,OH
—_—
HsCe > CHy H e Scmy 0 (2622)

(9)-

The results of asymmetric reduction with NB-Enantride are summarized in
table 26.20 [2].

Table 26.20 Asymmetric reduction of ketones with NB-Enantride [2]

Ketone Percentage Ketone Percentage
(configuration) (configuration)

Acetophenone 70 (S) 3,3-Dimethyl-2-butanone 2 (S)
a,a,a-Trifluoro- 50 (R) 4-Methyl-2-pentanone 30 (S)
acetophenone

Butyrophenone 54 (S) 3-Methyl-2-butanone 68 (S)

-Ionone 20 (S) 2-Butanone 76 (S)
4-Heptyn-3-one 30 (R) 2-Octanone 79 (S)

4-Phenyl-3-butyn-2-one 10 (S)

The reagent NB-Enantride is highly efficient in case of reduction of straight-
chain aliphatic ketones. The reduction of 2-octanone with 79% ee is the highest
achieved by any chemical reducing agent, thus far.

The effective asymmetric reduction of NB-Enantride for aliphatic ketones
is highly significant, as most asymmetric reducing agents are effective only for
aromatic ketones [2]. A trend of decreasing asymmetric induction is observed
with increasing size of the alkyl groups. The reduction products are isolated in
70-80% yields.

Midland and coworkers [5] have prepared several analogs of lithium NB-En-
antride in order to probe the structural features, which contribute to make this
reagent effective. The oxygen of ether plays a role in obtaining high selectivity,
since changing to nitrogen or sulfur results in drop in selectivity. However, re-
placing OCH,C H, group with methyl, i.e., the reagent prepared from 2-ethyl-
apopinene [6] shows the same selectivity as observed for NB-Enantride. This
suggests that the selectivity is due to steric effect rather than a complexation of
lithium to the ether oxygen.
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Substitution at the 11 position (Fig. 26.4) also results in drastic lower enan-
tioselectivity. It has been found that lithium cation is vital to high selectivity.
Changing the ion to any other species leads to a reagent with poorer selectivity
and much slower reducing power. The absolute configuration of the product
may be predicted using the mnemonic model (Fig. 26.4).

H
‘ 10
B,
) /L1
H —~n"
R~ 2O 4
Rsu\“‘
Rp,

A model for asymmetric
reduction with NB-Enantride

Fig. 26.4 A model for asymmetric reduction with NB-Enantride

26.5
Eapine-Hydride

Brown and coworkers [1] have reported that lithium B-iso-2-ethylapopinocam-
pheyl-9-borabicyclo[3.3.1]nonyl hydride (Eapine-Hydride), prepared by hy-
droboration of 2-ethylapopinene with 9-BBN followed by treatment with tert-
butyllithium, is as effective as NB-Enantride for the chiral reduction of prochiral
ketones (Scheme 26.6; Table 26.21) [1].

R R H
+ LB neat,65°C t-BuLi Li+
6h THF,-78°C,2h

a) R= CHj3,Alpine-Hydride
b) R = CH,CH;OBnz,NB-Enantride
¢) R = CHyCHj3,Eapine-Hydride

OH

H
THF/Et,O/Pentane >\/\/\/
-78°C,1h

@ I

Scheme 26.6
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Table 26.21 Reduction of representative ketones with chiral trialkylborohydride [1]

% ee
Class of Ketone Alpine-  NB-Enantride Eapine-Hydride
ketone® Hydride

-78°C  -78°C  -100°C -78°C  -100°C

I 2-Octanone 33 62 79 70 77
I 3-Methyl-2-butanone* 36 - 68 - 77
I Acetylycyclohexane 27 65 80 70 80
11 2,2-Dimethyl- 01 0.5 - 07 -
cyclopentanone*
111 Acetophenone* 20 63 70 56 61
\% 2-Chloroacetophenone* 04 41 - 48 -
X 4-Phenyl-3-butyn-2-one* 05 - 10 05 -

Those marked with asterisks are the selected representatives of the class indicated.
* Brown HC, Park WS, Cho BT, Ramachandran PV (1987) ] Org Chem 52:5406.

26.6
K-Glucoride

The synthesis of potassium 9-alkoxy-9-boratabicyclo[3.3.1]nonanes (K9-OR-9-
BBNH) [1, 2] involves the reaction of 9-BBN with alcohols (Eq. 26.23), followed

THF

@B_OR R THF o @B/H (26.24)
~N
(Excess) OR

by the conversions of resulting borinic esters into the corresponding potassium
dialkylmonoalkoxy borohydrides by treatment with excess potassium hydride
(Eq. 26.24). Consequently, Brown and coworkers [3] have synthesized a series
of chiral-9-alkoxy-9-borabicyclo[3.3.1]nonane derivatives, by the reaction of 9-
BBN with several readily available chiral alcohols, such as (-)-iso-pinocampheol
(1), (+)- menthol 2), (-)-4-isocaranol (3), (+)-trans-2-methylcyclopentanol (4),
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and (-)-1,2,5,6-di-O-iso-propylidene-a-p-glucofuranose (6) and also a chiral
borinic ester possessing a cyclic chiral dialkylboryl moiety, (+)-2-(cyclohexy-
loxy)-4,8-dimethyl-2-borabicyclo[3.3.1]nonane (5a) (Chart 26.8).

W
W

9-BBN
THF, 25°C

(1)

9-BBN

THF, 25°C
"OH

@

9-BBN
THF, 25°C

@

: OH
O™
THE, 25°C

(C)]

+ BH,CI.OEt,

X
(©)

Chart 26.8

Et,O
_—

OChx

5b
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>(° >
O THF 0 0O
—H + 0] — —
@B H HO 25°C @B ©
-H, 0

9-O-DIPGF-9-BBN
DIPGF (6) (6a)

KH
THEF, 25°C

K-Glucoride (6b)

Chart 26.8 (continued)

These chiral borinic esters are readily converted into the corresponding chiral
dialkylmonoalkoxyborohydrides by treatment with excess potassium hydride
(Eq. 26.25) in THF at 25 °C with one exception of (+)-9-(menthyloxy)-9-BBN
(9-O-Men-9-BBN),

R*O_ -
R*—B—O@ + KH % K H,B@ (26.25)

Excess
1a—6a ( )

1b—6b
R* = Chiral alkyl

which requires 15 days at 65 °C (refluxing THF). These chiral dialkylmono
alkoxyborohydrides are stable at 25 °C for several months. These reagents are
tested against acetophenone and 2-methyl-2-butanone for chiral reductions
(Table 26.22) [3].
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Table 26.22 Asymmetric reduction of acetophenone and 3-methyl-2-butanone with chiral dial-
kylmonoalkoxyborohydride [3]

Chiral dialkylmono- Acetophonone 3-Methyl-2-butanone

alkoxy borohydrides
Time  Yield  Percentage Time  Yield  Percentage
(h) (%) ee (h) (%) ee

6b 24 98 78 (R) 6 96 39 (R)

1b 24 95 47 (S) 6 98 61 (S)

2b 24 90 12 (S) 6 98 40 (R)

3b 24 97 34 (R) 6 93 28 (S)

4b 24 98 26 (R) 6 91 37 (R)

5b 24 96 3(R) 6 98 14 (R)

Among these asymmetric reducing agents, potassium 9-O-(1,2:5,6-di-O-
isopropylidene-a-D-glucofuranosyl-9-BBNH (K-9-O-DIPGF-9-BBNH; K-glu-
coride; 6B) prepared [4] from 1,2:5,6-di-O-isopropylidene-a-p-glucofuranose
(DIPGF) and 9-BBN followed by reaction with excess potassium hydride (Eq.
26.25) and K 9-O-IPC-9-BBNH (1b) provide the highest optical yield 78 and
61% ee, respectively (Table 26.22).

In addition, it is reported that sodium borohydride when modified with
DIPGF in the presence of isobutyric acid gives 83% ee, in the reduction of
propiophenone [5]. Consequently, K-glucoride is studied for asymmetric re-
duction and has found to provide very high optical yields (90-100% ee) in the
reduction of a-keto esters and pivalophenone [4, 6]. The utility of K-glucoride
is extended for stereoselective reduction of cyclic and bicyclic ketones (Table
26.23) [7], and it exhibits 94-99.7% stereoselectivities favoring the thermody-
namically less stable alcohol. The high isomeric purity (99.7%) in case of 2-tert-
butylcyclohexanone is due to large steric requirements [2] of glucoride moiety
(Eq. 26.26).

| t-Bu

t-Bu
+ K-Glucoride —HE 5
0°C,6h
96%

99.7% ee 0.3% ee

(26.26)
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Table 26.23 Stereoselective reduction of representative cyclic and bicyclic ketones with K-glu-

coride in THF [7]

Ketone Temp (°C) Time (h) Yield (%) Less stable
alcohol (%)

2-Methylcyclohexanone 0 3 98 97

-78 6 97 98
2-Phenylcyclohexanone 0 3 97 95

-78 6 96 96
2-tert-Butylcyclohexanone 0 6 96 99.7
4-tert-Butylcyclohexanone 0 3 98 92

-78 6 98 94
Norcamphor 0 3 97 94

-78 6 94 96
Camphor 0 24 90 96

The effect of reaction temperature on asymmetric reduction taking a pro-
piophenone as a model reveals (Table 26.24) [7] that the maximum 92% ee is
achieved at -78 °C, and at —100 °C the reaction is too slow to obtain the product

alcohol.

Table 26.24 Effect of reaction temperature on the reduction of propiophenone in THF [7]

Temp (°C) Time (h) Yield (%) Percentage ee Configuration
0 6 97 76

-25 10 98 80

-78 16 93 92

The reduction of sterically hindered aliphatic ketones with K-glucoride
(Table 26.25) [7] also proceeds with high asymmetric induction, and all alcohols

are enriched in the (R)-enantiomers.

Table 26.25 Asymmetric reduction of representative aliphatic ketones with K-glucoride in THF

(7]
Ketone Temp Time  Yield  Percentage  Absolute
(°C) (h) (%) ee configuration
2-Butanone -78 6 99 3 R
3-Methyl-2-butanone -78 6 98 39 R
3,3-Dimethyl-2-butanone -78 16 95 70 R
2-Octanone -78 6 97 27 R
Cyclohexylmethyl ketone -78 10 95 23 R
2,2-Dimethylcyclopentanone -78 48 88 84 R
Spiro[4.4]nonan-1-one -78 96 75 82 R
2,2-Dimethylcyclohexanone -50 48 92 64 R
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Similarly, asymmetric reduction of alkylaromatic ketones gives high op-
tical yields (Table 26.26) [7]. It is noteworthy that the optical yields obtained
by K-glucoride in the reduction of hindered ketones such as pivalophenone is
97-100% ee and 87% ee for isobutyrophenone are considerably higher than the
values (44 and 71% ee, respectively) obtained with highly promising Binal-H
reagent [8] (Eq. 26.27).

Table 26.26 Asymmetric reduction of representative alkyl aromatic ketones with K-glucoride in
THEF at -78 °C[7]

Ketone Time (h) Yield (%) Percentage  Absolute
ee configuration
Acetophenone 16 95 78 R
Propiophenone 16 93 92 R
Butyrophenone 20 95 87 R
Isobutyrophenone 36 96 87 R
Valerophenone 20 94 85.4 R
Pivalophenone 40 93 100 R
2'-Methylacetophenone 24 93 91 R
0 i on
.. THF X
) k + K - Glucoride =5——> }k
Ph Bu-t -78 C, 40 h Ph Bu-t
97-100% ee
(26.27)

In the asymmetric reduction of a-ketoesters, the asymmetric induction de-
pends on the steric inequality of two moieties attached to the carbonyl group
[9]. The reduction of hindered a-ketoesters yields the corresponding a-hy-
droxyesters with optical purities approaching 100% ee (Eq. 26.28). This con-
trasts strongly with the 11% ee realized in the reduction of 7 (R= i-Pr) with
neat Alpine-Borane [9b]. Alpine-Borane (from (+)-pinene) yields (S)-alcohols
in the reduction of both alkylaromatic ketones and a-ketoesters. On the other
hand K-glucoride yields (R)-alcohols with aralkylketones and (S)-alcohols with
a-keto esters (Table 26.27) [7].
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Table 26.27 Asymmetric reduction of representative a-ketoesters with K-glucoride in THF at
-78°C[7]

a-Hydroxyester

Ketone Time  Yield  Percentage Absolute
(h) (%) ee configuration
Methyl pyruvate 6 80 86 S
Ethyl pyruvate 6 75 85 S
Isopropyl pyruvate 8 78 87 S
tert-Butyl pyruvate 8 72 79 S
Ethyl 2-oxobutanoate 6 80 90 N
Ethyl 2-oxopentanoate 6 81 111 S
Methyl 3-methyl-2-oxobutanoate 8 83 113 N
Ethyl 3-methyl-2-oxobutanoate 8 85 99 S
Methyl 3,3-dimethyl-2-oxobutanoate 10 85 113 S
Ethyl 3,3-dimethyl-2-oxobutanoate 10 87 98 S
Ethyl 4-methyl-2-oxopentanoate 6 83 93 S
Methyl benzoylformate 10 85 89 S
Ethyl benzoylformate 10 80 93 S
Isopropyl benzoylformate 10 83 92 S
Ethyl a-oxo-1-naphthaleneacetate 10 78 96 N
0 THF H ~‘\OH

OEt + K-Glucoride ——
-78°C, 6-10h R

0 0
(7N 86-98% ee (S)-isomer

OEt

(26.28)

The asymmetric reduction of some other ketones with K-glucoride is sum-
marized in Table 26.28 [7].

26.7
K-Xylide

K-Glucoride is inefficient for the reduction of prochiral unhindered aliphatic
ketones. Hence, Cho and Chun [1] have synthesized various chiral borohydrides
using monosaccharide units: potassium 9-O-(1,2:5,6-di-O-isopropylidene-a-b-
allofuranosyl)- 9-boratabicyclo[3.3.1]nonane from 1,2:5,6-di- O-isopropylidene-
a-Dp-allofuranose (DIPAF) a C-3 epimer of DIPGF; potassium 9-O-(1,2:5,6-di-
O-cyclohexylidene-a-p-glucofuranosyl)-9-boratabicyclo[3.3.1]nonane utilizing
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Table 26.28 Asymmetric reduction of some other ketones with K-glucoride in THF [7]

Ketone Temp Time  Yield Percentage  Absolute
(°C) (h) (%) ee configuration
3,3-Diethylpentanone 0 60 88 25 -
1,1,1-Triphenylacetone 25 48 87 7 S
2,2,2-Triethylacetophenone 0 60 75 34 -
2,2,2-Triphenylacetophenone 25 48 85 4 R
2',4',6'-Trimethylacetophenone =~ -25 60 50 35 R
4-Chlorobenzophenone -78 48 88 11.5
Ethyl 2,2-dimethylacetoacetate ~ -78 8 80 43
2-Acetylfuran -78 12 98 103 S
2-Acetylthiophene -78 12 97 42 R
3-Acetylpyridine -78 12 97 70 R
2-Chloroacetophenone -78 12 82 77 S
2,2,2-Trifluoroacetophenone -78 12 95 48 N
trans-4-Phenyl-3-buten-2-one ~ -78 10 92 60 R
4-Phenyl-3-butyn-2-one -78 10 95 58 -

1,2:5,6-di-O-cyclohexylidene-a-p-glucofuranose (DCHGF), bearing bulkier
groups at the 4 position of the furanose ring as compared to that of DIPGF; and
potassium 9-O-(1,2-O-isopropylidene-5-deoxy-a-D-xylofuranosyl)-9-boratabic
yclo[3.3.1]nonane from 1,2-isopropylidene-5-deoxy-a-D-xylofuranose (IPDXF)
derived from a-D-xylose, possessing a small methyl substituent at the 4 position
of the furanose moiety (Chart 26.9).

i B TR
T T T

DIPAF DIPGF DCHGF
HO 0 (1) 9-BBN @B—O 0 )
. THF oK + H
(2) KH
o% 07{
IPDXF K-Xylide

Chart 26.9
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Borohydride of DIPAF provides low optical induction, 57% ee for acetophe-
none and 3% for 3-methyl-2-butanone and product alcohol with opposite con-
figurations (S-isomers) as compared to (R)-isomers obtained by K-glucoride.
Borohydride of DCHGF gives almost the same optical induction as obtained
by K-glucoride [2] against the representative classes of ketones [1, 3]. These
results reveal that steric effects at C-4 position of furanose ring moiety in K-
glucoride and borohydride of DCHGF do not play a significant role in optical
induction. On the other hand, borohydride of IPDXF possessing a small sub-
stituent as methyl group at the 4 position of furanose ring moiety shows high
optical induction for asymmetric reduction of some prochiral ketones. This
stable chiral borohydride, potassium 9-0O-(1,2-O-isopropylidene-5-deoxy-a-D-
xylofuranosyl)-9-boratabicyclo[3.3.1]nonane is synthesized from 9-BBN and a
monosaccharide, IPDXE IPDXEF is prepared by reductive cleavage of 1,2-iso-
propylidene-3,5-anhydro-a-p-xylofuranose obtained from a-p-xylose with
lithium aluminum hydride [4]. The reaction of 9-BBN and IPDXF yields the
corresponding borinic ester, which on treatment with excess potassium hydride
gives the desired potassium 9-O-(1,2-O-isoporpylidene-5-deoxy-a-D-xylofura-
nosyl)-9-boratabicyclo[3.3.1]nonane, named for general use as K-xylide.

The reagent is highly effective for optical induction in the reduction of hin-
dered prochiral aliphatic ketones (Egs. 26.29, 26.30; Table 26.29) [1].

Q T OH_ H
+ K-Xylide ———» (26.29)
750°C, 24 h
76% ee, (R)-
Q0 HO_ H
+ K-Xylide — 1k (26.30)

— >
=50 °C, 4 days

80% ee, (R)-

The reagent K-xylide also reduces alkyl aromatic ketones smoothly and in
high yields. (Egs. 26.31, 26.32; Table 26.30) [1].

(|) H OH

+ K-Xylide—HE '
"78°C, 72 h

99% ee, (R)-

(26.31)
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Table 26.29 Asymmetric reduction of representative aliphatic ketones with K-xylide [1]

Ketones K-Xylide Percentage ee
Time Yield Percentage Configu- K- Boro-
(h) (%) ee ration Glucoride hydride
of DCHGF
2-Heptanone 20 98 36 R 26 38
3-Methyl-2-butanone 20 97 46 R 39 58
4-Methyl-2-pentanone 36 98 65 R - 51
3,3-Dimethyl- 24 98 76 R 70 58
2-butanone
2,2-Dimethyl- 4 days 95 27 R - -
3-pentanone
2,2-Dimethyl 4 days 92 80 R 84 80
cyclopentanone

Table 26.30 Asymmetric reduction of representative alkyl aromatic (RCOAr) ketones with K-xy-
lide in THF at -78 °C[1]

K-Xylide Percentage ee
Ketones Time  Yield Percentage Configu- K- Boro-

(h) (%) ee ration Glucoride hydride

of DCHGF

Acetophenone 24 96 70 R 78 70
Propiophenone 30 97 86 R 92
Butyrophenone 36 98 82 R 87
Isobutyrophenone 48 98 89 R 87
Pivalophenone 72 95 99 R 100
2'-Methylacetophenone 24 95 93 R 91

+ K-Xylide—HE
"78°C, 24 h

93% ee, (R)-

(26.32)

The reduction of alkylaromatic ketone again reveals that steric effect at posi-
tion 4 of the furanose ring moiety in K-xylide or K-glucoride is not a significant
factor for the asymmetric induction.
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The asymmetric reduction of functionalized ketones with K-xylide also af-
fords comparable results with that of K-glucoride or borohydride of DCHGF
(Eq. 26.33; Table 26.31) [1].

