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This thesis describes the scientific achievements of Dr. Da Zhao, which were
performed during his doctoral program in Department of Chemistry at the Chinese
University of Hong Kong. Dr. Zhao has done ground-breaking research on
carborane chemistry. Focusing on the area of carborane functionalization, he has
done exceptional works by utilizing carboryne intermediates as powerful synthons.
As his Ph.D. supervisor, I would like to highlight three important findings of his
doctoral work. One is the synthesis of previously inaccessible functional carboranes
in a single step from very simple precursors, the second is the first generation of
1,3-dehydro-o-carborane featuring a C—B multiple bond, and the third is in situ
generation of an electrophilic boron-centered carboranyl radical.

Benzyne has been one of the most studied intermediates in organic synthesis for
decades. However, as a three-dimensional relative of benzyne, carboryne inter-
mediate has not enjoyed widespread use in synthesis. Dr. Zhao has found several
new reactivity patterns of 1,2-dehydro-o-carborane including sp> C—H insertion
reaction with tertiary amines and [2 + 2]/[5 + 2] cycloaddition reactions with
indoles/nitrones, which demonstrate the uniqueness of carboryne intermediates as
no similar process has been observed for benzyne.

The known benzyne derivatives contain a formal carbon—carbon triple bond.
Dr. Zhao has designed a new precursor, 3-diazonium-o-carborane tetrafluoroborate,
for producing 1,3-dehydro-o-carborane that contains a C—B multiple bond. This
reactive species can undergo regioselective [4 + 2] cycloaddition reaction with
arenes and ene reaction with alkene/alkynes, which serves as a new methodology
for efficient simultaneous functionalization of both cage carbon and boron vertices.

On the other hand, Dr. Zhao has also developed a new method for in situ
generation of the boron-centered carboranyl radical. In the presence of a photoredox
catalyst eosin Y, 3-diazonium-o-carborane tetrafluoroborate can be efficiently
converted into the corresponding boron-centered carboranyl radical under visible
light irradiation, which can react with a wide range of (hetero)arenes to give a series
of carborane-functionalized materials.
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Chapter 1
Introduction

Boron compounds, such as borax, have been known and used by ancient cultures
for thousand of years. However, element boron itself was not identified until 1808.
In contrast to hydrocarbons, boranes avoid the formation of chain structures and
clearly prefer the formation of polyhedral clusters [1]. Their structures cannot be
described in terms of common organic bond diagrams, in which a connection line
between two atoms explicitly represents an electron pair. Instead, connecting lines
in their structures only indicate the polyhedral geometry. As shown in Fig. 1.1,
typical molecular frameworks of boranes consist of closo, nido, arachno, and hypho
structures, and the latter three are formally derived from the closo frameworks by
removal of one, two, or three missing vertices, respectively [2].

As intuitively expressed in its formal nomenclature, carboranes are generally
accepted as polyhedral boranes with one or more BH vertices being replaced by
CH. The range of composition in carborane cages extends from boron-rich clusters
such as CB;1H;, and C,B¢H;, to species having as many as six skeletal carbon
atoms, but those with high boron content are still dominant. Different from classical
organoboranes, the skeletal carbon atoms in carboranes typically have at least three
neighbors including hydrogen or other attached substituents in the cluster [1].

Of all known carborane family, closo-1,2-dicarbododecaborane(12) or o-car-
borane (1,2-C,B;oH;,) is the most widely investigated one, mainly due to its
commercial availability. Among those synthetic routes, a principal approach to
o-carborane is the reaction of alkynes with decaborane(12)-Lewis base adducts
(Scheme 1.1) [3, 4]. According to the relative position of the two CH vertices,
icosahedral carboranes C,BoH;, can exist as three isomers, the ortho-, meta-, and
para-isomer (Scheme 1.1). Due to its fascinating features such as spherical
geometry and hydrophobic molecular surface and remarkable thermal and chemical
stability, carboranes have been found numerous applications in polymers, ceramics,
catalysts, and medicals [1, 5]. Besides serving as an ideal source of boron in boron
neutron capture therapy (BNCT), newly merging biomedical and other applications
of carborane have been recently recognized [6].