? H_ OH
Iy Kexylide— THE cl
~78°C, 16 h
92% ee, (S)-
(26.33)

Table 26.31 Asymmetric reduction of representative functionalized ketones with K-Xylide in THF
at-78 °C[1]

K-Xylide Percentage ee
Ketones Time Yield Percentage Configu- K- Boro-

(h) (%) ee ration Glucoride hydride

of DCHGF

2-Chloroacetophenone 16 99 92 N 77 78
Methylbenzoylformate 50 96 60 S 92 92
3-Acetylpyridine 36 98 62 R 70 55
4-Phenyl-3- 22 98 52 R 61 62

butyn-2-one

The opposite configuration notation of the product alcohols are due to the
CIP sequence rules. The directions of the asymmetric induction are consistent
to afford (R)- isomers by si facial addition of hydride for both aliphatic and al-
kylaromatic ketones. However, for a-haloketone and a-ketoester, re facial ad-
dition of hydride provides (S)-isomeric alcohols. The direct comparison of
K-xylide asymmetric reductions reveals that the reagent resembles very closely
to that of K-glucoride.

26.8
K9-OThx-9-BBNH

Potassium 9-(2,3-dimethyl-2-butoxy)-9-boratabicyclo[3.3.1]nonane (K9-OThx-
9-BBNH) prepared [1] from 9-BBN and 2,3-dimethylbutan-2-ol (Scheme 26.7)
is very stable, as no disproportionation is observed over more than one year
when its solution in THF is stored under nitrogen.
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@BH + HOH — @B—OH + H
B—O + KH —E o gt 1§/H
25°C, 24 h \OH

Scheme 26.7
O
H -0
K’ < —> K (( BL
OThx OThx
98.5 cis

(26.34)

The reagent achieves high stereoselective reduction (Eq. 26.34) of cyclic ke-
tones.

The recovery of the product alcohol is very simple as complex K 9-OThx-9-
BBNOR is readily converted into the hydroxy ate complex by treatment with a
slight excess over theoretical amount of water (Eq. 26.35).

__OR Pent __OH
K'([ B . +2H0 —eom> K ([ B + ROH + ThxOH
OThx 25°C OH

(26.35)

The comparison data of K9-OThx-9-BBNH [1], Li-s-Bu,BH [2], and LiSia,BH
[1] are presented in Table 26.32 [1].

26.9
Lithium Di-n-Butyl Ate Complex of 9-BBN

The lithium di-n-butyl ate complex of 9-BBN, prepared [1] from B-n-butyl-9-
BBN and n-butyllithium exhibits high stereo-, chemo-, and regioselectivities in
the reduction of cyclohexanones. Consequently, both cis- and trans-4-methyl-
cyclohexanols are independently obtained from 4-methylcyclohexanone by a
mere change in the additives (Chart 26.10; Table 26.33) [2].
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Table 26.32 The comparison data of reduction of cyclic ketones with K9-OThx-9BBNH, Li-s-

Bu,BH, and LiSia,BH in THF at 0 °C[1]

Ratio of less stable isomer (%)

Ketone K9-OThx-9-BBNH** Li-s-Bu,BH LiSia,BH
Cyclohexanones
2-methyl- 98.5 99.3 99.4
3-methyl- 90 85 98
4-methyl- 85.5 80.5 93
4-tert-butyl- 87 87.5 96.5
3,3,5-trimethyl- >99.9 99.8 99
Norcamphor 95 99.6 99
Camphor 97.5 99.6 >99.9

@ A 2:1 ratio for reagent:ketone is utilized.
® The yields of alcohols are quantitative.

Table 26.33 Stereoselective reduction of representative cyclic ketones with lithium di-n-butyl ate

complex of 9-BBN [2]

Ketone Entry Additive Ketone Time Conversion Major
(h) (%) isomer (%)
__n-Bu
B Li
@ \n-Bu
additive

2-Methylcy- 1 None 1:1 0.5 - -
clohexanone 2 None 1:1 18 35 cis (92)

3 MeOLi 1:1:1 3 59 trans (89)
3-Methylcy- 4 None 1:1 0.5 62 trans (91)
clohexanone 5 MeOH 1:2:1 3 100 trans (86)
4-Methylcy- 6 None 1:1 0.5 63 cis (77)
clohexanone 7 None 1:1 18 77 cis (48)

8 None 2:1 0.5 54 cis (47)

9 MeOH 1:2:1 3 91 cis (84)

10 MeOLi 1:1:1 5 94 trans (90)

11 MeOLi 1:1:1 0.5 96 trans (78)

12 LiBr 1:1:1 0.5 83 trans (79)
4-tert-Butyl- 13 MeOH 1:2:1 1.5 100 cis (88)
cyclohexanone 14 MeOLi 1:1:1 3 89 trans (92)
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_ /n Bu +
B%n Bu)2L|
HyCml e n B“ H;C OH
3 ~ MeOLi M ~ Mcom 3

94% conversion 91% conversion
trans 90% cis 84%

Chart 26.10

As is apparent (Table 26.33), the reduction of methylcyclohexanones (entries
1, 2, 4, 6, and 7) requires longer reaction times to achieve satisfactory conver-
sions. This results in the equilibration of epimeric alcohols, leading to higher
formation of more stable alcohols (entries 6 and 7). The isomerization is because
of the intermolecular hydride transfer, which is similar to Meerwein—Pondorf-
Verley reduction of ketones with aluminum alkoxides (Scheme 26.8).

n-Bu n-Bu
| |
RR'CHOB Li" + RR'CO RR'CO + epi-RR'CHO—]|3
n-l|3u n-Bu
[A]
Scheme 26.8

It is possible to suppress the equilibration by addition of methanol, which
assists in the decomposition of [A] and prevents hydride transfer. In contrast,
MeOLi or LiBr accelerates the isomerization to afford the more stable alcohols.

26.10
Li 9-BBNH

The lithium 9-boratabicyclo[3.3.1]nonane (Li 9-BBNH) is prepared [1] by re-
fluxing 1 equiv of 9-BBN with excess of finely divided lithium hydride. The re-
agent reduces [2] cyclic ketones, and the hydride adds from the less hindered
side. For example, camphor on reduction with Li 9-BBNH affords the less stable
exo isomer isoborneol in 91% yield (Eq. 26.36).
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Li 9-BBNH, THF
_—
15°C OH

Isoborneol Borneol
91% 9%

(26.36)
The results are summarized in Table 26.34 [2].

Table 26.34 Reduction of cyclic and bicyclic ketones with Li 9-BBNH in THF at 1542 °C[2]

Ketone Time (h) Total yield (%) Isomeric ratio
2-Methylcyclohexanone 1 94 cis:trans, 63:37
4-tert-Butylcyclohexanone 1 100 cis:trans, 24:76
Norcamphor 1 100 endo:exo, 94:6
Camphor 1 100 exo:endo, 91:9

The results reveal that Li 9-BBNH attacks more from the less hindered side of
the carbonyl group than 9-BBN [3] (vide supra).

26.11
Comparative Data of Asymmetric Reducing Agents

Brown and coworkers [1] have critically examined the data of 20 asymmetric
reducing agents viz. B-Ipc-9-BBN (Alpine-Borane), THF [2]; B-Ipc-9-BBN, neat
[3]; B-Ipc-9-BBN-6kbr [4]; NB-Enantrane [5]; Ipc,BCl [6]; BH,-AMDPB (2:1)
[7]; (R,R)-or (S,S)-2,5-dimethylborolane [8]; NB-Enantride [9]; LiBH,-DBC-
t-BuOH [10]; NaBH,-IBA-DIPGF [11]; K-Glucoride [12]; LiAlH,-Darvon Alc
[13]; LiAlH,-MEP-ArOH [14]; LiAlH,-diamine [15]; LiAlH,-aminobutanol
[16]; Binal-H [17]; LiAlH,-DBP-EtOH [18]; LiAlH,-MEP-NEA [19]; LiAlH,-
MEP-EAP [20]; and TBADH enzyme [21]. The assembled available data of these
20 reagents are divided for the asymmetric reduction on nine distinct classes
of ketones. The comparison is made by selecting one representative ketone for
each class. Except for acetophenone, the corresponding data are not available
for most of the representative ketones. Consequently, Brown and coworkers [1]
have conducted the asymmetric reduction of nine representative ketones with
six of the more promising reagents, namely Alpine-Borane, neat (A); Ipc,BCl
(B); BH,-AMDPB (2:1) (C); NB-Enantride (D); K-glucoride (E); and Binal-H
(F). The results are presented in Table 26.35 [1].
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Table 26.35 Asymmetric reduction of representative ketones [1]

Percentage ee of alcohol products

Class Ketone A B C D E F
(0]
Acyclic )S/ 62 32 60 68 36 78
O
Cyclic @\ 19.6 98 96 1 84 11
O
Aralkyl @J\ 87 98 94 70 78 95
(0]
Heterocyclic @j/\k 93 92 73 8 70 -
N
(0]
Cl
a-Halo 96 95 96 41 77 95
(0]
0.
a-Ketoester o) 90 70 25 33 92 24

Acyclic conjugated ketone 56 12 6 13 60 70

1
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Table 26.35 (continued) Asymmetric reduction of representative ketones [1]

Percentage ee of alcohol products

Class Ketone A B C D E F
(@)
Cyclic conjugated ketone 304 36 35 - - -
o
Z
Conjugated ynone 83 21 7 10 61 89

The optical yields of the alcoholic products are analyzed either by measur-
ing the rotation of the isolated material (where the rotation for 100% material
appeared well established) or by capillary GC analysis of the corresponding
(R)-(+)-a-methoxy-a-(trifluoromethyl) phenylacetic acid (MTPA) [22], or, also
commonly the (-)-menthylchloroformate (MCF) derivatives [23].

On the basis of data of Table 26.35, and the available data from the literature,
the selected preferred asymmetric reducing agents for 10 structurally different
classes of ketones are suggested (Table 26.36) for each class of compounds.

Table 26.36 Preferred asymmetric reducing agents [1]

Classes of ketones Preferred reagents
(in order of effectiveness)
I. Acyclic a. Unhindered 2,5-Dimethylborolane
B-Ipc-9-BBN, 6 kbar
TBADH enzyme

NB-Enantride

b. Hindered  2,5-dimethylborolane
Ipc,BCl
BH,-AMDPB (2:1)
II. Cyclic Ipc,BCl

BH,-AMDPB (2:1)
K-Glucoride
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Table 26.36 (continued) Preferred asymmetric reducing agents [1]

Classes of ketones

Preferred reagents

(in order of effectiveness)

III. Aralkyl

IV. Heterocyclic

V. a-Halo

V1. a-keto esters

VII. B-Ketoesters

VIII. Acyclic conjugated enones

IX. Cyclic conjugated enones

X. Conjugated ynones

a. Unhindered

b. Hindered

B-Ipc-9-BBN, 6 kbar
Ipc,BCl
LiAlH,-DBP-EtOH
Binal-H
LiAlH,-diamine
BH,-AMDPB (2:1)

K-Glucoride
LiAlH,-diamine
Ipc,BCl

B-Ipc-9-BBN, 6 kbar
B-Ipc-9-BBN, neat
Ipc,BCl

B-Ipc-9-BBN, neat
BH,-AMDPB (2:1)
Ipc,BCI
Binal-H

K-Glucoride
B-Ipc-9-BBN, neat

LiBH,-DBC-t-BuOH
Ipc,BCl

Binal-H
LiAlH,-MEP-NEA
LiBH,-DBC-t-BuOH
LiAlH,-aminobutanol

LiAlH,-aminobutanol
LiAlH,-MEP-EAP

Binal-H
NB-Enantrane
LiAlH,-MEP-ArOH
B-Ipc-9-BBN, THF
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27 Cleavage of Ethers

The usefulness of a mild and selective ether cleavage reagents in the synthe-
sis of polyfunctional natural products and biologically active molecules is well
documented. Boron halides are extensively used for this purpose [1-4], and bo-
rontribromide is favored because of its effectiveness under mild conditions [1,
4]. However, the presence of three reactive sites in borontribromide generally
induces difficulties with polyfunctional molecules. To overcome this difficulty,
it is found [5] that methylene chloride solution of B-Br-9-BBN readily cleaves,
in excellent yield, a variety of ethers. The reagent is selective when two different
alkyl groups are present in an ether. These results are summarized in Table 27.1

[5].

Table 27.1 Cleavage of ethers with B-Br-9-BBN [5]

Ether Bromide formed Yield (%)
Di-n-butylether n-Butylbromide 100
Isobutyl-n-butylether n-Butylbromide 97
Isobutylbromide <3
sec-Butyl-n-butylether sec-Butylbromide 100
t-Butyl-n-butylether t-Butylbromide 100

The clear cleavage pattern emerges: the tertiary alkyl group is converted more
readily into the corresponding bromide than the secondary one, and the latter
more readily than a primary group. Consequently, t-butyl-n-butyl ether gives
exclusively t-butylbromide, whereas sec-butyl-n-butyl ether leads only to sec-
butylbromide. Isobutyl-n-butyl ether yields predominantly n-butylbromide.

The reaction of B-Br-9-BBN with ether involves the inversion of configu-
ration at the C-O bond. This is illustrated [5] in the cleavage of (R)-2-octyl-
methyl ether, [a]3 -8.14, (76.5% optical purity) to yield (S)-2-octylbromide,
[a]Z +24.54 (55.6% optical purity) (Eq. 27.1).
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CH; CH;

H=—C=OCH; + B-Br-9-BBN —> Br»(;3<H +  B-MeO-9-BBN
|C6H13 CeHi3
®) (S)

(27.1)

The cleavage of some aromatic ether are sketched in Chart 27.1.

© B-Br-9-BBN ot
e s CH=CH—CH,Br +
/

OCH; OCH;

1 mol B-Br-9-BBN
CH,Cl,,25°C, 24 h

OCHj; OH
87%
O"\ 1 mol B-Br-9-BBN No reaction

o 24 h -
OH

OH
2 mol B-Br-9-BBN
24 h, CH,Cly, reflux

Chart 27.1
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Relative rates of cleavage of some ether are presented in Table 27.2 [5].

Table 27.2 Relative rates of cleavage of ethers at room temperature [5]

Ether Relative Rate
Di-n-butyl ether 1.0
Isobutyl-n-butyl ether 0.66
sec-Butyl-n-butyl ether Too fast
Phenylmethyl ether (anisole) 0.14
Phenylethyl ether (phenelote) 0.09
Hydroquinone dimethyl ether 1.0
Phenylallyl ether >0.76
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28 trans-Metalation

The synthesis of stereodefined substituted alkene is one of the major challenges
in organic synthesis, as many naturally occurring compounds such as phero-
mones and hormones contain mono-, di-, or trisubstituted double bonds. In
many cases a small amount of the wrong isomer acts an inhibitor of their bio-
logical activity. Thus, a highly stereospecific synthesis of such compounds is re-
quired. The organometallic compounds are such class of compounds that leads
to the synthesis of desired molecules.

Among the metalation reactions, allylic metalation occupies an especially sig-
nificant position due to its considerable synthetic utility [1]. Due to “self-con-
sumption” of a-halogen-substituted allylic metals, this area received negligible
attention [2]. A notable achievement in this area is the metalation of allyl chlo-
ride, using LDA [3]. In spite of the considerable effects to react allylic [4] and
nonallylic [5] carbenoids with boron substrates, the problem of selectivity (a-
versus y-product) remains unsolved. Brown and Rangaishenvi [6] have shown
that (a-chloroallyl)lithium, generated in situ from allylhalide and LDA, under-
goes facile trans metalation with boron substrate to afford allylboron (Eq. 28.1),
and its utility in organic synthesis has been amply demonstrated (Eq. 28.2) [7].

OR
1) THF, 78 °C
A + B(OR) + Lpa L THETT8C B (28.1)
(2) HCVEE
Cl Cl
MeO\B X

1) THF, —78 °C
@B—OMC + K\ + LpaTHE >
(2) 78 °C —>rt., 18 h

Cl
HO
% [0]
(28.2)
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Brown and Jayaraman [8] have explored the commercially available 9-me-
thoxy-9-BBN to capture the carbenoid, (a-chloroallyl)lithium generated in situ.
Among the various bases tested for the purpose, lithium dicyclohexylamide
(LiNChx,) is the most effective to afford the desired intermediate (3a, Chart
28.1). The dicyclohexylamine liberated is easily removed by precipitation with
addition of Mel or BF,-OEt,. The use of superbase [9], a mixture of (KO-t-Bu
and n-BulLi), however, results in trans esterification between the B-OMe and
O-t-Bu groups and yield a mixture of 3a and 3c.

OR
]|3 (1) /\/C1 RO X

roln2 B
(2)LiNR'R® —78 °C
THF 1,2
> + B—NRR
(3)-78°C > rt, 18h @
1) 3) )
+ 1/3 (@) R=Me; (b)R=i-Pr
i (¢) R=¢t-Bu; (d) R=CH,-#-Bu
/\(
Li
(2)

Generated in situ

Chart 28.1

The other bases such as, LiNMe,, LiNEt,, and LiNPh, afford major prod-
ucts, 4, in which the OMe group has been nucleophilically displayed by the NR,
group. On the contrary, lithium amides bases derived from the hindered sec-
ondary amines are highly proton selective to give the desired allylic borinate
(3a) in high yield (Table 28.1) [8].

The effectiveness of these bases is correlated with the pK, of respective amines
[10]. Lithium amides derived from secondary amines whose pK, values are in
the vicinity of 30 (e.g., HN-t-BuSiMe, and HN(SiMe,),) are not suitable for ef-
ficient metalation. However, amines like HN-i-Pr,, HNChx,, and HN-i-PrChx,
with pK, values around 35 bring efficient metalation. Moreover, the studies have
revealed [8] that bulkiness of OR, as in 1b-d, gives lower yield of desired allylic
borinate [11]. Consequently, combination of 9-methoxy-9-BBN and LiNChx,
are found to afford the desired allylic borinate (3a) intermediate in excellent
yields (Table 28.1) [8]. The 3a intermediate serves as a versatile intermediate in
the synthesis of cyclooctane compounds (Chart 28.2) and thus solves the long-
standing problem of high-degree strain arising from the powerful transannular
interactions present in such systems [12].
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Table 28.1 In situ metalation of allylichloride with LiNR'R* with capture by 9-MeO-9-BBN [8]

Base used Product(s) (ratio) Yield (%)
LiNMe, 3a:4 (5:95) 91
LiNEt, 3a:4 (10:90) 93
Lithium pyrrolidide 4 90
LiN-i-Pr, 3a 76
LiN-s-Bu, 3a 80
LiN-i-PrChx 3a 85
LiNChx, 3a 90
LiTMP? 3a 75
LiN-¢-BuSiMe, 3a:4 (40:60) 90
LiNPh, 4 92

* TMP 2,2,6,6-tetramethylpiperidide.

The mechanism of formation of 5 and 8 are shown in Chart 28.3.

The synthetic utility of allylic borinate gets further impetus when a second
homologation provides dienyl borinate (11), which is formed by the migration
of allyl group (bond a) in preference to the secondary alkyl group (bond b). It is
observed that in such reactions, the allyl group undergoes migration in prefer-
ence to the secondary alkyl group. The compound 11 on oxidation provides
8, a substrate useful for oxy-Cope rearrangement. In conclusion, this process
forms a simple methodology for the synthesis of eight-membered natural prod-
ucts, like ophiobolane, taxane, fusicoccin, etc.

The hydroboration-metalation methodology is another method of prime im-
portance in organic synthesis. A convenient one-pot synthesis of (Z)-2-alkenyl-
silanes and tin (Scheme 28.1), and their synthetic applications are reported [13].

__ Ph
HO
7 — OH
(6), (2) (1), (2)
“80% 80%
HO 4), (5) (2),(3)
®) 70% HOT (s
15%
O ~
(1) PhCHO, 0°C; (2) NaOH/H,0,
(3) NayCr,0-/H'/EE; (4) DCME, LiOt-Bu
) & 6 (5 KHPO/H,0y; (6) CH=CHCH,CI;

LiNChx,, -78°C, then Mel(2 equiv)

Chart 28.2
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Ph
=
OMe (o\ > H
B
MeO
N /\(Cl (1)-78 °C, THF B X
— >
Li (2)-78 °C, > rt.
(7a) Generated
in situ (3a)
r 1 Ph
Ph
__ OH
/O
0°C — —
vLg MeO—B [O]
I )] ] Hd
Q)]
(I)Me
B
Cl
+ = —78 °C, THF
Li
(1a) Generated
in situ

—78 °C,—> r.t.
_— >

Chart 28.3

HO

®
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R—CH, -C=CH R—CH=CHCH,Br

H—B@ (A
(2)MeO—B @
R- CHz—CH=CH—B® Litmp, R—-CH=CHCH,— B@
THE \

©
Li®

>Mxl
~
R—CH= CHCH B@ A0 L M(

/ M = Si or Sn
40-76%
Isomeric purity, 100%

LiTMP = Lithium 2,2,6,6-
tetramethylplperldlde

Scheme 28.1

The trans-metalation process has been employed for the synthesis of 9-vinyl-
9-BBN, by the reaction of B-Br-9-BBN either with vinyltributyltin or tetravinyl-
tin (Eq. 28.3) [14]. Singleton and his group have extensively used 9-vinyl-9-BBN
as a dienophile for Diels-Alder reactions (vide supra) and have described it as
omniphilic dienophile [15] because of its high reactivity.

CH,Cl,, 25 °C B
__SmBuy g g ) e N @ (28.3)
11 h ‘
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Tin-boron trans-metalation has also been used to synthesize B-2-propenyl-9-
BBN (Eq. 28.4) [16], 9-cis-propenyl-9-BBN (Eq. 28.5) [16], 9-cis-2-chlorovinyl-
9-BBN (Eq. 28.6) [17], B-cyclopentenyl- and B-cyclohexenyl-9-BBN (Eq. 28.7)
[18], B-1',7',9'-decatrienyl-9-BBN (Eq. 28.8) [19], trans-1,2-bis(9-borabicyclo[3
.3.1]nonylethylene (Eq. 28.9) [20], and bis(9-borabicyclo[3.3.1]nonylacetylene
(Eq. 28.10) [21].

SHBU3 <>
\W + Br—B@ Hexane \W (28.4)
SnBus @
ui + Br—B® m ‘i (28.5)

SDBU3 @
‘E + CI—B @ —_— \[ (28.6)

Cl
SIlBU3 B@
+ B—B 0 —25°C
15 min
n n (28.7)
n=1or2

SnBuj B@
= |
B 0°C “
+ Br 30 min S

(28.8)
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SHBU3 CH2C12 <>
) +2Br—B R J (28.9)
BU3SH @

SHBU3 B@

| o) R | a0

SnBuj B()

Lithium-boron trans metalation also occurs and is employed to prepare air-
sensitive crystalline solid, [(trimethylsilyl)ethynyl]-9-BBN-THF (Eq. 28.11)
[22]. This borane is, however, indefinitely stable when stored in a freezer under
an inert atmosphere.

THF
Me;Si———=—TLi + MeO—B (M Me;Si————-B
(2) BF3'OEt,
(28.11)

Tin-boron trans-metalation has been used to prepare in situ (for Diels—Al-
der reaction), this air sensitive crystalline solid, [(trimethylsilyl)ethynyl]-9-BBN
(Eq.28.12) [22].

THF
Me;Si—==—=SnBu; + Br—B @ 25°C, Me &%B()

(28.12)
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29 Separation of Isomers

Diels-Alder reaction of cyclopentadiene and butadiene affords a mixture of
exo0-5-vinyl-2-norbornene (1a) and endo-5-vinyl-2-norbornene (1b) [1]. Pre-
parative GC separation [1] of these isomers encounters difficulties in obtaining
the individual isomer in pure form and in large quantities. An alternative ap-
proach of separation via thermal isomerization [2], in which 1b gets transferred
to 4,7,3a,7a-tetrahydro-1H-indene, whereas 1a remains unchanged, is also not
successful. This is because it is difficult to prevent 1a being contaminated by
unreacted 1b. As no other method is available for their separation, Inoue has
reported [3] that hydroboration of 1 with 9-BBN, followed by oxidation with
alkaline hydrogen peroxide results in the formation of alcohols 2a and 2b. The
iodoether cyclization only of the endo isomer takes place. The sequence of ap-
proach is delineated in Scheme 29.1.

H
= (1)9-BBN
H l (2) H,0, 2b —» 1b
Ia b -NaOH

I,, KI, NaHCO; Zn, AcOH

b) Py, 100 °C

Scheme 29.1

After cyclization of 2b to 3, 2a is separated easily from 3, and 1a is regener-
ated from 2a, following the treatment with tosylchloride in pyridine, followed
by elimination in pyridine at 100 °C. The endo isomer 1b is generated by con-
version of 3 to 2b, using zinc in acetic acid, and is then followed by tosylation
and elimination (Scheme 29.1) [1].
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For the preparation of chiral reducing agent Prapine-Borane, the required
(+)-2-n-propylapopinene, is prepared from (+)-a-pinene via Schlsser metala-
tion, followed by treatment with ethyliodide. The undesired olefin is removed
by its conversion to 9-BBN derivative and the desired (+)-2-n-propylapopinene
is distilled oft (Scheme 29.2) [4] (vide supra).

KO-#-Bu
—

n-BuLi
-78 °C
91% 9%
THF, r.t. H‘@
9 mol%

§)
Distill

(+)-2-n-Propylapopinene

Scheme 29.2
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The chemists have long believed that the trivalent boron atom with its empty
p orbital should behave in a fashion to that of the traditional organic electron-
withdrawing group [1]. This idea is attractive when applied to the activation
of Diels-Alder dienophiles, because the intermediate boron compounds can be
transformed to an array of different functional moieties, none of which can usu-
ally be obtained by a direct Diels-Alder reaction. Matteson [2] and Evans [3]
have reported the reactions of vinylboronic esters with dienes under strenuous
reaction conditions but with low yields of the products. Similarly, vinyldichlo-
roborane gives low yield [4] on reaction with cyclopentadiene.

In 1990, Singleton and Martinez [5] discovered that the dialkylboron group is
dramatically more activating than are esters of boronic esters, i.e., esters in nor-
mal Diels-Alder reactions, and that vinylboranes are exceptionally reactive and
are regioselective and stereoselective dienophiles. The discovery is based on the
utilization of diarylboron groups in anion chemistry [6, 7]. It contrasts reaction
of butadiene or isoprene with methyl acrylate [8], nitroethylene [9], phenylvi-
nylsulfone [10a], dibutylvinylboronate, or even vinylboronic esters substituted
with a second electron-withdrawing group [10b], all require prolonged heating
(100-150 °C). However, the Diels-Alder reactions of vinyl-9-BBN with butadi-
ene and isoprene are both >80% in a day at 25 °C. Vinyl-9-BBN is 200 times
more reactive than methylacrylate is toward butadiene [5], but less reactive than
Lewis acid-complexed dienophiles [8] and a,B-unsaturated Fisher carbene com-
plexes [11]. However, among the simple neutral substituents, the activating effect
of dialkylboron group is approached only by the acyl and sulfonyl halides [12].

Vinyl-9-BBN is easily prepared (Eq. 30.1) by 1.0-M solution of B-bromo-9-
BBN in methylene chloride with 1 equiv of vinyltributyltin, followed by distil-
lation of reaction mixture [b.p. 28-30 °C (0.25 mm)] [5]. Vinyl-9-BBN can be
stored for weeks in a freezer under an inert atmosphere and is extremely pyro-
phoric.

CH,Cl,, 25 °C @
X _~SnBus + Br-B —_— > f (30.1)
7

ITh

4%
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However, Singleton has pointed out [13] that low yields of the product of
Diels-Alder reaction and sometimes formation of complex mixtures are associ-
ated with previously synthesized vinyl-9-BBN. The reaction gives 3-cyclohexen-
1-ols, which are now essentially as available as 3-cyclohexencarboxylates from
Diels-Alder reaction. Consequently, Singleton has described a better synthetic
method [13] to prepare vinyl-9-BBN for one-pot Diels-Alder synthesis of 3-cy-
clohexen-1-ols. A mixture of 1.5 mmol of commercial 1.0 M B-Br-9-BBN in
CH,C], and 1.9 mmol of vinyltributyltin is stirred at 25 °C for 5 min and 1.0
mmol of 2-tert-butylbutadiene is added. The mixture after stirring for 20 h at
20 °C is oxidized to afford 82% of 4-tert-butyl-3-cyclohexen-1-ol, with no de-
tectable formation (>98:2) of the other isomer. It is important to note that excess
of vinyltributyltin is used to remove adventitious protic acid, and that a greater
than usual amount of H,0,/NaOH is used to allow for reaction with the byprod-
uct bromotributyltin. Tetravinyltin may be used in place of vinyltributyltin and
is fairly economical source of vinyl groups for these reactions.

Vinyl-9-BBN undergoes Diels-Alder reactions with dienes as summarized in
Table 30.1 [5].

These reactions display an outstanding regioselectivity e.g., vinyl-9-BBN
forms the normal “para isomer” with isoprene, the selectivity comparable to
that of methylacrylate-AICl, (95:5) [14] and is greater than the reaction of
methylacrylate (70:30) or dibutylvinylboronate (75:25) [3]. In contrast, with
trans-piperylene there is regiospecific formations of normally disfavored [15]
“meta isomers”. Molecular mechanics calculations reveal that both endo and exo
transition states leading to the normal “ortho” isomers are sterically hindered by
the bulky bicyclo[3.3.1]nonane group [5, 16]. The steric effect is also responsible
for the regiospecific formation of 2-substituted octahydronaphthalenes from 1-
vinylcyclohexene. The endo regioselectivity in the reactions [5] of piperylene
and 1-vinylcyclohexene with vinyl-9-BBN is also much greater than observed
with common neutral dienophiles [17].
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The regioselectivity is >98:2, >95:5, and 90:10 para:meta with 2-t-butyl bu-
tadiene, 2-phenylbutadiene, and 2-chlorobutadiene, respectively, (Chart 30.1)
[18]. The models suggest that there is steric interaction between the bulky
bicyclo[3.3.1]nonane group and substituent in the 2 position of the diene in the
endo-transition state, leading to the meta isomer, with exception of 2-ethoxybu-
tadiene. Singleton and coworkers [19] have conducted the relative regioselective
studies of vinyl-3,6-dimethylborepane, trivinylborane, and vinyl-9-BBN and
have found that vinyl-9-BBN is the most regioselective dienophile [19], in keep-
ing with principally the steric control of regioselectivity (Table 30.2) in Diels-
Alder reactions of vinyl boranes.

(1) vinyl-9-BBN OH
25°C,23h 97%
> >95:5 para : meta
(2) NaBO3-4H,0
Ph
(1) vinyl-9-BBN OH
25°C,24h 93%
— >98:2 para : meta
(2) HzOz, NaOH
t-Bu
V1ny1 -9-BBN
55 °C 12h

Va N

t-Bu

@!
h

75%
90:10
(1) vinyl-9-BBN
= BN
e 55 °C 4 days
EtO (2) H,0,, NaOH  EtO
58%
69:3

Chart 30.1

Table 30.2 Regioselectivity of Diels-Alder reactions with vinylboranes [19]

Diene Vinyl-9-BBN Vinyldimethyl- ~ Vinyl-DMB Trivinylborane
borane

Myrcene 96:4° 61:39 70:30 62:38

2-Phenylbutadiene  >98:2° 84:16 84:16 90:10

2-t-Butylbutadiene >98:2* 90:10 90:10 >98:2

Piperylene >98:2° 50:50 65:35 49:51

* The ratios of “para”:“meta” (1,4:1,3) isomers.
b The ratio of “meta”:“ortho” (1,5:1,2) isomers.
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Singleton and coworkers [18] have conducted a detailed study on the reactiv-
ity of vinyl-9-BBN, with wide range of dienes including hexachlorocyclopen-
tadiene and methyl-2,4-pentadienoate. It is found that the rate of Diels-Alder
reactions with vinyl-9-BBN is uniquely insensitive to diene substituent effects;
and high reactivity, regioselectivity, and endo stereoselectivity are observed in
both electron-rich and electron-poor dienes. The ambiphilic reagents favor-
ing reactions with both electron-rich and electron-poor species are known for
many reactions, including a report on an ambiphilic diene for Diels-Alder re-
actions [13]. The high and relatively invariant reactivity of vinylboranes with
electron-rich and electron-poor and inactivated dienes led Singleton to describe
vinylboranes as omniphilic dienophiles [18].

The relative reactivity of vinyl-9-BBN toward various dienes is summarized
in Table 30.3 [18].

Table 30.3 Diene structure versus reactivity for vinyl-9-BBN and maleic anhydride [18]

Diene kx107¢ k., (25°C) k., (25 °C) k., (20 °C)
(25°C,M™'s") Vinyl-9-BBN  Maleic anhydride Tetracyano-
Vinyl-9-BBN ethylene

2,3-Dichlorobuta- 1.1 0.34 0.0047 -

diene

2-Chlorobutadiene 43 1.3 0.1 0.002

(5.3x10° M's?)  (10x10° M's™)

Butadiene 32 1 1 1

Isoprene 3.0 0.94 3 45

2-(m)- 0.53 0.17 10 1,750

Ethoxybutadiene

2-Phenylbutadiene 230 72 8.8 191

2-t-Butylbutadiene 40 13 28 -

Cyclopentadiene 65 22 1,160 2.1x10°

In the one-pot process of Diels-Alder reaction, the in situ preparation of vi-
nyl-9-BBN, from vinyltributyltin or tetravinyltin and B-Br-9-BBN has been uti-
lized for the preparation of various cyclohexenols, and this is compared with
other vinyldialkylboranes for yield and regiospecificity (Table 30.4) [13].

Diels-Alder reactions of cis-2-chlorovinyltributylstannate are greatly acceler-
ated by the presence of catalytic amount of 9-Cl-9-BBN [20]. The catalytic cycle
shown in Scheme 30.1 in which 9-CI-9-BBN acts not as a Lewis acid but as a
source of the dienophile’s activating group. Boron-tin trans metalation [21] be-
tween cis-2-chlorovinyltributylstannate and 9-CI-9-BBN yields activated dieno-
phile 9-cis-2-chlorovinyl-9-BBN. This activated dienophile reacts with the diene
to give the cyclic product after the elimination of 9-Cl-9-BBN, and the catalytic
cycle continues [20].
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Cl—

[ . )

Cl

Cl—SnBuj
Scheme 30.1

Singleton and Redman [22] have found that trans-1,2-bis(catecholboryl)-
ethylene is an air-stable crystalline solid, whereas trans-1,2-bis(9-BBN)ethylene
(Chart 30.2) is less stable and is maintained in solution only; as its acetonitrile
complex, both reagents function as trans-dihydroxyethylene equivalents for
Diels-Alder reactions. Cyclohexenediols obtained from reactions of catecholbo-
ryl derivatives are summarized in Table 30.5 [22].

o J L 1 VU T VU

B MezPhSi

Chart 30.2

The reactivity and selectivity of trans-2-phenyldimethylsilylvinyl-9-BBN is
almost comparable with 2-trimethylsilylvinyl-9-BBN [23]. The results are sum-
marized in Scheme 30.2 [22]. The use of this reagent as a dihydroxyethylene
equivalent is indirect, and it has the advantage as the latent hydroxyl groups
are automatically differentiated, and this differentiation may be used for further
stereochemical elaboration (Chart 30.3). Another advantage of using this re-
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agent is that alternative borane conversions of the initial Diels-Alder adduct are
possible, which makes it more versatile than catecholboryl derivative. It is to be
noted that basic hydrogen peroxide oxidation affords poor yields, while oxida-
tion with NaBO, and trimethylamine oxide [24] are inconsistent.

H @
B
THF
+ 9-BBN ——>
I Z10°C Jl/ 55°c,4d ID/
2-3 weeks | Me,PhSi then NaBO3 "SiMe,Ph
SiMe,Ph 35%

A =z

=z
on « /( OH
PR
] 55°G22h | 55°C,22h e
s Ph "SiMe,Ph

"SiMe,Ph  then MesNO then NaBOj3

+ +
OH /( 55°C,22h Ph OH
BTN then NaBO3 U
o Y "SiMe,Ph
'SiMe,Ph 2
, ’ +-Bu . SiMe,Ph 86:14
: ' 69%
77%
OH
47%
Scheme 30.2
.+SiMe;Ph (1) VO(acac), SiMe, Ph o wOH
' -Bu OOH AcOOH, KBr o y
(2)BzCl, Py AcOH, NaOAc ™
OH OBz OBz
55% Overall
yield
Chart 30.3

As compared with the intermolecular Diels-Alder reaction, the applicability
of intramolecular Diels-Alder reactions [25] is more limited. The synthesis of
requisite trienes for intramolecular Diels-Alder reactions is itself a significant
task, and the incorporation of a ketene equivalent, for example, adds to the bur-
den. Singleton and Lee [26] have reported the first examples of intramolecular
Diels-Alder reaction on vinylboranes, which provide a two-step, very highly ste-
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reoselective decalin synthesis. The precursor to vinylborane is obtained by the
Gassman one-pot triene synthesis [27] (Scheme 30.3).

= = -
/
= . (1) #-BuLi, THE N Li B — q X Z
q/\ : S ——i <
@ =)
S S S
41%
P SnBuj
Br/\/\SnBu; NN |
S
()
49%

Scheme 30.3

1,7,9-Decatrienylboranes generated in situ, from either hydroboration of
acetylene derivative with dicyclohexylborane or boron-tin exchange using 9-
bromo-9-BBN with tributylstannate derivative, followed by heating to 75 °C in
a sealed tube and oxidation, affording a single isomer (Chart 30.4) [26]. The
reactions proceed with high stereoselective intramolecular fashion to afford the
“endo” Diels-Alder product.

It is significant to mention that cycloalkenylboranes (Chart 30.5) for the syn-
thesis of bicyclics are generated [28] in situ. The, boron-tin exchange reaction
takes place between cyclopentenyl- and cyclohexenyltributylstannates [29] with
BBr,, BCl, or 9-bromo-9-BBN [13]. The cycloalkenyl-9-BBN does not undergo
Diels-Alder reactions with dienes, but cycloalkenylbromoboranes are uniquely
reactive with simple dienes at 25 °C and exhibit exceptional selectivity [28].