© Springer Science+Business Media Singapore 2016 1
D. Zhao, Functionalization of Carborane via Carboryne Intermediates,
Springer Theses, DOI 10.1007/978-981-10-1569-4_1
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Fig. 1.1 Cage frameworks

based on a 12-vertex
. — — —_—
icosahedral cluster

closo nido arachno hypho
Scheme 1.1 Synthesis of the
carborane isomers
HC CH
\V) \Vk 5
B1oH14 6,9-L2B1oH12 1,2-C2B1oH12
L = CHsCN, RsN, R>S ortho
e —C 1465-500 °c
o —BH H
615°C
—_—

meta

1.1 Skeletal Transformation

1.1.1 Thermal Cage Rearrangement

The two remaining isomers, 1, 7- and 1, 12-C,BoH, (m-carborane and p-carborane,
respectively), can be prepared from thermal cage rearrangement of the ortho-isomer
[7]. Under inert atmosphere, thermal isomerization of the o-carborane in an autoclave
first generated the meta-isomer one (465-500 °C) and finally the para-isomer
(615-700 °C) (Scheme 1.1). The former isomerization is irreversible, whereas the
latter isomerization is reversible. On the other hand, higher temperatures lead to
decomposition. The driving force of the thermal process is rationalized as mutual
repulsion between the relatively electropositive (6+) carbon nuclei in the cage.

1.1.2 Deboronation

o-Carborane has been well documented to undergo degradation to the nido-
7,8-C,BgH;, anion in the presence of strong Lewis base (Scheme 1.2) [8—11].
The mechanism of this degradation process has been studied, and this process
that removal of a boron atom from the carborane cluster framework is described
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N H
H L LRH | NaH
q ~ |H il 2 H
H -RBHL,* | H H

Scheme 1.2 Base-promoted deboronation of o-carborane

Fig. 1.2 Reported carborane anions of the C,B( system

as “deboronation.” Further deprotonation of the resulting nido-C,BoH;, anion
with strong base, such as NaH and "BuLi, gives the corresponding dianion
nido-C,BoH;;°”, an isolobal analog of cyclopentadienyl anion, CsHs , which
makes it very useful in synthesis of metallacarboranes [12, 13] and B(3)-substituted
carboranes [14].

1.1.3 Reductive Cage Opening

Due to their electron-deficient nature, carboranes are readily reduced by group 1
metals to form mono-, di-, or tetraanionic species (Fig. 1.2) [15, 16]. Examples of
single-electron reduction of carborane are rare [17], whereas two-electron reduction
of 0-R,C,BgH 9 (R=H, alkyl, aryl) with group 1 metals is a well-established
process [18]. The reduced species are powerful synthons for metallacarboranes [19]
or supercarboranes (carboranes with more than 12 vertices) [20, 21].

Although o-carborane cage can undergo skeletal transformations under cer-
tain situations, one of the most important features of the carborane system is its
ability to enter into substitution reactions at both the carbon and boron atoms
without disruption of the cage. These reactions will be discussed in the following
two parts: boron substitution and carbon substitution.
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1.2 Boron Substitution

1.2.1 Electrophilic Substitution

Carboranes are generally recognized as a three-dimensional inorganic benzene
analogue in which the 13 filled bonding MOs are occupied by 26 skeletal electrons.
Indeed, they are termed as “superaromatic” [22] and exhibit extraordinary thermal
stability as well as unusual chemical reactivity such as electrophilic substitution,
similar to that of planar aromatics (Scheme 1.3) [23, 24].