In Diels-Alder reactions, acetylenes reactivity is very low. Consequently,
many ingenious dienophiles acetylene equivalents have been developed [30-
32]. However, several of these synthons are so unreactive that they are useless
with all but the most reactive dienes, and an addition number would generally
require prohibitively vigorous reaction conditions with complex acyclic dienes.
Among the reactive acetylene equivalents; 1,2-bis(phenylsulfonyl)ethylenes and
related compounds are in common use [33], but the final elimination step is
often inefficient. 2-Phenylsulfonylnitroethylene is highly reactive and gentle.
The gentle conditions (Bu,SnH) for the final elimination [31] make it a valuable
equivalent of acetylene, but it has seen little use, possibly owing to its more dif-
ficult availability. Though a number of efficient intramolecular transition-metal
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= H
/
X Z (1) Chx,BH, THF
S 0-25°C
J (2)75°C,25h
S (3) NaBO5- 4H,0
/ | SnBuj
x
(1) B-Br-9-BBN
S 0 °C, 30 min
J (2)75°C,2h
S (3) NaBO3 4H,0
Chart 30.4
x X
@/ X= B@ or BBr,
(
n
Chart 30.5

catalyzed [4+2]cyclo additions of alkynes are known [34], a lack of generality
requires ready availability of acetylene equivalents. Singleton and Martinez [23]
have reported the synthesis of 2-trimethylsilylvinylboranes and its utility as syn-
thetic equivalents of 2-trimethylsilylvinyl alcohol and acetylene.

The hydroboration of trimethylsilylacetylene with 9-BBN is reported [35] to
afford only 9% yield of 2-trimethylsilylvinyl-9-BBN, in the absence of solvent.
However, Singleton and Martinez [23] have successfully achieved the synthesis
of 2-trimethylsilylvinyl-9-BBN (Eq. 30.2) in 63% yield by reacting 9-BBN with
1.5 equiv of trimethylsilylacetylene in dilute (=0.1 M) solution in THF for 4
days at 5 °C, followed by distillation of the reaction mixture [b.p. 60 °C (0.005
mmol)]. 2-Trimethylsilylvinyl-9-BBN is highly air sensitive and pyrophoric but
is considerably more stable than unsubstituted vinylborane and can be stored at
room temperature for weeks without noticeable decomposition.

4 days,
63% Me;Si

Me;Si—=—H + HB/\) 3 °C. THF, )r @ (30.2)
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It reacts with trans-piperylene with high regioselectivity and endo stereose-
lectivity; no exo product is observed (Table 30.6) [23]. However, the major iso-
mer is reversed from that observed with vinyl-9-BBN, which has afforded only
meta substituted products [5].

The purified alcohols are converted to the corresponding 1,4-cyclohexadi-
enes, quantitatively and cleanly on warming with 1 mol% of p-toluenesulfonic
acid.

The boron adduct, obtained from 2-tert-butylbutadiene and 2-trimethylsi-
lylvinyl-9-BBN, on treatment with 6 equiv of acetaldehyde affords 1-tert-butyl-
5-trimethylsilyl-1,3-cyclohexadiene (Scheme 30.4). This diene in the presence
of oxygen is converted to aromatic derivative, a versatile substrate for electro-
philic substitutions.

@ 6 equlv CH;CHO
T I2h,57°C W
SIM63 t-Bu ‘SiMes

78%, isolated yield 10%

| o |

slow

-Bu SiMe3

Scheme 30.4

Thus, convenient synthesis of trimethylsilylvinyl-9-BBN, its high reactivity,
and the simple and efficient transformations of the adducts to 1,3-cyclohexadi-
enes makes this an attractive acetylene equivalent in Diels-Alder reactions.

Diels-Alder reactions of simple 2-alkyl- or 2-alkoxybutadienes with activated
dienophiles lead to preferential formation of the 1,4-disubstituted (“para”)
product (Scheme 30.5) over the 1,3-disubstituted (“meta”) product. Although
the regiochemistry of more complex reactions is not always so predictable, the
electronic preference for the “para” product in simple reactions has been invari-
able.

T e—0- 0

D =R, OR; A = CHO, C(O)R, CO,R, SO,R, CN, BR,
P(0)(OEt),, NO, etc

Scheme 30.5
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An unprecedented electronic preference for the “meta” product in Diels-Al-
der reaction of [(trimethylsilyl)ethynyl]-9-BBN has been reported [36]. [(Tri-
methylsilyl) ethynyl]-9-BBN-THF is prepared (Eq. 30.3) [36] in 97% yield by
the reaction of (trimethylsilyl) ethynyllithium and B-methoxy-9-BBN. The re-
agent [(trimethylsilyl) ethynyl]-9-BBN-THEF is crystalline but is air sensitive.
However, the reagent is indefinitely stable in a freezer under an inert atmo-
sphere.

THF
/> (l)THF,f78°CM S /)
i————1Li — > MesSi——
MesSi Li + MeO B\ (2) BF;-OFEt 3
(30.3)

The difficulties associated with the isolation and manipulation of this air-sen-
sitive reagent are avoided by its in situ formation (Eq. 30.4) [36] from [(trimeth-
ylsilyl) ethynyl]tributyltin [37] and 9-bromo-9-BBN. The reaction is instanta-
neous and quantitative at 25 °C.

THF

MC3SI SHBU3 + Br—B /> % Meg,Sl%B/\)

(30.4)

The Diels-Alder reactions of the reagent with dienes are summarized in
Scheme 30.6 [36].

The novel regioselectivity [38] of these reactions has been found to be consis-
tent with an ab initio prediction of advanced bonding to boron in a [4 atom + 3
atom] transition state [36].

Bis(9-borabicyclo[3.3.1]nonyl)acetylene is rapidly prepared [39] in situ, uti-
lizing neat bis(tributylstannyl)acetylene and 2 equiv of 9-bromo-9-BBN at -78
°C. The reagent is an effective dienophile and undergoes reactions with simple
acyclic dienes at 110 °C. The 1,4-cyclohexadienes are obtained in good yields
after debromination of the Diels-Alder adducts with acetic acid (Chart 30.6)
[39].
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Y
= . ‘ ‘ 100 °C
A 9-42 h
X B: THF
&
a,X=Y=H
b, X=Y=Me
¢, X=t-BuMe,SiO, Y =H
d,X=Me,Y=H
e, X=t-Bu,Y=H
Y SiMe3
DDQ or
U chloranil
X

a, 90%; b, 86%; ¢, 74%
d+d', 83%;e+e', 73%

Scheme 30.6

YUSiMQ
T
a-c

d,X=Me,Y=H;d,X=H,Y =Me
e, X=t-Bu,Y=H;e', X=H,Y=t-Bu

25°C

Y: : ,SiMe3
X

a, 89%; b, 84%; ¢, 73%
d+d', 95%; d:d'=76:24
e+e', 85%; e: e'=34:66

lAcOH

BBN
- H (D110°C, 16h_
~ (2) AcOH, THE
Ph 25°C,2h
BBN 68%
BBN
= . H (1)110°C,24h_
- (2) AcOH, THF
t-B 25°C,2h 1
u BBN t-Bu
53%
BBN
H (1) 110 °C, 36 h N
+ -
(2) AcOH, THF
X 25°C,2h
BBN 55%

Chart 30.6
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Singleton and coworkers [40] have studied the regioselective behaviors of six
2-alkenyl- and cis-1-alkenylboranes toward dienophiles for Diels-Alder reac-
tion. The boranes are generated in situ from the reaction of BBr;, BCl,, 9-BBN
or B-chloro-3,6-dimethylborepane [41] with 2-propenyltributyltin or cis-1-pro-
penyltributyltin.

BB BCI B/> BB B@
I 2 B
e oy A U C

1) (2) 3) 4) Q) (6)

The reactivity and selectivity of the alkenylboranes are summarized in Table
30.7[40].

The relative reactivity of 2-propenylborane is 1 > 2 > 3 = 4; 1 reacts rapidly
with simple dienes at room temperature, whereas 3 and 4 require longer reac-
tion times at 55 °C.

The data in Table 30.7 [40] reveal that the alkenyldihalo- and alkenyldialkyl-
boranes consistently favor regiochemically reversed products. The alkenyldiha-
loboranes affords the unusual “meta” (1,3) as the major products, whereas the
alkenyldialkylboranes affords the normal “para”(1,4) as the major products. The
regioselectivities of 3 and 5 are consistently outstanding (90:10 in the worst case
scenario).
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31 Suzuki Reaction

The Suzuki reaction is palladium-catalyzed coupling of organic halides or tri-
flates with organoboranes under basic conditions. The organic halides and tri-
flates react in the order of I > Br > OTf >> Cl. The reaction provides a highly
versatile procedure for the construction of new carbon-carbon bond that toler-
ates many functional groups [1].

The cross-coupling reaction of B-R-9-BBN occurs readily with 1-haloalkenes
or haloarenes in the presence of catalytic amount of PdCL,(dppf) and bases such
as sodium hydroxide, potassium carbonate, and potassium phosphate and af-
fords the corresponding alkenes or arenes. The reaction does not take place in
the absence of base due to poor nucleophilic character of R of B-R-9-BBN, and
the reaction also fails with weak base such as sodium acetate.

A series of reactions are performed with iodobenzene and B-octyl-9-BBN to
establish the reaction conditions (Eq. 31.1; Table 31.1) [2].

Phl + CH;(CH,);B ———> Ph(CH,),CH; (3L.1)

Table 31.1 Reaction conditions: cross-coupling of B-octyl-9-BBN with iodobenzene [2]

Catalyst Base (equiv) Solvent Temp (°C) Yield (%)
PdCl,(dppf) NaOH (3) THF-H,0 (5:1) 65 99
PdCl,(dppf) TIOH (1.5) THF-H,0 (5:1) 20 79
PdCl,(dppf) NaOMe (1.5) THF 65 98
PACl,(dppf) NaOMe (1.5) THF-MeOH (5:1) 65 18
PACL,(dppf) K,CO, (2) DMF 50 98
PdCL(dppf) K,PO, DMF 50 94
Pd(PPh,), NaOH (3) THF-H,0 (5:1) 65 84
Pd(PPh,), NaOH (3) Benzene-H,O 80 97

A comparison of various B-octylboron compounds in the reaction with io-
dobenzene demonstrates that hydroborating reagents such as 9-BBN, Sia,BH,
Chx,BH and borane are effective in the Suzuki reaction (Table 31.2) [2].
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Table 31.2 Coupling reaction of iodobenzene with various alkylboron compounds [2]

Borane Yield (%) Borane Yield (%)
O
Octyl-B.
Octyl— B@ 99 o 1
Octyl-B(Sia), 82 (2-Butyl),B 40

Octyl-B ({:>)2 93 E>—>;B 65
(Octyl),B 98 E>_>3TB 55

In the absence of base-sensitive groups in both alkylboranes and organic ha-
lides, PACl,(dppf) and sodium hydroxide in THF-H,O works nicely (Table 31.3,
procedure A). For functionalized alkylboranes and halides, powdered sodium
methoxide suspended in THF (procedure B) accelerates the reaction. However
procedure B is less effective for vinylic halides. A promising coupling is achieved
employing either potassium carbonate (procedure C) or potassium phosphate
(procedure D), both suspended in DMF at 50 °C. The results also reveal that
coupling reaction is applicable to iodides and bromides of vinyl and aryl halides
(Chart 31.1) [2].

R R'
| |
R—CH—CHﬂB@ + X—R —> RCHCH,—R'

X=1Br R' = Alkenyl or aryl

Chart 31.1

The results are summarized in Tables 31.3 and 31.4 [2]. A wide variety of
functional groups such as cyano, ester, and carbonyl, etc., are tolerated under
these conditions. It is significant to mention that none of the coupling products
arising from cyclooctyl group is detected in the crude reaction mixture.

The reaction is very useful in the stereodefined synthesis of 1,5-alkadienes.
Consequently, the selective hydroboration of a terminal double bond of tri-
ene, followed by coupling with ethyl-(E)-2-bromocrotonoate in DMF using
PdCl,(dppf) and K,PO, affords the corresponding trienic ester in 60% yield.
Similarly, coupling with (Z)-3-bromo-2-butanol tetrahydropyranyl ether affords
a 67% yield of farnesol tetrahydropyranyl ether (Chart 31.2) [2].
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A~ha = A

BrT
B J\/ COOEt
PdCly(dppf) OTHP
K,CO4 PdClz(dppf), K3PO,
WCOOH S X X
0,
60% 67% OTHP

Chart 31.2

It has been reported that the hydroboration of 20(21)-methylene steroid,
prepared from pregrenolone acetate by Wittig reaction, with 9-BBN produces
predominantly (20R)-21-boryl steroid [3]. This boryl steroid on cross-coupling
with ethyl(E)-p-bromomethacrylate affords the corresponding steroid with ex-
tended side chain and having natural configurations at C-20 (Eq. 31.2).

B@
Br\)\
Z SCooMe

—_—
PdCly(dppf), K3PO4

AcO
AcO 75%

(31.2)

A combination of hydroboration and intramolecular cross-coupling provides
a convenient method for the synthesis of five- and six-membered cycloalkenes
and benzo-fused cycloalkanes and pyran derivatives (Scheme 31.1) [2].

CH,),,CH=CH !
(CHy)p, 2 H—B@ (CHy),, —B DPdClz(dppt) )
T» |QCH2)n+2

Br Br

Scheme 31.1

The results are summarized in Table 31.5 [2].
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Table 31.5 Cyclization of bromoalkenes via hydroboration and intramolecular cross-coupling re-
action [2]

Haloalkene Product Yield (%)
o0 g
86
Br
X
66
Br
I (\
l i Ne) O 70
PhY\/\ [:
Ph 67
Br
Br
68
\ OMOM
OMOM
] ]
(0] O o) 0
= 84
Br
Br
““ 9@ 77
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The stereodefined exocyclic olefins (Eq. 31.3) are readily synthesized by hy-
droboration of dienic bromide, followed by intramolecular coupling.

>

O O B o) 0
T
9-BBN PdCl(dppf)
X NaOH
A N
75%

(31.3)

The reaction is extended to the synthesis of arylacetylenes and stereodefined
enynes. The reactions sequence involves the preparation of thermally stable lith-
ium complexes from B-OMe-9-BBN and alkyllithium in THF at -78 °C. These
complexes undergo Pd-catalyzed Suzuki coupling to both aromatic and olefinic
substrates to produce a variety of alkynyl derivatives and enynes, with complete
retention of the double bond geometry (Eq. 31.4) [4a].

R
\ THF_ -+ \ OMe| g,
B—OMe + R——=—==——-711i —> Li B/ — — » R—=—R’
/ —78 °C RN Pd(PPh3)4
N/
(31.4)

The results are summarized in Table 31.6 [4a].

Table 31.6 Arylacetylene and enynes from lithium complexes [4a]

R R’ Yield (%)
n-Bu C.H; 92
SiMe, CH; 64
Ph CH, 94
n-Bu p-MeOC(H, 68
SiMe, CH,=CCH; 88
t-Bu cis-CH=CH-t-Bu 56

SiMe, trans-CH=CH-n-Bu 55
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Soderquist and coworkers [4] have prepared 9-oxa derivatives of B-OMe-9-
BBN and submitted its lithium complex to Suzuki cross-coupling to a variety
of aryl and vinylbromides. The yields of both arylacetylenes and stereodefined
enynes (Eq. 31.5) match or exceed those obtained in the 9-BBN [4a] process
(Table 31.7) [4b].

R
\ OMe |~
(PMe MeO- o B/_
TMANO R———1i__* R'Br -,
< b Pd(PPhy, K K
(31.5)
Table 31.7 Suzuki coupling with alkynylborate complexes [4b]
R R’ Yield %
Me CH, 88
SiMe, cis-CH=CH-n-Bu 83
SiMe, trans-CH=CH-n-Bu 59
SiMe, p-CH,OCH, 62

The Markovnikov vinylborinates prepared from 9-oxa-10-borabicyclo[3.3.2]
decanes undergo facile Suzuki coupling to alkylbromide and provide unsym-
metrical 1,1-disubstituted alkenes (Table 31.8; Eq. 31.6) [5].

A

B—0O
R,BI‘, NaOH o R (316)
Pd[PPhy],, THF R
reflux

Table 31.8 Dienes and styrenes through Suzuki coupling [5]

R R’ Yield %
t-Bu CH,=CPh 80
t-Bu cis-CH=CHBu 59
n-Hx trans-CH=CHMe 63

Me,SiCH,CH, p-Anisyl 68
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The significance of Soderquist’s 9-oxa-10-borabicyclo[3.3.2]decyl (OBBD)
derivatives obtained by selective oxidation of 9-BBN derivatives with TMANO
is demonstrated in the synthesis of (S)-(-)-frontalin [6] (Scheme 31.2), the ag-
gregation pheromone of the pine beetle (Dendroctonus frontalis) by Suzuki cou-

pling [7].

OMe (1)9-BBN _
—ﬁ\ T OM (2) TMANO ><_//

Br
CHz— CMC OSO4

4, 0O OH
PA[PPhy, NaOH W W
HO

O
TsOH \ : < “““
o

Scheme 31.2

Both carbon- and heterocyclic six-membered ring systems with an exocy-
clic carbon-carbon double bond have been synthesized (Table 31.9, 25-76%)
from o,w-dienes through double Suzuki cross-coupling of their dihydrobora-
tion adducts with either aromatic or olefinic vinylidene dibromide in a one-pot
Pd-catalyzed sequence (Scheme 31.3) [8].

..
e o, (] n

BV\X/\/
R
¥<Br
Br X = CHj, Si(CH3),, CHOTBDMS
- > R = Alkyl 1
Pd[PPhs]4/base yhaty

Scheme 31.3
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gem-Dibromovinylidene intermediates are prepared either from 1-bro-
moalkynes via modified Zweifel method [9] or from aldehydes via the Fuchs-
Corey method [10] (Eq. 31.7, R = Ar, 50-60%).

L B\ (1) Br, /:<Br CBr4 H>:O
R/—<Br0 (2)NaOMe R Br Zn PPh; R

(31.7)
The results of double Suzuki coupling are summarized in Table 31.9 [8].

Table 31.9 Synthesis of six-membered ring via double Suzuki coupling [8]

X R Yield (%) Time (h)
CH, Ph 57 4
CH, p-Biphenyl 42 2
CH, p-Tolyl 40 8
CH, p-Anisyl 76 8
CH, n-Bu 44 8
Si(CH,), Ph 48 1.25
Si(CH,), Biphenyl 60 2
Si(CH,), 2-Furyl 36 8
Si(CH,), p-Tolyl 25 17
Si(CH,), p-Anisyl 60 1.25
Si(CH,), n-Bu 48 2
CHOTBDMS Ph 38 3
CHOTBDMS Me 64 3

Soderquist [11] has reported the synthesis of both erythro and threo isomers
of B-(3,3-dimethyl-1,2-dideuterio-1-butyl)-9-BBN from 3,3-dimethyl-1-butyne
through a hydroboration-deuteronolysis—hydroboration sequence employing
first 9-BBN-H and then 9-BBN-D, or in reverse order, respectively. Whitesides’
protocol [12] has been employed to determine the stereochemistry of B > Pd
alkyl group transfer in the Suzuki coupling of both erythro and threo derivatives
of 9-BBN to PhBr. It is found that transfer occurs with complete retention of
configuration with respect to carbon (Scheme 31.4). The retention process sug-
gests a four-centered hydroxy p,-bridged transition state model (Fig. 31.1).
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D D 3 H D 4 H D
; >=_ o= T BN
H 92% g D 85% 1 <-~p

J=48 Hz J=48 Hz
1,2 threo Exclusive threo

H D H D
y_<n 9% | y 8% DH

J=123Hz J=12.5Hz
erythro >98% erythro

(1) (9-BBN-D),, (2) CD,COOD, (3) (9-BBN-H),, (4) PhBr/NaOH/Pd(PPh,),

Scheme 31.4

Fig. 31.1 Four- centered transition state — a model for alkyl group transfer via an Se? (coord)™
process
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Soderquist [11] has further conducted the competitive rate studies (Chart
31.3) of B-R-9-BBN and corresponding 9-oxa-10-borabicyclo[3.3.2]decanes
(OBBD).

iR/
B—O
<\B—R and/or _PhBr,NaOH _ @Bu + @—Hx
/ Pd(PPhs)s, THE, A
R, R’ =Bu, Hx

Chart31.3

The results of these competitive studies are summarized in Table 31.10 [11].