1.2.2 Nucleophilic Substitution

Similar to the aromatic benzene systems, nucleophilic substitution reaction also
proceeds well in the case of o-carboranes that bearing excellent boron leaving
groups, such as N,* and PhI" substituents (Scheme 1.4) [25-28].

_ H h,c=cHsicl, Ho opx H
m(Hchch|C|3)_ - —— Rn—
by ACi5,CS, b ACI;CS, H

m=1t03 R = Me, Et, CHMe,; nupto 8
X =Cl,Br, I

Scheme 1.3 Electrophilic alkylation of o-carborane

H H H

Q Q NaNO Q
Tor -t N, - [E Ko
H 2 H

NaN02¢ H*

—B @) H+ CuX Q XH
o —BH 2 ’
H H

X=F,Cl, Br

.
H /Iph+ o P H X = F. clBr, CN', SCN’
! " RCeH,4SOs , NO , RCO;

Scheme 1.4 Examples of nucleophilic substitution reaction

I
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1.2.3 Direct B-H Bond Functionalization

There are three feasible mechanistic pathways reported for the direct functional-
ization of o-carborane B—H bonds: electrophilic metalation with metal complexes in
high oxidative state such as mercuration [29] and thallation [30]; oxidative addition
of a carborane B-H bond to low valent and coordinatively unsaturated transition-
metal complexes such as iridium species [31]; and oxidation of the B-H bond by
strong oxidants, for example, hydrogen peroxide [32] or nitric acid [33] can oxidize
the B-H bond to B-OH or B—N bond, respectively (Scheme 1.5).

1.2.4 Carbene/Carbenoid Insertion of B-H Bond

Carbenes generated by photo irradiation can insert into the B—H bonds of
o-carboranes to give all four possible isomeric B-substituted monocarboxylic acids,
whereas the cage C—H bonds remain unaffected [34, 35]. Jones and coworkers
reported an intramolecular version of similar insertion under copper catalysis, in
which the resulting product can be further converted to C,B-fused benzocarborane
(Scheme 1.6) [36].

H ’JA\‘ Ho /HgOC(O)CFs o " ’IA s
AV CF3COH AN ! %‘

HF HN\Y
Ar
[In—o0 Ar%H
/
.'(A\,‘ COOH[Cp*|rCI2]2 @O Ar——Ar A
BNA 7 -Cco
7 OH H 2 @H
Ho 1 Vo
A H,0, (30% \*\7‘< OH
HOH,C éﬂ.\ CH,OH —2-230%) |\\/ H
N 2 reflux NS/
o= HO [ =(~OH
HO OH OH

Scheme 1.5 Direct B-H functionalization of o-carborane

Scheme 1.6 Regioselective coppercarbenoid insertion into B-H bond
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1.3 Carbon Substitution

1.3.1 Nucleophilic Substitution

Although various C-monosubstituted and C,C’-disubstituted o-carboranes are
available from the Lewis base-promoted reactions of suitable alkynes with decab-
orane as shown in Scheme 1.1, a more popular methodology exploits the high
acidity of the cage C-H bond (with the pKa value of ~23 for o-carborane
and ~ 28 for m-carborane) [37], of which one or both can be readily deprotonated
by strong bases such as n-butyllithium, phenyllithium, or Grignard reagents [38].
Nucleophilic addition between the resulting o-carboranyl anions and electrophiles
affords various C-substituted o-carboranes (Scheme 1.7). Thus, they are remarkably
versatile synthons for cage carbon functionalized o-carboranes.

Yamamoto and coworkers reported that direct intermolecular and intramolecular
addition of o-carborane to aldehydes and ketones proceeds smoothly in the presence
of tetrabutylammonium fluoride (TBAF), providing a practically useful synthesis of
o-carboranyl alcohols (Scheme 1.8) [39, 40].

1.3.2 Transmetalation

Salt elimination between lithiocarboranes with metal halides or pseudo-metal
halides adds yet another dimension for functionalization on the cage carbon of
o-carborane and its derivatives. Main group metals [41-43], transition metals [44],
as well as pseudo-metal elements [45—49] are all successfully introduced to the cage
carbon by this method.