Table 31.10 Competitive coupling for B-R-9-BBN and R'-OBBD derivatives [11]

Entry B-R-9-BBN R’-OBBD Time (h) Yield
derivatives (%)
R R’ PhBu PhHx
1 Bu, Hx - 1 40 48
2 Hx Bu 12 0 86
3 Bu Hx 12 84 0
4 Bu, Hx 12 44 49

The data reveal that as expected, little difference is observed in Bu versus Hx
coupling (Table 31.10, entries 1 and 4). However, when B-R-9-BBN/R’ of OBBD
pairs are compared (Table 31.10, entries 2 and 3), only the 9-BBN derivatives
undergo coupling. This remarkable and previously unknown feature of Suzuki
coupling, clearly, has potential synthetic importance for selective coupling.

Vinylsilanes undergo numerous and often unique stereoselective transforma-
tions, which make them important synthons in chemical syntheses [14]. Vinylsi-
lanes can be efficiently prepared through a tin-mediated version of the Crandall
reductive alkylation of epoxides [15]. However, for 1,3-alkadienylsilanes and
related systems, this approach is neither promising nor practical. In Stille cou-
pling [16] both stereochemical drift and competitive homocoupling have been
observed, which lead to low yields. These problems as well as the formation
of regioisomeric products are also observed in the Heck coupling of vinyltri-
methylsilane to vinylic substrates [17]. Suzuki coupling of silylated vinylboranes
[18], however, overcomes these difficulties through the use of vinyl-9-BBN de-
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rivatives such as trans-2-trimethylsilylvinyl-9-BBN [19]. trans-2-Trimethylsilyl
vinyl-9-BBN are efficiently prepared (82%) through a new dehydroborylation
process [20]. Consequently, Soderquist has reported [21] that aryl, vinyl, and
alkynyl bromides undergo efficient Pd-catalyzed Suzuki coupling with trans-1-
(9-borabicyclo[3.3.1]non-9-yl)-2-(trimethylsilyl)ethene under basic conditions
to give the corresponding trans- styryl-, dienyl-, and enynylsilanes (Eq. 31.8;
Table 31.11) [21].

<\ B RBr ~ R (31.8)
/ %SM Pd(Pph3)4, NaOH T SiMe; ’
1M€3

Table 31.11 trans-1-Silylstyrenes, dienes, and enynes [21]

MeO . l
©R \“R SlMe

SiMes; SiMej

89% 76% 84%
Hx
x _ A N
HX/_E —
SiMes SiMe; x SiMe; SiMes
82% 85% 58% 88%

Several unusual silametacyclophanes, macrocyclic cage compounds, have been
prepared by multiple Pd(0)-catalyzed Suzuki coupling reactions of 9-BBN ad-
ducts of allylsilane and bromobenzene. For example, reaction of 9-BBN adduct of
methyltriallylsilane and 1,3,5-tribromobenzene leads to 4-methyl-4-sila[3*'°][7]
metacyclophane, 4-(2-propenyl)-4-methyl-4-sila[7]metacyclophane, which re-
sults from an intramolecular coupling of two legs of the silane and -elimination
of the third leg and 4-(3-phenylpropyl)-4-methyl-4-sila[7]metacyclophane (Eq.
31.9) [22]. The coupling reaction is carried out using Pd(dppf)Cl,, a Pd(0) catalyst
that has been reported to minimize the B-elimination [23]. The reaction in addi-
tion to formation of metacyclophanes, produces a large amount of polymers.

Coupling of bis-9-BBN adduct of allyldimethylsilane and 1,3-dibromoben-
zene in presence of NaOH vyields the corresponding silacyclophane in 32% (Eq.
31.10). It should be noted that neither 1,2- nor 1,4-dibromobenzene affords the
corresponding silacyclophanes under similar conditions. In addition, no reac-
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tion takes place between allylmethylsilane and bromobenzene, presumably be-
cause of Pd(0) insertion into the Si-H bond [24].

Z"(1)3 equiv 9-BBN in THF

\y\\\ (2) 1,3,5-tribromobenzene, THF, }
NaOH, Pd(PPhs), or Pd(dppf)Cl,

MeSi

1-2% 5%
(31.9)
B/
/\/\ N\ 1,3-dibromobenzene= Si/ n
Mezsl\/\/ / NaOH, Pd(PPhs), ~
B THF, A
32%
P N s N
(31.10)

The Suzuki reaction is a powerful carbon-carbon bond-forming reaction
method for the rapid introduction of diverse substituent onto an aromatic ring.
Substituted arylacetic acids represent an important class of cyclooxygenase in-
hibitors. These inhibitors that are built on the phenylacetic acid core, typically
incorporating three elements of variability: an a-alkyl group, R'; alkyl, aryl or
heteroaryl substitution on the phenyl ring, R% and acid or amide functionality
(Scheme 31.5). To synthesize this variety of molecules requires successful con-
struction of a combinatorial library of a class of compounds and that depends
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on the availability of general and high yielding strategies, the general one being
the solid support [25]. The linkage to solid support must be compatible with the
basic enolate alkylation and Suzuki reaction conditions, yet at the end of the
synthesis it must be labile for nuecleophilic cleavage of the final product from
the solid support. The seldom-used acylsulfonamide linker, developed by Ken-
ner for peptide synthesis, fulfills these requirements [26]. Under basic condi-
tions, the acylsulfonamide (pK, ~ 2.5) is deprotonated, preventing nucleophilic
cleavage; however, once solid-support synthesis is complete, treatment with
diazomethane leads to the formation of an N-methylated derivative, which is
activated for nucleophilic displacement.

The sulfonamide-derivatized support is readily prepared by treating amino-
methylated resin with 4-carboxybenzenesulfonamide, N,N-diisopropylcarbodi-
imide, and 1-hydroxybenzotriazole. Treatment of the sulfonamide resin with
pentafluorophenyl active ester of 4-bromophenylacetic acid and 4-(dimethyl-
amino) pyridine then gives the acylsulfonamide. Subsequent treatment of acyl-
sulfonamide with excess LDA (15 equiv) in THF at 0 °C results in rapid deprot-
onation to give the trianion.

The trianion on treatment with activated alkyl halides such as methyl iodide
or benzyl bromide or highly inactivated alkylhalides such as isopropyl iodide
results in rapid and complete alkylation—incorporation of an a-alkyl group R'.
Subsequently, the Suzuki coupling is performed using Pd(PPh,), as the catalyst,
2 M aqueous Na,CO, as the base, and THF as the solvent at reflux for 24-40 h.
Good conversion is observed both for alkyl-9-BBN derivatives and for arylbo-
ronic acids that are electron poor or electron rich as well as ortho substituted;
the process is incorporation of R* group. It is important to note that no protode-
halogenation takes place in any of this coupling reaction.

The final step in the synthesis is nucleophile-mediated cleavage of the desired
product from the solid support. Acylsulfonamide activation is accomplished by
first rinsing the acylsulfonamide derivative with 5% trifluoroacetic acid in THF
to ensure complete protonation, followed by treatment with CH,N, in Et,O. Nu-
cleophilic cleavage of the product from support is then achieved by treatment
with either hydroxide at room temperature or an amine in THF or dioxane at
elevated temperature (incorporation of X group) (Scheme 31.5) [27].
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H _NH, H _N
//S N\ //S AN
0O 0 0O O B

T

(0}
R

(a) Pentafluorophenyl-4-bromophenylacetate, 4-(dimethylamino) pyridine; (b) LDA, THE, 0 °C;
() alkyl halide, 0 °C; (d) alkyl-9-BBN or arylboronic acid, Pd(PPh,),, Na,CO;, THE, 65 °C; (e)
CH,N,; (f) HO™ or amine.

Scheme 31.5

The results are summarized in Table 31.12 [27].
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Table 31.12 Substituted arylacetic acid and amide derivatives [27]

Entry R Derivative R? Nucleophile Yield (%)
a H (Me),CHCH, H,0 100
b Me (Me),CHCH, H,0 96
c Me (Me),CHCH, BnNH, 96
d Bn (Me),CHCH, BnNH, 98
e Et (Me),CHCH, BnNH, 92
f i-Pr (Me),CHCH, BnNH, 91
g Me (Me),CHCH, Piperidine 96
h Me (Me),CHCH, Aniline 0
i H Ph H,0 93
j Me Ph BnNH, 95
k Me 4-F,CPh BnNH, 87
1 Me 4-MeOPh BnNH, 88
m Me 2,4-CLPh BnNH, 88

As shown in Table 31.12, hydroxide cleanly provides the carboxylic acids
ibufenac (entry a), ibuprofen (entry b), and felbinac (entry i), whereas nucleo-
philic amines such as benzylamine and piperidine provide high yields of the
amide derivatives.

The utilization of solid-support in Suzuki coupling is further exemplified [28]
in the synthesis of amino acid esters (Scheme 31.6).

\/ \/
Sl\/: Si
(1) 9-BBN, THF
(2) Br—, DMF
OEt -
Pd(PPhs)s, Ko,CO; N

N
I
Eto)l\é/ N Eto)l\/N
A

OEt

\/
Si
IN HCI/THF
8:1

OEt
H,N

Scheme 31.6
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Hydroboration of allylsilane with 9-BBN forms the corresponding borane,
which is coupled [28] to bromostyrene resin with Pd(PPh,), and K,CO, in DMF
to give bislactin. Acid hydrolysis of the bislactin affords chiral amino ester. It is
noted that Boc-protected amino acids can be generated first, followed by hy-
droboration and Suzuki coupling of the allylsilane.

Another solid-support Suzuki coupling is the hydroboration of vinyl poly-
styrene with 9-BBN in THF to provide [29] polymer supported borane. This
borane is coupled to give different aryl, vinyl, or alkyl iodides. Pd(OAc), is em-
ployed as the catalyst for aryl iodides and PdCL (dppf) in other cases to yield the
coupled adduct in 55-85% yield (Scheme 31.7) on the basis of the mass of the
product cleaved or by comparison with IR integration to standards.

. ) :

9-BBN Pd(OAc),, NaOH _
—_— >
Triton B, DMF, RI

Scheme 31.7

General and efficient syntheses of prostaglandins have been the subject of
much effort over the past four decades [30]. In addition to the lengthy Co-
rey’s synthesis [31], two other popular approaches are the three-component
coupling process [32] and the two- component (conjugate addition) process
[30]. However, these processes are associated with many limitations, e.g., one-
pot, three-component coupling faces the problems of enolate equilibrium
and P-alkoxide elimination and in the two-component approach, the limiting
approach is the availability of the enantiopure a-alkylcyclopentenones [33].
These problems are avoided by the use of Suzuki reaction as the organoborane
reagents are easily prepared (in situ) and in most cases display little reactivity
with other functionalities. In addition, Pd(0)-catalyzed coupling occurs under
mildly basic conditions and is tolerant of a wide range of functionality (ke-
tone, aldehyde, ester, nitrile, alcohol, etc.), making the overall process highly
adept in the synthesis of delicate compounds such as prostaglandins (Schemes
31.8, 31.9). Consequently, PGE,, precursor 2 is synthesized from the readily
available [34] cyclopentenone by employing Suzuki coupling reaction (Scheme
31.9) [35].
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OH OAc OTBDMS

ey e he, WESLVAVAS

F CsHyp >98% e _~ CsHyy >83% P CsHpy 89% E

Z Z Z OTBDMS
1

(a) SP-435, isopropenyl acetate, 25 °C; (b) NaCN, MeOH; (c) TBDMSCI, imidazole, DMF;
(d) Bu;SnH, AIBN, 110 °C

Scheme 31.8
Q COOMe
z\j d/ @B"(CHZ)GCOOMe 78-80 °C W
TBDMSO TBDMSO TBDMSO 2

COOCH,

TBDMSO HO
OTBDMS oH

(a) 1.5 equiv of borane, PACL,(dppf), 5 mol%, Ph,As 10 mol% CS,CO;, (1.8 equiv), DMF/THF/
H,0, 25 °C; (b) (i) vinyl cuprate derived from stannate 1, THE -78 °C, (ii) saturated aq. NH,Cl;
(c) HE pyridine, CH,CN

Scheme 31.9

It is pertinent to mention that presence of water is absolutely necessary, the
factor not normally observed with the Suzuki reaction; the other protic solvents
like methanol prove unsatisfactory. The PGE, methylester is obtained in good
overall yield (54%).

L-Tryptophan is an essential amino acid that provides the biosynthetic pre-
cursor for many naturally occurring indole alkaloids [36]. The ability to syn-
thesize enantiomerically pure tryptophan analogs substituted in the benzenoid
ring constitutes a useful approach toward the total synthesis of chiral indole
alkaloids of natural and nonnatural origin. Consequently, it provides a general
entry into the nonnatural amino acid derivatives of potential pharmacologic
value [37]. Hino has demonstrated [38] the powerful utility of cyclic trypto-
phan tautomers as intermediates for direct functionalization of chiral trypto-
phans. Cyclic tautomers allow standard electrophilic substitution at 5 position
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of the benzenoid ring due to deactivation of the reactive C-2 and C-3 positions.
Consequently, analog 3 is used for the synthesis of 5-nitro [39], 5-bromo [40],
5-chloro [39], and 5-hydroxytryptophan [40] analogs. The cyclic tautomer 3 is
used for the preparation of L-tryptophan derivatives bearing 5-alkyl and 5-aryl
substituents. Treatment of 3 with 4 equiv of iodine monochloride affords the
5-iodo species 4 in 81% yield. Cross-coupling of 4 with arylboronic acids or
B-alkyl-9-BBN derivatives, catalyzed by 3 mol% [bis(1,1’-diphenylphosphino)
ferrocene]palladium (II) chloride give the 5-aryl- and 5-alkyl cyclic tryptophan
tautomers 5a—f in 59-79% yields (Scheme 31.10; Table 31.13) [41]. The cyclic
tautomers are easily decyclized and deprotected to the corresponding 5-aryl-
and 5-alkyl-L-tryptophan [41].

COOCH;
N\ NHCcoocH,  (1)85% H3PO,
N (2) Ac,0, Py

H

I R
ICl, CH,Cl, PACl,(dppf)

81% RB(OH), or
B-R-9-BBN |
K,CO3/DME, 80 °C COCH;
59-79% 5af

Scheme 31.10
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Table 31.13 Preparation of cyclic tryptophan analogs 5 [41]

Entry B-R-9-BBN or RB(OH), R Yield (%)

- QL
B(OH),
L
ON B(OH), (0]

e
yes

. @w@ @W

N CI©\AB<> CI©\/>< h

CH3(CHy)eCHy H 59

64

64

79

> CH3(CH2)6CH2—B\>

b
AN

Prepared as described from Brown HC, Lynch GJ (1981) ] Org Chem 46:531.
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The epothilones are a class of cytotoxic macrolides that have emerged as highly
promising new anticancer agents. Although structurally dissimilar to paclitaxel
(Taxol), the epothilones, apparently, function through an analogous mechanism
involving inhibition of cellular division by stabilization of microtubule assem-
blies, thereby leading to cell death. The naturally occurring compound, epothi-
lone B (6, Epo B) is the most potent member of this family. Recently, the Bristol-
Myers Squibb Company (BMS) has advanced the 15-desoxy-15-aza analog of
epothilone B (7, Aza-Epo B) as a clinical candidate for cancer therapy [42, 43].
Aza-Epo B, has been synthesized [44] by Suzuki coupling and subsequent macro-
lactamization as outlined in Scheme 31.11.

z
\
\\ZI

Epothilone B (EpoB) Aza-epothilone B (Aza-EpoB)
6 7

Polyhydroxylated piperidines (“azasugars” or “alkaloid sugars mimics”) are a
novel class of glycomimetics compounds. They exhibit potent biological activity
[45] such as inhibition of oligosaccharide-processing enzymes called glycosi-
dases and glycotransferases. These enzymes target glycosidic linkage of oligo-
saccharides and glycopeptides by stabilizing an intermediate oxonium ion, thus
facilitating the lysis and modification of the anomeric center [46]. Azasugars are
thought to be good inhibitors due to their ability to mimic the transition state
oxonium ion as a result of the heterocyclic nitrogen being protonated at physi-
ological pH [46d].

Johnson and coworkers [47] have synthesized (16)-, (1>4)-, and (1->1)-
linked aza-C-disaccharides; Dp-azaMan-B-(1->6)-p-Man(8), D-azaMan-f-
(1>6)-p-Glc(9), p-azaMan-B-(1->4)-p-Talo(10) and p-azaMan-B-(1->1)-
D-B-Glc(11). The polyhydroxylated piperidine ring is constructed employing
vinylbromide, (3R,4R,58,65)-3-[(N-benzyloxycarbonyl)amino]-1-bromo-4-
[(tert-butyldimethylsilyl)oxy]-5,6-(O-isopropylidenedioxy) cyclohex-1-ene(12),
as a common intermediate for these sugars. Vinylbromide (12) required for Su-
zuki coupling is synthesized de novo from 3-bromocyclohex-3,5-dien-1,2-diol
as outlined in Scheme 31.12 [47].
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9-BBN, THF I

S —
Pd(dppf)Clz, ASPh3
C82C03, DMF, 78%

(1) PPhy, H,0, THF, 98%
(2) Boc,, MeCN, 70%

p-TsOH, acetone
82%

Scheme 31.11
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Br
Br
Pseudomonas putida _ OH (1)];1\450%H2C12
(2) m-CPBA, CH,Cl,
H
Br
o)
_LiCL, THF, >< NaNj3, DMF, 60°C
CH;NO,, 88% 76% > o
NyTOY
o OH
Br B
T
o 0
TBSCI, imidazole, (1) PPhy, H,0 o
DMF, 50 °C, 99% N ! 0 (2) CBZCI, NaHCO4 ><
3 99% CBZHN*" 0
OTBS oTBS
(12)

Scheme 31.12

The coupling partners, olefinated carbohydrates required for hydroboration
are prepared via methylenation of the aldehyde or ketone moiety of the mono-
saccharides.

In the synthesis of methyl-2,3-O-isopropylidene-4-O-(methoxymethyl)-6-
methylene-a-p-mannopyranoside (13), the hydroxyl groups of methyl-a-D-
mannopyranosides are selectively protected: 6-hydroxyl group as silyl ether;
2,3-hydroxyl groups as acetonides; and 4-hydroxyl group as methoxymethyle-
ther. The silyl group at the C-6 position is then selectively cleaved to get primary
alcohol. Oxidation of the alcohol to aldehyde followed by Wittig methylenation
yields the desired olefin (13, Scheme 31.13).