1) "BuLi BuL|
2) TBOMSCI TBDMS TBDMS TBAF_ H
CGHSIEtZO C6 6/Et20 TTHF .
reflux, 1d reflux, 1d 30 min
Ho gyl R G NS
tol/Et,0 tol/Et,0 B A
H Li {7 R
X
base X
—_— +
H H

40% (X = OTs) trace
56-64% (X = Br)

Scheme 1.7 Routes to C-substituted o-carboranes



1.3 Carbon Substitution 7

TBAF .‘i\ n
T T R

° OH
R=H, Me;n=1-3 R

By)

R? R2

W _ TBAF Re
TTHR R

OH

Rt R2, R3 R*=H, Me, Ph

Scheme 1.8 TBAF-promoted synthesis of carboracycles

1.3.3 Lithium—Halogen Exchange

Lithium-halogen exchange between lithiocarboranes and electrophilic halogen
species, such as elemental halogens, CCl;, N-fluorobenzenesulfonamide,
p-toluenesulfonyl chloride, ICl, and PhI(OAc), [50-52], leads to the formation of
carboranes with cage carbon-halogen bonds. The exchange reaction also shows
significant applications in the preparation of precursors for 1,2-dehydro-o-carborane
(o-carboryne), a very reactive intermediate as a three-dimensional analogue to
benzyne.

1.4 Dehydrogenation to o-Carboryne

One important feature of o-carborane is that they can undergo dehydrogenation to
form 1,2-dehydro-o-carborane (o-carboryne) [53], a very reactive intermediates,
which can be regarded as a three-dimensional relative of 1,2-dehydrobenzene
(benzyne) [53d]. o-Carboryne was first reported by Jones in 1990 [53a]. During our
exploration, we found that it exists in two resonance forms, a bonding form and a
biradical form (Fig. 1.3) [54].

Like the critical role of arynes in modern arene chemistry, o-carborynes serve
as very useful synthons for functional o-carboranes that have found many appli-
cations in medicine [6], materials science [5], and organometallic/coordination

A\ Ao
@ ~= uV»

7 H

benzene - iradice benzyne
o-carborane bonding form  biradical form y

o-carboryne
(1,2-dehydro-o-carborane)

Fig. 1.3 o-carborane, o-carboryne, and benzyne
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chemistry [12]. Many processes, including cycloadditions, ene reactions, and C-H
insertion reactions of o-carborynes, have been developed to enable the synthesis of
a large series of o-carboranes derivatives [53d].

1.4.1 Generation and Trapping of o-Carborynes

Because of their extreme reactivity, o-carborynes must be generated in situ. The
reported generation methods are summarized in Scheme 1.9.

1.4.1.1 From 1-Bromo-2-Lithio-o-Carborane

In 1990, Jones and coworkers first reported an experimentally feasible precursor,
1-bromo-2-lithio-o-carborane (A), by the treatment of 1,2-dilithio-o-carborane with
one equivalent of bromine in diethyl ether. Different from 1-Br-2-Li-CgHy4, an earlier
precursor of benzyne, which requires temperatures as low as —100 °C to avoid rapid
loss of LiBr, this precursor is stable at 0 °C and heating above room temperature is
important for the production of o-carboryne (Scheme 1.9, method a) [53].

The resulting o-carboryne intermediate was successfully trapped by a series
substrate in percyclic or ene reaction fashions, which provided the definitive
evidence for the existence of such intermediate (Scheme 1.10) [55]. In the pres-
ence of furans or dienes as the trapping agents, products of [4 + 2]/[2 + 2]
cycloadducts or ene reaction products were isolated in good yields, similar to that of
benzyne [56].