In the synthesis of methyl-2,3,4-tri-O-(methoxymethyl)-6-methylene-a-p-
glucopyranoside (14), the 6-hydroxyl group of methyl-a-p-glucopyranoside is
protected as its silylether, while the remaining three hydroxyl groups by their
methoxymethylethers. The silyl group is removed by tetrabutylammonium fluo-
ride (TBAF) to produce primary alcohol. The alcohol is oxidized using modified
Swern oxidation, followed by Wittig methylenation to produce the olefin (14,
Scheme 31.14).
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OH  0SiPhy-Bu

(1) t-BuPh,SiCl HO
Imidazole, DMF

P ——
(2) DMP,Acetone
p-TsOH, 97%

(1) MOMq, CH,Cl,, (i-Pr),NEt,
BuyN'T, 99%

(2) TBAF, THF, 93%

T

OCH;

(1) PCC,CH,Cl,

4 1§ mol sieves, 92% _
(2) PH;P' CH;Br, KHMDS, THF
~78 °C, r.t. 90%

OCH;

R = SiPhyt-Bu
R=H

Scheme 31.13

OH OH OR  OSiPhy-Bu

(1) -BuPh,SiCl RO,
Imadazole, DMF, 89%
(2) MOMCL, CH,Cl, .
(i-Pr),NEt, BuyN'T RO”
89%

>

(1) TFAA, DMSO, CH,Cl, then Et;N
(2) Ph3P"CH3Br, KHMDS, THF
—78 °C, r.t., 74%

Scheme 31.14

Methyl-6-O-(tert-butyldiphenylsilyl)-2,3-O-isopropylidene-4-deoxy-4-
methylene-a-Dp-Ilyxo-hexopyranoside (15) is prepared from methyl-a-p-manno-
pyranoside whose 6-hydroxyl group is protected as tert-butyldiphenylsilylether
and 2,3-hydroxyl group as 2,3-acetonide. The oxidation of the C-4-OH group
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gives the corresponding ketone. The Wittig reaction affords the poor yield of
the olefin due to epimerization and formation of elimination products, resulting
from the basic nature of the Wittig conditions. The alternative Tebbe titanium-
aluminum also gives only the modest yield. However, dimethyltitanocene [48]
generated in situ affords the desired olefin derivative in 81% yield, without any
epimerization or elimination products (Scheme 31.15).

OH  OSiPh,~-Bu OSiPhyt-Bu

0

PCC, CH,Cl,

4A mol sieves, 93% ><O Cp,Ti(CH),, PhCH;
o 0 70 °C, 81% -

Qi
Q
&

0

CH, OSiPhy-Bu

0o

Scheme 31.15

CHj;

CH;

2,6-Anhydro-3,4,5,7-tetra- O-(methoxymethyl)-D-gluco-hept-1-enitol (16) is
prepared from tetra(methoxymethylether) of §-p-gluconolactone. The carbonyl
function of lactone is olefinated with dimethyltitanocene to provide enol ether
(Scheme 31.16).

OH OH MOMO  OMOM
. MOMO_ -~

MOMCI, (i-Pr),NEt
BusN'T, CH,Cl,, 95%

Cp,Ti(CH,),, PhCH,4
70 °C, 79%

MOMO""

MOMO  OMOM
MOMO_ -~

16

Scheme 31.16
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In the synthesis of aza-C-disaccharide-p-azaMan-B-(156)-p-Man, hydrobo-
ration of methyl-2,3-O-isopropylidene-4-O-(methoxymethyl)-6-methylene-
a-p-mannopyranoside (13) with 9-BBN in THF produces the corresponding
borane (13a). The Suzuki coupling of borane and vinylbromide is achieved,
using PdCL,(dppf), 3 M aqueous K,PO,, and DME The resulting olefin 17 is
transformed into protected disaccharide mimic 20 in three steps requiring only
one chromatographic separation. Ozonolysis followed by DMS workup affords
ketoaldehyde, which is in equilibrium with its closed form hemiacetal 18. The
chemoselective reduction of aldehyde moiety produces ketoalcohol 19, which is
converted to protected azasugar 20 via an intramolecular reductive amination.
Acid preprotonation (6 N HCI, CH,OH) produces aza-C-disaccharide-p-aza-
Man-B-(1>6)-pD-Man as its HCl salt (Scheme 31.17) [47].

Br

O>< PdCly(dppf), K3PO,, DMF
o 89%

Qi
—

—
N

w2

(1) 03, DMS

(2) NaBH;3CN, pH 4 buffer,
““NHZBC THF
(3) Pd/C, 40 psi Hy, MeOH
53%

6N HCI, MeOH, 83%

Scheme 31.17
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Similarly, synthesis of p-azaMan-B-(1->6)-p-Glc (9, Scheme 31.18), p-aza-
Man-B-(1>4)-p-Talo (10, Scheme 31.19), p-azaMan-B-(1->1)-p--Glc (11,
Scheme 31.20) are achieved [47] as their HCI salts.

MOMO
MOMO
>< PdClZ(dppt)
K;PO,, DMF
MOMO™ Y CBZHN*" 93%
OCH, OTBS
14a

(1) 03, DMS
(2) NaBH;CN, pH 4.0. buffer,
THF
(3) Pd/C, 40 psi Hy, MeOH
63%

6N HC1, MeOH, 90%

OCH; 9 .HCI

Scheme 31.18



553

B® Br a ~OTBS

OSiPhyt-Bu 0
0 >< . - " NHCBZ
>< i 0 K3PO,, DMF
o 0 CBZHN" 76% ><° OSiPhyt-Bu
OTBS o o)
OCH; :
OCH;
1) 0s, DMS
2) NaBH,CN, pH 4 buffer, 1N HC, THF91%
THF i
3) PA/C, 40 psi Hp, MeCH
67%

10.HCI

Scheme 31.19
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PdCl,(dppf),
K3PO,, DME
76%

1) O3, DMS
2) NaBH;CN, pH 4 buffer,
THF
3) 7P3do;C, 40 psi Hy, MeOH 6N HCL MeOH
0

93%

HO

Y

11-HCI1 OH

Scheme 31.20

31.1
Mechanism of the Suzuki Catalytic Cycle

The Suzuki catalytic cycle consists of a series of sequential reactions whose rates
vary with the individual reacting species [49, 50]. In addition, the type of or-
ganoborane used must also be considered for successful coupling of even simple
alkylboranes. Either, trialkylboranes (BR,) or borinate esters (R,BOR’) are ef-
ficient coupling partners under the standard basic (NaOH) conditions [1, 2].
However, more oxygenated derivatives (i.e., boronates [RB(OR’),] require thal-
lium bases [51, 52]. As the successful coupling of alkylboranes is sensitive to
specific conditions and substrates employed, Soderquist reexamined [11] this
process under the standard conditions (i.e., Pd(PPh,),, NaOH) to determine (1)
the stereochemistry of the alkyl group transfer [53], (2) the effect of alkyl versus
alkoxy boron litigation on the rate coupling, (3) the actual role of added base,
and (4) the rate-limiting step in the catalytic process. Soderquist has reported
[11] that the catalytic cycle proposed earlier [1], as illustrated in Fig. 31.2, only
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R'X RR
PdL,
R'PdXL, RR'PdL,
B B

Fig. 31.2 The Suzuki catalytic cycle

superficially represents which otherwise is highly complex process particularly
when the base is included.

In the coupling process, the Lewis acidity of the boron plays an important role
with B-R-9-BBN (21) forming [HO(R)-9-BBN]™' (22) complex with the added
base, in marked contrast to their B-alkyl-9-oxa-10-borabicyclo[3.3.2]decane
counterparts (R-B-OBBD) (23), which do not. This behavior parallels their
coupling rates with the exclusive reaction of 21 over 23 in competitive experi-
ments (Table 31.10) [11].

The new features which emerge when base is added are illustrated in Fig.
31.3.

The results reveal [11] that the formation of BrPdPh(PPh,), (24) at 27 °C is
rate-limiting for 9-R-9-BBN derivatives (21). These organoboranes are primar-
ily present in their hydroxyborate complexes (22). The reaction between 22 and
24 is rapid, probably displacing bromide and forming a hydroxo p,-bridged in-
termediate PhL,Pd < (OH)B-R-9-BBN (25a) intermediate, which facilitates the
alkyl B > Pd transmetalation with retention of configuration through a four-
centered transition states (Fig. 31.1). This intermediate is expected to possess
lower energy than that of related species derived from oxygenated organobo-
ranes (23), owing to the greater Lewis acidity of B-R-9-BBN (21). The resulting
PhPdR(PPh,), rapidly gives PhR and regenerates Pd(PPh,),. The boron byprod-
uct (B-OH-9-BBN) effectively competes with 21 for base, thus the optimal 21/
OH- stoichiometry is 1:2 (Eq. 31.11), which ensures that 22 will be present to
continue the cycle once BrPdPh(PPh,), (24) is regenerated.

The alternative pathway, involving the key hydroxo-p2-bridged species (23b),
dominates for the less acidic OBBD derivative 23. Here, it is the formation of
HOPAPh(PPh,), from 24 that is rate limiting (Fig. 31.3) [11].
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HO
AN /OH Bre R.  OH
B o N_/
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OH
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0 22
R'L,Pd< B
R
RRPdL, 25a
PhBr .
RR' Pdl, ——= > RPdXL, or®
/ 24
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Fig. 31.3 Modified Suzuki catalytic cycle, illustrating the roles played by added base

\
(/B_HX PhBr, Pd(PPhs),, THF

»  PhHX
1.0 equiv (75%)
NaOH{z.o equiv (100%)

(31.11)
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The hydroboration-oxidation studies of 1,4-epoxy-1,4-dihydronaphthalene (1)
with various hydroborating agents such as borane-methyl sulfide (BMS), dicy-
clohexylborane, disiamylborane, and 9-BBN have yielded interesting results [1].
The reaction of 1 with dicyclohexylborane or disiamylborane affords the exo
alcohol 2 without epoxy ring opening (Eq. 32.1). On the other hand, 9-BBN hy-
droboration of 1 (1:1 mole ratio) in THF at 25 °C, followed by oxidation affords
a homoallylic alcohol 3 after opening of the epoxy ring (Eq. 32.2). BMS, how-
ever, affords a mixture of both the alcohols.

0
<ii:;>j£i:> R,BH NaOH
o H 02

25°C ) on

- O o

0

N

\ Fast

—

@b ) “

AN

9-BBN (1:1)
25°C, 1h

(32.1)
OH
NaOH “ (32.2)
H,0,

©)

These studies, therefore, have considerable importance on the mechanistic
pathways. It is known that organoboranes having electronegative substituents at
the P position readily undergo elimination [2-8].
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In case where the substituent is a strong leaving group (X = Cl, Br, I, or OTs),
the reaction involves a trans-elimination, catalyzed even by a weak base THF
(Eq. 32.3). However, when the substituent is not a strong leaving group but pos-
sesses good donor properties (X = OR, OAc), the reaction takes place through
cis-elimination (Eq. 32.4).

¥ F 1 R

R—C—Cc—g > o Co B—
Il{z L | st
/N 8+'|

(32.3)
l 1 3
—1|3 ((l)R R R
Rl—$—?—R3 > V= + ROK (32.4)
R2 R4 2 4 \
R R

As the reaction of 1 is not catalyzed by THE, thus, rejecting the trans path-
way for elimination process. The reaction, indeed, involves the cis pathway and
relatively exposed boron atom of 9-BBN readily facilitates elimination (Eq.

32.5).
)
(O.' \
L), — 1) -
9)
B
AN

On the other hand, in the derivatives of dicyclohexylboranes and disiamylbo-
ranes, the boron atom, that is surrounded by bulky substituents, finds it difficult
to achieve coordination with the 7-oxa substituent. These derivatives on oxida-
tion afford the epoxy-hydroxy compound 2. Consequently, the preparation of
the ring opened compound 3 [1] via hydroboration—oxidation is superior to the
literature method [9].

The reaction of 9-BBN with alkynyl trimethylstannate 4 yields a new alkene
(5, R = Bu-t), and a new allene (6, R = Me,Si or Me,Sn) (Scheme 32.1) [10],
and none of the product is consistent with the expected cis-addition of the B-H
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bond to the C=C bond in 4, nor it is in agreement with the mechanism involv-
ing hydrostannation of alkynes [11, 12].

c H
@B—H + MeSrC=C—R <= @B(
4 C=C—R

MC3SI1®

@?—(H R 6 (>B>_:—<SnMe3 (; B—==—R+Me;SnH
R 5

Me;Sn

Me3Sn\ o /H a; R = Bu-t
L= B@ b; R = MesSi
R R ¢; R=MesSn
Me;Sn
6

(1) THF, 20-25°C
2) 20-25°C, 0.2 h (R = MesSn); 60°C, 0.2 h (R = Me;Si); 60°C, 12 h (R = t-Bu)
3) MesSn-C=C-R; 20-25°C, 0.2 h (R = Me3Sn); 60°C, 0.2 h (R = MesSi); no

reaction for R = t-Bu.

Scheme 32.1

Brown and coworkers [13] have conducted exhaustive studies of the hydrobo-
ration of a,w-dienes: 1,3-butadiene, 1,4-pentadiene, 1,5-hexadiene, 1,7-heptadi-
ene, 1,8-octadiene, 1,8-nonadiene, 1,9-decadiene, 1,11-dodecadiene, and 1,13-
tetradecadiene with 2 molar equiv of 9-BBN, followed by the redistribution of
the resulting dumbbell-shaped trialkylboranes with 1 molar equiv of borane-di-
methylsulfide complex (BMS).

The hydroboration of 1,3-butadiene is carried out by adding the diene to the
slurry of 9-BBN (2 molar equiv) in THF at =78 °C. The reaction mixture is slowly
warmed to 25 °C, and BMS is added and redistribution is carried out at 25 °C for
14-18 h. The initially formed unstable [14] boracyclane, borolane, undergoes a
rapid ring opening to form 1,6-diboracyclodecane (Scheme 32.2) [13].
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NS+ 9-BBN —78 —25 °C= . .
2 equiv THF B—(CHa)s
/ \
lBMS

Scheme 32.2

The hydroboration of 1,5-hexadiene with 9-BBN/BH, ' THF [15] or 9-BBN/
B(OCH,), [15] affords the borepane ring system in quantitative yields. The 9-
BBN/BH, THF [15] gives a mixture of 9-BBN and borepane in solution, and
fractional distillation separation is unsuccessful. The 9-BBN/B(OCH,), affords
B-methoxyborepane and B-OCH,-9-BBN, which are separated by fractional dis-
tillation. The hydroboration of 1,5-pentadiene with 9-BBN and redistribution of
dumbbell-shaped dibora adduct with BMS leads to the formation of borepane
and regeneration of 9-BBN (Scheme 32.3). However, none of the attempted
methods, such as fractional crystallation from different solvents, selective com-
plexation with amines or distillation effect a complete separation of the two bo-
racyclanes [13].

2<>B—H + m 25 °C.6h <\B (CHy)6— />

BMS
25 °C,
1824 h

O ()
S
H
Scheme 32.3

The hydroboration of 1,6-heptadiene with 9-BBN and redistribution of the
dumbbell-shaped dibora adduct with BMS results in the regeneration of the 9-
BBN, but no cyclization product is identified. Instead, a polymer separates out
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as a white globular species. Te depolymerization at 175-200 °C (0.01 mm) yields
95% of boracyclanes. The oxidation of boracyclanes gives 1,7-heptanediol and
1,5-heptanediol in ratio of 3:1 and minor isomers <2 % (Scheme 32.4) [13].

2<>B—H AN N X 258G, 6h <\ —(CHy)— />

BMS
25 °C,
18-24 h

2 <\B-H + Polymer
/
(1) CH30H
Polymer ——— »
Y 2) 175200 °C " * Others
(0.01 mm) B

B
<2%
OCH; OCH3
95%
3:1

l[O]

HO-(CH»)7-OH + HO-(CH»)s-CHOHCH,CH;

Scheme 32.4

The formation of 1,5-heptanediol and 2-ethylcyclohexanone via DCME reac-
tion proves that the depolymerization is accompanied by isomerization.

The hydroboration of each of 1,7-octadiene, 1,8-nonadiene, 1,9-decadiene,
1,11-dodecadiene, and 1,13-tetradecadiene with 2 equiv of 9-BBN affords a lin-
ear polymer in each case. Methanolysis, removal of B-OCH,-9-BBN and depoly-
merization at 175-200 °C under reduced pressure, affords the boracyclanes. But
unlike the 1,6-heptadiene experiment, in all cases except 1,13- tetradecadiene,
the isomerized product is the major portion of the distillate. (Table 32.1) [13].
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Table 32.1 Hydroboration-redistribution-depolymerization of representative diene with 9-BBN-
BMS [13]

Diene Depolymerization Total yield of Percentage composition™:
temperature (°C)  boracyclanes (%) Parent 2-alkyl:
Other
Boracyclane-derivatives
isomers
1,5-Hexadiene - 100 100 - -
1,6-Heptadiene 175-180 95 75 25 <2
1,7-Octadiene 185-190 93 11 67 22
1,8-Nonadiene 190-200 98 15 71 14
1,9-Decadiene 175-180 88 12 65 23
1,11-Dodecadiene 180-185 91 0 65 35
1,13-tetradecadiene  175-195 95 38 44 18

* Determined by oxidation and GC analysis of the diol.

Both the parent B-methoxyboracyclanes and the corresponding isomerized
product B-methoxy-2-n-alkylborinane are identified by their conversion to cy-
clic ketones via DCME procedure [16] and oxidation.

The oxidation affords terminal diols and 1,5-diols. The DCME reaction af-
fords the mixture of ketones in each case, and only the isomerized, major ke-
tone 2-alkylcyclohexanone is isolated, identified, and determined for percentage
yield (Scheme 32.5) [13].

(CHy);
(1) 9-BBN

‘ ‘ 2) BMS Polymer
(3) MeOH ’_\
CB—OMe

OH

[O]
HOH,C(CH,),,;;CH,CH,OH + HO(CH,),CHR ~——

0-38% + 44-71% (CHy);;
Other isomers L j * 7
14-35% (CHy),
1|3 B

P DCME] OCH;4 OCH,4
(CHp)y
o
44-71%
n'=123,50r7

Scheme 32.5
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9-(Phenylseleno)-9-borabicyclononane prepared by the reaction of 9-BBN
with benzeneselenol (Eq. 32.6) undergoes a novel conjugate addition to a va-
riety of a, B-unsaturated ketones to afford -selenoboron enolates, which are
converted to unsaturated ketols (Eq. 32.7) on treatment with aldehydes and sub-
sequent oxidative elimination [17].

BH + PHSeH 2, /BSeC6H5 (32.6)

—B
B- C6H5$e 9 BBN 250C
-78°C
SePh
PhCHO _H0, CeH
- > CeHs  "CHsN oHs

SeCgHjs 67%

(32.7)

Regio- and stereospecific transannulation of the parallel C=C and N=N has
been realized to afford the corresponding adducts in good yields (Chart 32.1)
[18].

Nucleophilic attack of anion of N-unsubstituted imidazolines 9a-c or N-sub-
stituted imidazolines (10) on THF or 2-methyl tetrahydrofuran, (used as sol-
vent) after activation with 9-BBN triflate affords alkylated product with moder-
ate to good stereoselectivities [19] (Scheme 32.7; Table 32.3).

The N-unsubstituted 9a-c and 10b and N-substituted 10a-d 2-alkyl imidazo-
lines are prepared as described in Scheme 32.6 (Table 32.2) [19].

.
Ph NH, H,Na_Me Ph ~ PINU_N

\ + I . N I\R/]Ie BuLi \E N Me
Ph SNH O S RX “~y R

, EtO Ph ﬂ =
7 . 9 K
Sa, R=H 10
8b, R'=Ph
8¢, R'= CH2Ph

Scheme 32.6
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9-BBN 9-BBN

N
/
N Me
Me
Me
Me
Chart 32.1
Table 32.2 Preparation and N-alkylation of imidazolines [19]
8, R! 9, RX 10,
yield % yield %
a, H a, 81 Mel a, 81
a, H - b, 90
N
a, H - c, 88
) Br )
/\/\/
a, H - d, (86

>/\/Br

b, Ph b, 78 - -
¢, CH,Ph ¢ 79 - _

The cleavage of 2-methyltetrahydrofuran (Scheme 32.7; entry 3, Table 32.3)
is regioselective [19].