" H . Li
B 2 "BuLi Bra
method a: .’ﬂvﬂ‘ Ether, 0 °C .m
‘or H ’ Li ’

o™t et Bt
method b: .’ng‘ 1, solvent, 0°C .’&Vx}‘ 2

7 L
A _TMS T™S
method c: .’Zézq m L» [ |l
Ny~ L A IPh(OAC)

A

—_—
-Lil

Li above r.t.
-LiBr
Br : L ]
A
Li [ ]
|
B

Scheme 1.9 Reported methods for the generation of o-carboryne
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15%, (81:19)

Scheme 1.10 Trapping reactions of o-carboryne

1.4.1.2 From 1-Iodo-2-Lithio-o-Carborane

In 2010, we have developed another precursor, 1-iodo-2-lithio-o-carborane (B), for
the generation of o-carboryne [53c]. It is prepared by the treatment of dilithio-
o-carborane with a single equiv of solid iodine at room temperature in common
organic solvents (Scheme 1.9, method b). It is stable at temperatures below 60 °C,
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and comparing to method a, the purification and handling of iodine is much easier
than that of bromine.

1.4.1.3 From Phenyl[o-(Trimethylsilyl)Carboranyl]lodonium Acetate

The aforementioned two precursors are strong bases. Kang and coworkers report a
neutral precursor, phenyl[o-(trimethylsilyl)carboranyl]iodonium acetate (C), which
is prepared by the reaction of [o-(trimethylsilyl)carboranyl]lithium with IPh(OAc),
(Scheme 1.9, method c) [53b]. o-Carboryne can be produced in the presence of
desilylating reagents such as CsF or KF/18-crown-6 [57].

1.4.2  Reactivity

Even at low temperatures, o-carborynes are extraordinary reactive. Their reactions
can be divided into two groups: the pericyclic reactions and C-H bond insertion
reactions. The pericyclic reactions consist of several categories such as Diels—Alder
reactions, [2 + 2] cycloadditions, and ene reactions. More recently, the C—H bond
insertion reactions of o-carborynes have been studied. This new methodology,
which has not been reported in the reaction of arynes [58], serves as another
efficient approach for various functional o-carboranes.

1.4.2.1 Diels—Alder Reactions of o-Carboryne

Diels—Alder reaction is one of the most widely studied reactions of o-carborynes
and is used as both a means of trapping o-carborynes (Scheme 1.10) and as a
synthetic tool. Due to the highly electrophilic character of o-carborynes, the Diels—
Alder reaction is observed with a wide range of dienes including simple benzene
derivatives as well as many benzenoid aromatic compounds.

Reaction of o-carboryne with benzene and polycyclic aromatics gives [4 + 2]
cycloaddition products. As suggested in Table 1.1, precursor B is a more efficient
precursor for o-carboryne compared to A or C as much improved yields are
obtained [53a, b, 59, 60]. For the reaction of precursor B with anthracene, a minor
1,4-cycloadduct is also isolated in 4 % yield in addition to the expected
9,10-addition product [60], which is not observed in the reactions of A, C, or
benzyne [61]. If the activated central aromatic ring is sterically inaccessible, such as
phenanthrene, the [4 + 2] cycloaddition on the less reactive yet more accessible
aromatic ring proceeds (Table 1.1, entry 4).

Along with two expected [4 + 2] cycloadducts, several other products are also
isolated from the reaction of o-carboryne with toluene. After careful analyses, they
are identified as one tandem [4 + 2] cycloaddition/homo-Diels—Alder reaction
product, one benzylic C-H insertion product, one tandem ene reaction/[2 + 2]
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Table 1.1 Reaction of o-carboryne with benzene and polycyclic aromatics

Entry ArH Product Yield (%) using different
precursors®
A B C
1 © 8 25 b
2 15 60 33
3 19 64 48
) W, R

“solated yields
"Data not available

cycloaddition product, and one tandem ene reaction/dehydrogenation product
(Scheme 1.11) [60].