567

R
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e it | o \[é
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L : llz(or H) PN

R (or H) o R (or H)wwR'
HO
1
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Ph N 4 6
\‘[ N Non
Phe" Il\l
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Scheme 32.7

Table 32.3 Alkylation of imidazolines 9 and 10 in the presence of 9-BBNOT{[19]

Entry  Starting =~ THF derivative Temp for 9-BBNOTf* Product Percentage

material R? introduction (°C) yield (%) de
1 9a H 0 11a (89) 0
2 9a H -78 11a (87) >95
3 9a Me -78 11b (87) >95P
4 9b H -78 11c (67) >95
5 9 H -78 12 (81) >95¢
6 10a H -78 11d (22) 0
7 10a H -78 11d (30) 67
8 10a H -78 11d (79) 0
9 10b H -78 11e (48) 64
10 10d H -78 11£ (36) 40

¢ After addition of 9-BBNOTH, the reaction is generally complete within 5 min.
b This product is a 50:50 mixture of diastereomers at C-5.
¢ Mixture of diastereomers at C-1.

One-potintramolecular reaction between trialkyl-(1-methyl-2-indolyl)borate
and allylpalladium intermediate has been reported [20]. This simultaneous 1,2-
alkylmigration from boron to carbon provides a novel pathway to afford [b]-an-
nelated indole derivatives in 10-56% yields (Scheme 32.8). Trialkylindolylbo-
rate 14 is generated in situ by the hydroboration of diene 13 with 9-BBN in THF
followed by treatment with 2-lithio-1-methylindole. The THF solution of borate
14 containing 10 mol% of Pd(Ph,P), was heated under reflux for 1-3 h to afford
[b]-annelated indole 15 [20].
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QBBN
10-56 %
AN
T OCOPh PhCOO 2 n PhCOO

13a;n=1
bin=2 1B n=1
d;n=2
OCOPh
14, R =te 7 NN )
14b; R =HC\ o~ 000 N 15a;n=1
N cp=
H Me byn=2
Me / 14c; R :(CH7)7<2 »—OCOPh
H H
14
14d;R = —(CH927C>—ocoph
H
14¢; R :—(CH)27C>TOCOP}! 15¢;n=1
H d;n=2
Scheme 32.8

The pathway leading to indole 15d involves initial generation of allylpalla-
dium complex 16a and a subsequent intramolecular nucleophilic attack of in-
dole on the allylpalladium intermediate from the opposite side of the palladium
[21], with simultaneous 1,2-alkyl migration from boron to carbon [22] (Scheme
32.9).

There are no precedents of such use of the 1,2-alkyl migration, a very com-
mon sequence in organoborane chemistry [23], for intramolecular cyclization.
Ishikura and Terashima have further developed [24] a novel one-pot procedure
for [a]-annelated indoles via cyclic trialkyl(indol-2-yl)borate as a key interme-
diate (Scheme 32.10).

The results for the construction of [a]-annelated indoles are summarized in
Table 32.4 [24].

Treatment of alkylborane 23, obtained via hydroboration of 20 with 9-BBN,
with NaOMe, prior to lithiation, was essential as it serves as a tentative boron-
protecting group via methoxyborate 24. Then series of sequences as delineated
in Scheme 32.11 give cyclic indolylborate (21). In absence of NaOMe, alcohol
25 is obtained solely after an oxidation in 75% yield from indole.
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Scheme 32.9

N

(3) +-BuLiyTMEDA

(%/ %j
n 21) R

Scheme 32.10
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The selective deprotonation of methyl group of 9-methyl-9-BBN by lithium
2,2,6,6-tetramethylpiperidide and the reaction of the resulting carbanion with
an electrophile gives chain extended or other products (Scheme 32.12) [25].

<\ B—CH; (1), <\ cH, — 2, <\ —CH,Bu-n
/ / /

l “4)

O

l(3)

n-BuCH,OH

) Li; (2)n-BuBr; (3)H,0,, OH; (4)<:>:o

Scheme 32.12
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The 9-CICH=CHCH,-9-BBN undergoes condensation with unsaturated al-
dehydes to afford the corresponding unsaturated-trans-chlorohydrin (Eq. 32.8)
[26].

CHO + ClCH:CHCH2_B<> -95°C

57%

(32.8)
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Subject Index

A

A('?) strain 25

A(?) strain 24

acetic anhydride, reduction 399

- with 9-BBN-THF 399

acid chlorides, reduction 399

- with 9-BBN-THF 399

acyclic ketone 404

alcohols 52, 194

- asymmetric synthesis 194

aldehydes 41, 42, 199, 200, 215, 216,
217,218

- conversion from B-acyloxy-9-
borabicyclo[3.3.1]nonane with Li-9-
BBNH; LTDEA 215, 216, 217

- rate constants 41

- relative reactivity 42

- stereoregulated reaction of a-silyl
or a-stannyl substituted crotyl-9-
BBN 199,200

aldehydes, ketones 184

- with propargylic boranes 184

aldehydes, ketones reduction 410

- with 9-BBN-Py THF 410

aldehydes reduction 415, 428, 431

- with alpine-borane 428

- with B-siamyl-9-BBN 415

- with deuterated alpine-borane

1,5-alkadienes 524

- synthesis, stereodefined 524

alkenes 22, 28,29, 30

- hyperconjugative effects 28

- inductive effects 28

- rate constants, hydroboration 22

431

- reaction rate 28

- reactivities; (9-BBN),, Sia,BH,
HBBr,-SMe, 29

- reactivity order 29

- steric effects 28

alkenylboranes 518, 519, 520

- reactivity and selectivity toward
Diels-Alder reaction 518, 519, 520

alkylation 221, 327, 328, 329

- 9-BBN, organolithium
reagents 327

- B-chloro-9-BBN, organolithium
reagents 328

- B-OMe-9-BBN, organolithium
reagents 329

- B-R-9-BBN 254

- a-alkyl-a-chloroacetonitriles

- a-bromoketones 221

alkylborohydrides 325

alkyl halides 416

alkynes 29,31, 39, 151, 154, 512

[4+2]cyclo addition 512

- conversion, to alcohols 151

- conversion to allylic alcohols

- halogen effect 39

- mono-, dihydroboration 31

- rate constants 29

reactivity; (9-BBN),, Sia,BH,

HBBr,-SMe, 29

- reactivity order 29

alkynylborinates 317

allenes 135, 162, 561

- hydroboration-derivatization-
oxidation 135, 162

256

154
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Subject Index

- synthesis, boron and tin
substituted 561

allenyl 9-BBN 177

- conversion, kinetic to
thermodynamic product 177

allenylboration 167, 168, 169, 266

- aldehydes, ketone 167

- imines 266

allyboranes 358

- geometry of the double bond 354,
358

allylamines 79, 80, 81

- anti selectivity 79, 82

- electronic factors, catalyzed
hydroboration 81

- syn selectivity, catalyzed
hydroboration 80

allylation 195, 196

- diastereoselective 195, 196

allylboranes 153

allylboration 155, 156, 157, 158, 159,
160, 161

- acid anhydride 159
- acid chloride 158
- aldehydes, ketones 155

— esters 160
— N,N-amides 160
allyl halide 34, 37

- electronic effect 34

- inductive, hyperconjugative 37

allylic acetates 82

allylic amines 79

- catalyzed hydroboration 79

allylic borinate 492, 493

- synthesis of cyclooctane
compounds 492, 493, 494

allylic chloride 35

- chlorine influence 35

allylic metalation 491

allylic trifluoroacetates 82

allylsilane 542

- conversion, to bislactin 542

allylsilanes 77

- hydroboration, regiochemistry 77

- stereoselective hydroboration 77

Alpine-Borane 448

- chemoselective reduction of
propargyl ketone in presence of
methyl ketone 448

Alpine-hydride 459, 461

- synthesis 459, 461

amides 157

amines 49, 50, 51, 263, 265

- anti-Cram product 263

- complexation, solvent effect 50

- complex formation 49

- Cram-erythro 265, 266

— Cram-threo 265,266

- Cram product 263
- kinetic behavior 51

2,6-anhydro-3,4,5,7-tetra-O-
(methoxymethyl)-D-gluco-hept-1-
enitol 550

annelated indoles 567, 568, 570

- synthesis 567, 568, 570

aromatic nitriles 219

- selective reduction 219

arylacetic acid 538

- as cyclooxygenase inhibitors 538

arylacetylene 531

a-arylation 223, 254

- bromoacetone 223

- with B-R-9-BBN 253, 254

asymmetric induction 261, 262, 264,
265, 430, 442, 451, 458

asymmetric reducing agent 478

- preferred class of ketones 478

asymmetric reduction 435, 467

- Binal-H reagent 467

- of ketones, steric group
category 435

aza-C-disaccharide-D-azaMan-B-(1->
6)-d-Man 551

azasugars 546

- glycomimetics compounds 546

B

B-(3,3-dimethyl-1,2-dideuterio-1-
butyl)-9-BBN 534

B-(Z)-1-alkenyl-9-BBN 335



Subject Index

575

B-1-alkynyl-9-BBN 163, 165

B-1-alkynyl-9-BBN-THF
derivatives 334

- preparation 334

B-1-alkynyl-9-BBN-THF 333

B-1-allenyl-9-BBN 170, 172

- chemoselectivity; aldehydes,

ketones 170

reaction with esters 170

- regioselectivity, ketones 172

B-1-hexynyl-9-BBN 165, 230

chemoselectivity; aldehydes,

ketones 165

- conjugate addition 230

B-1',7',9'-decatrienyl-9-BBN 496

- synthesis 496

B-2-propenyl-9-BBN 496

- synthesis 496

B-3-methyl-2-butyl-9-BBN 44

B-3-pinanyl-9-BBN 44

- asymmetric reducing 44

B-alkyl-9-BBN 45, 428

- rate of reduction 45

B-alkynyl-9-BBN 164

B-allenyl-9-BBN 167, 169, 171

- chemoselectivity, aldehydes,
ketones 171

- reaction with carbonyl
compounds 169

B-allyl-9-BBN 156

- acetone, allylboration 156

9-BBN 7,11, 12,13,60, 61, 62, 63,
64, 65, 66, 67, 68, 268, 401

— amines interaction 12,13

- basic solvents 7

- complexation 7

- cyclopropyl derivatives,
hydroboration 66

- functional groups reactivity 401

- hydroboration; rate constants, of
cis-trans alkenes 63

- hydroboration rate, 1-alkene 61

- hydroboration rate, internal
olefins 61

- hydroboration rate; cis-alkenes,
trans-alkenes 62

- olefins reactivity 67, 68

- pyridine complex 11

— reaction of 3-substituted
azanorbornenes 268

- regiospecificity 60

— styrene, site of hydroboration 65

- styrene derivatives,
hydroboration 65

— thermal stability 10

— with PhS(Rt)CuM 332

- a-methyl substituent, hydroboration
rate 64

(9-BBN), 5,7,9,19, 20, 43, 50, 53,
54, 55

- "THNMR 5

— alkenes, alkynes, aldehydes, ketones,
alcohols, amines; kinetics 50

- coordination of oxygen; phenol,
alcohol 54

— dissociation 19, 20

— mass spectrum 5

- melting point 5

- molar solubility 7

- protonolysis, benzylic alcohols 55

- protonolysis rate; phenol,
alcohol 54

— protonolysis rates, phenols 55

- protonolysis rates; alcohols,
phenols 53

- reaction of alkenes, alkynes,
aldehydes, ketones, alcohols,
amines; mechanistic pathways 50

- recrystallization 9

— relative reduction 43

(9-BBN-D), 14

- synthesis 14

B-benzyl-9-BBN 330

B-Br-9-BBN 488

- cleavage of ether 488

B-cis-2-chlorovinyl-9-BBN 496

B-cis-propenyl-9-BBN 496

- synthesis 496
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Subject Index

B-Cl-9-BBN 506

- catalytic cycle, Diels Alder
B-cyclohexenyl-9-BBN 496
- synthesis 496
B-cyclopentenyl-9-BBN
- synthesis 496
B-ethynyl-9-BBN 165
B-hexyl-9-BBN 283
B-isopropyl-9-BBN 330
B-methoxy-9-BBN 283
B-methyl-9-BBN 571
- deprotonation of methyl

506

496

group 571
B-OMe-9-BBN 196, 207, 328
— asan additive 196

- bromination 207

B-p-methoxyphenyl-9-BBN 330

B-R-9-BBN 330, 331, 332, 345, 346

- boiling points 330

mixed (phenylthio)alkylcuprates

with 9-BBN 331, 332

- synthesis 327

to exocyclic olefins 345, 346

to trisubstituted alkenes from

vinyliodides 345

B-R*-9-BBN 202, 245

alkylation, ethyl bromoacetate

- optically active 202, 245

B-sec-alkyl-9-BBN 272

free radical substitution of the a-

hydrogen by bromine 272

B-substituted-9-BBN 13

- monoxidation 13

B-tert-butyl-9-BBN 330

B-[(trimethylsilyl)ethynyl]-9-
BBN-THF 497,516

- synthesis 497, 516

B-X-9-BBN 274,310, 311

enolate geometry, effect of leaving

group 310,311

B-X-9-BBN-SMe,

- synthesis 274

base-induced elimination 287

benzaldehydes 45, 46, 47

245

274

— boat conformation, reaction of B-
alkyl-9-BBN 47

- reduction with B-3-pinanyl-9-BBN,
rate constants 46

- reduction with B-n-octyl-9-BBN,
rate constants 45

BH; 59,60, 146, 147

- cycloalkenes, hydroboration
147

- hydroboration 59

- regiospecificity 60

bicyclo[3.3.1]nonan-9-one 224

bis(9-borabicyclo[3.3.1]nonyl)acetyle
ne 516

— in Diels-Alder reaction 516

- preparation 516

bis(9-borabicyclo[3.3.1]nonylacetylen
e 496

- synthesis 497

bis-9-BBN adduct 537

- for Suzuki coupling 537

borane-1,4-thioxane (BOT) 8,9

- 1,5-Cyclooctadiene 8

-~ UIBNMR 38

- hydroboration 8

— neat reaction of 1,5-
cyclooctadiene 9

- synthesis 8

borane-dimethylsulfide complex
(BMS) 9,234,292, 561, 562

— redistribution of boron of 9-
BBN 561, 562

borepane 562

- synthesis, separation from 9-
BBN 562

borinane 292,293, 294

- separation from 9-BBN 293, 294

borneol 411

boroenolate 206

- aldol reaction, aldehydes

(B-Borylvinyl)silane 118

bromoboration reaction 275

3-bromocyclohex-3,5-dien-1,2-
diol 546

Bu,SnH 511

146,

206



Subject Index

577

C

camphor-borneol, reduction 398
- with 9-BBN-THF 398
camphor-isoborneol, reduction 411
- with Li9-BBNH-THF 411
carbamates 82

(carbethoxymethyl)dimethylsulfonium

bromide 246

- to esters, with B-alkenyl-9-
BBN 246, 247, 248

carbonylation 213, 214, 215

- B-alkyl-9-BBN 213,214, 215

- lithium-tri-t-
butoxyaluminohydride 214

carboxylic acids, reduction 218, 399

- with 9-BBN-THF 399

charge polarization 122

chemoselectivity 419

chiral allylic alcohols 78, 82

- catalyzed hydroboration 82

- diastereoselective
hydroboration 78

- uncatalyzed hydroboration 82

chiral allylic amines 78

- diastereoselective
hydroboration 78

1-chloroalkenes 40

- regiochemistry of
hydroboration 40

1-chloroalkynes 40, 123

- regiochemistry of
hydroboration 40

(a-chloroallyl)lithium 491

- trans metalation with boron 491

2-chlorocamphane to
isocamphane 418

- lithium di-n-butyl-9-BBN ate
complex 418

chromium (II) complex 416

Chx,BH 145,178

— allenes, hydroboration 178

- cis-4-methyl-2-pentene,
hydroboration 145

Chx,BX 310, 311

- enol geometry, effect of leaving
group 310, 311

cis-3-hexene 21

- rate constants, hydroboration 21

cis- and trans-1,3-pentadienes 128

cis- and trans-alkenes 23

- rate constants, hydroboration 23

- relative reactivity 23

cis-bicyclo[3.3.0]-oct-1-
yldialkylboranes 298, 299

- conversion to 1-substituted
derivatives 299, 300, 301

cis-elimination 560

- PB-elimination of weak leaving
group 560

cis-vinyl-9-BBN 154

citronellal 352

comparative reduction 462, 474

- Alpine-Hydride, NB-Enantride,
Eapine-Hydride 462

- with K9-OThx-9BBNH, Li-s-
Bu;BH, LiSia;BH 474

comparative reduction of acetylenic
ketones 457, 458

- Alpine-Borane, Eapine-Borane,
Prapine-Borane 457, 458

comparative reduction of cyclic
ketones 403

- (9-BBN), vs NaBH, 403

competitive coupling 536

- B-R-9-BBN, R'-OBBD
derivatives 536

conversions 338

- carbonyl compounds; alkenes 338

Cram (Felkin) addition 263

Crandall reductive alkylation 536

- epoxides 536

cross-coupling 226, 523

- B-octyl-9-BBN 523

- palladium-catalyzed
carbonylative 226

cross—coupling reaction 225,523

- B-R-9-BBN 523

crotyl organometallic
compounds 264

cyclic allenes 136

- conversion to allylderivatives via
9-BBN 136
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Subject Index

- vinylboranes via Sia,BH 136
cyclic hydroboration 291
cyclization of bromoalkenes 530
- via hydroboration 530
cycloheptene 110
- vs tetrahydrooxepin 110
cyclohex-3-en-1-ols 162, 502
cyclohexene 18,21,22,110,111
- rate constants 18
- rate constants, hydroboration 21,
22
- vs dihydropyran,
hydroboration 110, 111
cyclopentene 18,21, 109, 110,111
- rate constants 18
- rate constants, hydroboration 21
- vs dihydrofurans,
hydroboration 109
- vs dihydrothiophene,
hydroboration 111
1-cyclopentyl-2-decanone 225

D
D-azaMan-B-(1>1)-D-B-Glc 546,
552

D-azaMan-B-(1>4)-D-Talo 546, 552

D-azaMan-B-(1>6)-D-Glc 546, 552
D-azaMan-fB-(1>6)-D-Man 546
DCHGF 469, 470
DCME reaction 563, 564
1,7,9-deca-trienylborane 511
- synthesis 511
dehydroboration-reduction
mechanism 432
dehydroborylation 113
dehydroborylation, transition
state 115
deiodination 441
depolymerization 564
deuterated dienyne-allene 380
deuteride delivery 432
dialkylation 256
- dichloroacetonitrile 256
- a-alkyl-a-chloroacetonitriles 256
dialkylborohydrides 325

- IRand "BNMR 325
1,3-diaxial interaction 195
diazabicyclooctane (DABCO) 293
1,1-diboraadduct 153
- trans-vinyl-9-BBN,
dehydroboration 153
1,6-diboracyclodecane 561
diborane 3,8,17, 60
1,2-diboryl, conversion to 1,1-
diboryl 119
Diels-Alder dienophiles 501
Diels-Alder reaction 499, 510

— intermolecular,
intramolecular 510
dienes 126, 353, 561

- aldehyde enamines 353
- monohydroboration 126
dienyl borinate 493

- synthesis 493

- synthesis of cyclooctane

products 493, 494
dihydrofuran 101, 102, 103, 109
- hydroboration 101, 102, 103

- mesomeric effect 109

- relative reaction 109

- vs cyclopentenes,
hydroboration 109

dihydropyran 104, 110

- hydroboration 104

- vs cyclohexene,
hydroboration 110

dihydrothiophene 103, 111

- hydroboration 103

- vs cyclopentene,
hydroboration 111

dihydrothiopyran 111

- vs cyclohexene,
hydroboration 111

2,5-dimethyl-2,4-hexadiene 128

DIPGF 468

disiamylborane (Sia,BH) 4, 60, 61,
62, 64, 65, 69, 70

1,1-disubstituted alkenes 532

- synthesis 532

double Suzuki coupling 534



Subject Index 579
E - with Li-9-BBNH-THF 413
Eapine-Borane 454, 455, 456 1,4-epoxy-1,4-
- asymmetric reduction of dihydronaphthalene 559
ketones 454 - epoxy ring opening 559
- reduction of a,B-acetylenic - hydroboration-oxidation 559
ketones 455 esters reduction in presence of
- reduction of a-ketoesters 456 carboxylicacid 412
- synthesis 454 - with Li 9-BBNH-THF 412
Eapine-hydride 461 ether 487,489
- synthesis 461 - cleavage pattern 487
effectiveness of LINR'R*-9-methoxy-9- - rates of cleavage 489
BBN 492 ethyl caproate 422
— lithium-boron trans- exo-heterocyclic, olefins 533
metalation 492, 493, 494 — Suzuki reaction 533
empirical rules 68 exocyclic olefin
- alkyl group effect, - 345
hydroboration 68 (E)-P,y-unsaturated amides 259
enamines 97,193, 339, 340, 341, 342, - synthesis 259
343, 344
— conversion, to amino alcohols 193 F
- hydroboration 339 farnesol tetrahydropyranyl ether 524

- hydroboration, directive effects 97

- regiochemistry, hydroboration 97

- to (E)-alkenes, with BMS 339,
340, 341, 342

— to (Z)-alkenes, with 9-BBN 339,
340, 341, 342

- toalkenes 338

- tocycloalkenes 343

- to heterocyclic alkenes

enolborinates 310

- steric control 310

y,8-enones 227

- synthesis 227

enyne 137

- hydroboration of C=C, 9-
BBN 137

- hydroboration of C=C, HBBr, -
SMe, 137

enynes 531

epothilone B 546

epothilones 546

- anticancer agents 546

epoxide reduction 413, 421

- lithium-di-n-butyl-9-BBN ate
complex 421

344

Fisher carbene complexes 501

Fuchs-Corey method 534

G

Galvinoxyl 283
Gassman synthesis
— trienes 511
gem-Dibromovinylidene
glycomimetics compounds

511

534
546

H

halo-1-alkenes 352,527,528

- Suzuki coupling 527, 528

haloalkene 32,34

— rate constants 32

- reactivity 34

haloalkynes 38, 39,120, 121, 122,
123, 124, 125, 352

- BCNMR 124

- charge polarization, rate of
hydroboration 122

— electronic, steric effects 123

- halogen effects, hydroboration

- inductive effect 125

— mesomeric effect 125

122
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Subject Index

- rate constants 38, 39

- relative reactivity 120, 121

haloarenes 525, 526

- Suzuki coupling 525, 526

haloboration-conjugate addition 280

HBCl, 146

- cycloalkenes, hydroboration

Heck coupling 536

heterocyclic olefins 190, 192

- vs carbocyclic olefins,
hydroboration 190, 192

1-hexyne 117

- vs 1-(trimethylsilyl)-1-hexyne

homoallylic alcohol 156

homologated ketones 220

- synthesized 220

hydroboration 27, 69, 70, 71, 72, 73,
74,76, 83, 119, 126, 134, 206, 564

- l-alkylcycloalkenes 71

- 3-alkylcycloalkenes 72

- alkyl group effect 27

- alkynylsilanes 119

- allyl halides 73

- allylic alkenes, functionalized 73

- catecholborane-rhodium
complex 83

- cycloalkenes 70

- cyclopentenes 70

— haloalkenes, rate order 74

- hyperconjugative effects 69

- internal allenes 134

- phenyl 1-alkenyl ketones 206

— relative reactivities, cis—trans-
haloalkenes 76

- steric effects 69

hydroboration-dehydroboration—
hydroboration 173

hydroboration-deuteronolysis—
hydroboration 534

hydroboration-halogenation
reaction 273

hydroboration-oxidation

- of allylamines 238

5-hydroxytryptophan 544

hydrozirconation 303

hyperconjugation 26, 27

146

117

191, 238

|

Imidazolines 565, 566, 567

- inductive effect 27

- preparation, N-alkylation 566
IPDXF 469, 470

IR 20,27

- quantitative spectrometry 20, 27
isoborneol

- 411

isocamphane

- 418

K
K-glucoride 466, 467
- asymmetric reduction of

isobutyrophenone 467

- asymmetric reduction of
pivalophenone 467

- reduction of alkylaromatic
ketones 467

- reduction of cyclic, bicyclic
ketones 466

K-xylide 470,471

- reduction of alkylaromatic
ketones 471

- synthesis 470

K 9-sec-Am-9-BBNH 218

KAPA 152

- long-chain alcohols, synthesis 152
- to terminal alkyne from internal
alkyne 449
ketone reduction 397, 440, 462, 476
- with 9-BBN-THF 397
- with chiral
trialkylborohydride 462
- with Li 9-BBNH 476

- with neat Alpine-Borane 440

ketones 41, 42, 43, 132, 308, 309,
433, 565
- allylboration 132

- asymmetric reduction 433

- from B-selenoboron enolates

- rate constants 41

- reduction; effect of methyl
substitution 43

- relative reactivity 42

565



Subject Index
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— stereoselective enolization 308,
309

ketone stereoselective reduction 474

- with lithium di-n-butyl ate complex
of 9-BBN 474

kinetic of protonolysis 51

kinetic reduction 41

kinetics 52

- methanol, ethanol, isopropyl
alcohol 51

- protonolysis of (9-BBN),,
alcohols 52

- protonolysis of (9-BBN),,
phenol 52

kinetics of alkynes 27

kinetics of complex formation 48

kinetics of haloalkenes 31

kinetics of haloalkynes 38

L

L-Tryptophan 543

Li9-BBNH 216,414

- functional group reactivity
category 414

lithiation 568

lithium-tri-t-
butoxyaluminohydride 214

lithium dialkyl ate complexes of 9-
BBN 297

- oxidation 297

lithium trialkylborohydride

lithium

410

trimethoxyaluminohydride 214
LTDEA 217
- preparation 217
M
Markovnikov vinylborinates 532

Meerwein-Pondorf-Verley
reduction 475
(-)-menthylchloroformate
(MCF) 478
3-methyl-1,2-butadiene 133
methyl-2,3,4-tri-O-(methoxymethyl)-
6-methylene-a-D-

glucopyranoside 548

methyl-2,3-O-isopropylidene-4-O-
(methoxymethyl)-6-methylene-a-
D-mannopyranoside 548

4-methyl-4-sila[3*,'°][7]
metacyclophane, 4-(2-propenyl)-
4-methyl-4-sila[7]metacyclophane

537

methyl-6-O-(tert-butyldiphenylsilyl)-
2,3-O-isopropylidene-4-
deoxy-4-methylene-a-D-lyxo-
hexopyranoside 549

methylene cyclohexane 571

- synthesis 571

methyl hyperconjugation 24, 25

methyl ketones 222, 223, 224

methylmethylene-d,-
cyclopentane 345

methyl vinyl ketone (MVK) 229

- synthesis 229

Midland’s reagent 429

model for chiral reduction of
aldehyde 432

monohydroboration
129, 133,175

- 1,3-hexadiene 129

- 1,3-pentadiene 128, 129

- 3-methyl-1,2-butadiene 133

— allenes 175

- conjugated vs nonconjugated
dienes 127

- dienes 126

126, 127, 128,

N

N,N-dimethylamides 413

(3R, 4R, 58, 6S)-3-[(N-benzyloxycar-
bonyl)amino]-1-bromo-4-
[(tert-butyldimethylsilyl)oxy]-
5,6-(O-isopropylidenedioxy)
cyclohex-1-ene 546

N-(benzyloxycarbonyl)-1,2,3,6-
tetrahydropyridine 107

- hydroboration 107

N-(benzyloxycarbonyl)-3-
pyrroline 103

- hydroboration 103

N-alkylation in presence of 9-BBNOTf

- 567
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Subject Index

N-protecting 238

N-substituted-3-pyrrolines 108

- hydroboration 108

N-Tosyl-5-aminocyclooctanol 193

NaBH, 43

- relative reduction 43

NB-Enantrane 453, 459

- reduction of a,B-acetylenic
ketones 453

- synthesis 459

NB-Enantride 459, 461

- synthesis 459, 461

nitriles 219

- with K-9-sec-amyl-9-BBNH
conversion, to aldehydes 219

norcamphor

- 411

o)

olefinated carbohydrates 548

- Wittig methylenation, synthesis
of 548,549

olefinic homopropargylic
alcohols 169

- via B-allenyl-9-BBN 169

olefins 19, 143, 144, 145, 215, 242

conversion, to aldehydes 215

- conversion, to alcohols 143

hydroboration-carbonylation 215

hydroboration-oxidation 144, 145

- rate constants 19

omniphilic dienophile 495

one-pot procedure 223

one-pot synthesis 493

organoborane-carbonyl oxygen
complex 47

organoboranes 559, 560

- P-elimination of electronegative
substituents 559, 560

organotin hydrides reactivity 416

9-oxa-10-borabicyclo[3.3.2]decyl
(OBBD) derivatives 533

- in Suzuki coupling 533

9-oxa-B-OMe-9-BBN 532

- for Suzuki coupling 532

P

palladium-catalyzed coupling 523

Pd(PPhs;);-catalyzed cross-
coupling 181

pentene 110

phenalene 407

phenalenone 407

- conversion to phenalene 407

phenols 52

phenyl conjugation 24, 25

phenylpropene 24, 67

- hydroboration 24

- methyl hyperconjugation 67

- phenyl conjugation 67

4-(3-phenylpropyl)-4-methyl-4-sila[7]
metacyclophane 537

9-(phenylseleno)-9-
borabicyclononane 565

a-pinene 428, 430, 437

- via Schlésser metalation 500

piperylene 502

pivalaldehyde 164

pivalophenone 465

pivalophenone, isobutyrophenone
reduction 467

- with Binal-H reagent 467

polyhydroxylated piperidines 546

potassium-3-aminopropylamide
(KAPA) 151, 449

- internal C=C to terminal C=C 151

potassium 2,6-di-tert-
butylphenoxide 256

- dialkylation, alkylation 256

Prapine-Borane 456, 500

- synthesis 456

Prapine-Borane reaction 459

- a-keto esters 459

preferential reduction 401

- categories of functional
groups 401, 402

- of acid chlorides in presence of
esters 401

- of hexanal in presence of 2-
heptanone 401

pregrenolone acetate 529
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- synthesis, steroidal side chain 529
propargylic-allenic

rearrangement 183
propargylic alcohol 163
propargylic boranes 184, 185, 186

- chemoselectivity; aldehydes,
ketones 185

- chemoselectivity; ketones,
esters 186

- relative reactivity; aldehydes,
ketones 184

2-propenylborane 518

- relative reactivity 518

propenylfuran 84, 87

- hydroboration 84

propenylpyridine-BF; 95

- hydroborating agents 95

2-propenylthiophene 87

- hydroboration 87

propionaldehyde 164

prostaglandin 542

- synthesis 542

Q
Quinuclidine (QN) 12

R
R-(+)-a-methoxy-a-(trifluoro-methyl)
phenylacetic acid (MTPA) 478

R-(-)-Benzyl-a-d-alcohol 430

redistribution 564

reduction 44, 403, 404, 406, 409, 412,
413, 420, 422,423

- B-OMe-9-BBN as catalyst

— electronic effects 44

- Li-9-BBNH as catalyst 422

- of 2-cyclopentenone with various
reducing agents 406

- of 2-heptanone in presence of 4-
heptanone 420

- of acid chlorides to alcohol

- of aldehydes in presence of
ketone 409

- of aldehydes in presence of ketones,
esters, nitriles 420

422

412

- of cyclohexanone in presence of
benzyl chloride 420

- of enals or enones in presence
of other organic functional
groups 406

- of esters in presence of chloro-,
nitrogroups 423

- of ethylacetate in presence of n-
octylbromide 412

- of tertiary amides to amines

— relative rate of ketones 404

- relative reactivity of aldehydes,
ketones; (9-BBN), 403

— relative reactivity of ketones

- with 9-BBN, NaBH, reactivity
difference; camphor,
norbornanone 404

1,2-reduction 405

reduction of esters by lithium
borohydride 423

relative rate of ketone 403

relative reactivity; aldehydes,

413

420

ketones 184
- propargylic boranes 184
S
Schwartz’s reagent, H(CI)ZrCp, 303
Schwartz’s reagent,
hydrozirconation 303
selective coupling 536
B-selenoboronenolates 565
- synthesis 565
(S)-(-)-frontalin 533
- synthesis 533
Sia,BH 60, 61, 62, 65, 145, 147
- cis-4-methyl-2-pentene,
hydroboration 145
- cycloalkenes, hydroboration 147

- hydroboration rate, 1-alkene 61

- hydroboration rate, internal
olefins 61

- hydroboration rate; cis-alkenes,
trans-alkenes 62

- regiospecificity 60

- styrene, hydroboration 65
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Subject Index

- a-methyl substituent, hydroboration
rate 64

sigmatropic rearrangement

- transfer of chirality 449

- transfer of functionality 449

silametacyclophanes 537

silylalcohols 173

- hydroboration-oxidation 173

a-silyl- or -stannyl-substituted crotyl-
9-BBN 198

six-membered ring 534

- via Suzuki coupling 534

stereoselective hydroboration 148

stereoselective synthesis 356, 357

- 1,3-butadienes 356, 357

- 2-[(trimethylsilyl) methyl]-1,3-
butadienes 356

Stille coupling 536

substituted enamines 96

- hydroboration 96

substituted f-amino 238

sulfonamide-derivatized 539

superbase 492

— mixture of (KO-t-Bu and n-
BuLi) 492

Suzuki coupling 525, 526, 527, 528,
532,534, 537

— 1,3-dibromobenzene, reaction with
bis-9-BBN adduct 537

- of 9-alkyl-9-BBN with halo-1-
alkenes 527,528

- of 9-alkyl-9-BBN with
haloarenes 525, 526

- synthesis, trans-1-silylenynes

- synthesis, trans-1-silylstyrenes

- synthesis of dienes 532

- synthesis of six-membered
ring 534

- synthesis of styrenes 532

— transition state model 534, 535

Suzuki cross-coupling 529

- intramolecular 529

Suzuki reaction 523, 529, 531, 533,
539, 540, 541, 542, 543, 544, 545

- arylacetylenes; synthesis 531, 532

449

537
537

- cycloalkenes, synthesis via
hydroboration-intramolecular
coupling 529, 530

- enynes, stereodefined

synthesis 531, 532
- exo-heterocyclics olefins
synthesis 533

- in presence of water 543

- reactivity order of organic halides,
triflates 523

- solid-support 539, 540, 541, 542

- stereodefined exo cyclic olefins,
synthesis via hydroboration;
intramolecular coupling 531

- tryptophan analogs 544, 545

synthesis of 1,3-dienes 354

synthesis via B-1-Alkynyl-9-
BBN 163

T

terminal allenylsilanes

- hydroboration 177

1-tert-butyl-5-trimethylsilyl-1,3-
cyclohexadiene 513

tertiary amides 400, 413, 414

— to alcohol; 9-BBN-THF 400

— to alcohol with LiEt;BH 413

- to aldehydes; Sia,BH 400

— to amines; BM5s- THF 400

- to tertiary amines with Li-9-
BBNH 414

tetrabutylammonium fluoride
(TBAF) 548

tetrahydrooxepin

- vs cycloheptene,
hydroboration 110

tetramethylethylenediamine
(TMEDA) 293, 330

thermal arrangement

THF 17,560

- catalytic effect 17

- trans-elimination of B-substituents,
Cl, Br,I 560

1,2 transposition of oxygen
functionality 152

177

110

119
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trans,trans-1,9-di-9-BBN-1,8- 1,3,5-tribromobenzene 537
nonadiene 114 trimethylamine-N-oxide
trans,trans-dideuterated diene 360 (TMANO) 14,223,313
trans-1,2-bis(9-BBN)ethylene 508 — oxidation of B-substituted 9-
- trans-dihydroxyethylene equivalents BBN 14
for Diels-Alder reaction 508 trimethylsilylacetylene 512
trans-1,2-bis(9-borabicyclo[3.3.1]nony - hydroboration 512
lethylene 496 1-(trimethylsilyl)-1-hexyne 117
- synthesis 497 - vs 1-hexyne, hydroboration 117

trans-1,2-bis(catecholboryl)ethylene
508, 509
— conversion to,
cyclohexenediols 509
trans-dihydroxyethylene equivalents
for Diels-Alder reaction 508
trans-1-deuterio-1-alkene 338
trans-2-phenyldimethylsilylvinyl-9-
BBN 508
- reactivity and selectivity toward
Diels-Alder reaction 508
trans-2-trimethylsilyl-
vinylborane 176
- synthesis 176
trans-2-trimethylsilylvinyl-9-
BBN 537
- preparation 537
trans-3-TMS allylic alcohols 176
trans-3-trimethylsilyl(TMS) allylic
alcohols 176
trans-chlorohydrin 572
- synthesis 572
trans-disubstituted olefin
trans-elimination 560
- weak base catalyzed B-elimination
of strong leaving group 560
trans-styryl-, dienyl-,
enynylsilanes 537
trans-vinyl-9-BBN 153
trans-vinylboranes 113
- dehydroborylation of diboryl
adduct 113
transannulation 565
- of C=C, N=N with 9-BBN 565
transition state 64
transition state model

153

534, 535

trimethylsilylvinyl-9-BBN 508, 512,
513,514, 515

- 1,4-disubstituted products, Diels
Alder 513

- acetylene equivalent in Diels-Alder
reaction 513

- Diels-Alder reaction 514, 515

- synthesis 512

tryptophan analogs 544, 545

— via Suzuki reaction 544, 545

u

a,B-unsaturated aldehydes, ketones
reduction 407

- with 9-BBN-THF 407

\'

vinyl-9-BBN 495, 501, 502, 503, 504,
505, 506

- “meta isomer” with trans-
piperylene, Diels-Alder 502

- “para isomer” with isoprene, Diels-
Alder 502

- Diels-Alder reaction 502

— Diels-Alder reaction, rate
constants 503, 504

— Diels-Alder reaction;
regioselectivity,
stereoselectivity 503, 504

- in situ preparation from
tetravinyltin = 506

- in situ preparation from
vinyltributyltin 506

- preparation 501

- regioselectivity 502
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Subject Index

- regioselectivity of Diels-Alder
reaction 505

- relative reactivity towards
dienes 506

- stereoselectivity of Diels-Alder
reaction 506

- synthesis from B-Br-9-BBN and
tetravinyltin 495

- synthesis from B-Br-9-BBN and
vinyltributyltin 495

vinylborane 40

— site of hydroboration 40

vinylboranes 501, 506, 536

- ambiphilic, omniphilic
dienophiles 506

- regioselective, stereoselective
dienophiles 501

- regioselective dienophiles 501

- via Crandall reductive alkylation of
epoxide 536

vinyl chloride 36, 37

- hydroboration 36

- inductive, conjugation 37

2-vinylfuran 84, 85

- hydroboration 84, 85

vinyl halide 40
- site of hydroboration 40
vinylpyridine-BF; 86, 91, 92, 93, 94

- hydroborating agents 92, 93, 94
- hydroboration 91
vinylpyridines 84, 88, 89, 90

- hydroborating agents 88, 89, 90
- hydroboration 84

vinylsilanes 173, 536

2-vinylthiophene 84, 85
- hydroboration 84, 85
vinyltributyltin 501

w

Wacker-type oxidation 197

Wittig methylenation 548

- synthesis, olefinated
carbohydrites 548, 549

Wittig reaction 529, 550

Y4
Zweifel method 534
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