The reactions of o-carboryne with various alkylbenzenes and trimethylsilyl-
benzene are also investigated to afford two [4 + 2] cycloaddition isomers as the
major products (Scheme 1.12) [60].

As shown in Scheme 1.13, there are two major steric repulsions when o-car-
boryne approaches the aromatic ring. One results from the interactions between the
ipso carbon and the “fatty” cage in 1,4-addition fashion, and the other comes from
the steric repulsions between the substituent R and the flanking cage B(3,6)-H
hydrogen atoms in 2,5-addition fashion [55b]. In general, the relative reactivities of
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CHj

e

60/0

Scheme 1.11 Reaction of o-carboryne with toluene

Scheme 1.12 Diels—Alder @ R
reaction of o-carboryne with - R2

alkylbenzenes R
110°c, 12h
35-67%
°  R1, R2=alkyl,TMS

Scheme 1.13 Proposed
models for steric repulsions
between o-carboryne and 1,4-addition
substituted benzenes

2,5-addition

1,4- over 2,5-addition lie around 1, which indicates that the differences between the
two types of steric interactions are small.

On the other hand, remarkable differences are observed in the reactions of tert-
butylbenzene and p-xylene as suggested by the ratio of 1,4- over 2,5-adduct. It is
noted that the reaction of benzyne with toluene or fert-butylbenzene shows a similar
regioselectivity [62]. Thus, the interactions between the bulky fert-butyl group and
the axially flanking hydrogen atom in 2,5-addition fashion are seemingly very
strong, which results in the unusual regioselectivity observed in the reaction of o-
carboryne with zert-butylbenzene. Such phenomenon is not observed in the reaction
of o-carboryne with trimethylsilylbenzene, which can be ascribed to a much longer
C-Si bond, reducing significantly steric effects.
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Scheme 1.14 Cycloaddition reaction of o-carboryne with furans and thiophenes

The reaction of o-carboryne with furan results exclusively in [4 + 2] cycload-
dition fashion, and it has been used as a trapping method of o-carboryne in the early
1990s [55a]. However, minor [2 + 2] cycloaddition products are also formed in the
reactions of o-carboryne with 2,5-dimethylfuran and [8] (2,5)-furanophane
(Scheme 1.14) [63]. The dominance of [4 + 2] cycloaddition retains in the reaction
of o-carboryne with thiophene and 2,5-dimethylthiophene and paralleling with the
benzyne reaction with thiophenes. The [4 + 2] cycloaddition products in the
reaction of o-carboryne with thiophenes also undergo desulfurization reaction to
afford benzocarboranes. However, reaction with [8] (2,5)-thiophenophane surpris-
ingly proceeds in [2 + 2] fashion (Scheme 1.14) [63].

According to the theoretical calculations, the unusual chemoselectivity observed
in the reaction of thiophenophane may result from the extremely higher thermo-
dynamic preference, as a result of the sharp strain energy increase brought on by
[4 + 2] addition and the [2 + 2] cycloadduct’s relaxed bridge geometry. And the
different effect of the octamethylene bridge on the cycloadditions of [8] (2,5)-
furanophane and [8] (2,5)-thiophenophane possibly lies in the strain energy changes
that accompany the cycloadditions. This difference can be ultimately related to the
geometrical differences in the products because of the longer C-S versus C-O
bonds and the larger size of S versus O [63].

o-Carboryne reacts with simple styrene derivatives to give extra-annular [4 + 2]
cycloadduct as major product although minor [2 + 2] cycloaddition reaction/ene
reaction also take place, dependent upon the substituents on the exocyclic double
bond (Scheme 1.15) [64].

The resulting [4 + 2] cycloaddition intermediates are so reactive that they
undergo rearomatization via either a 1,3-hydrogen rearrangement or dehydro-
genation to give 3,4-dihydronaphtho[1, 2]-o-carboranes or naphtho[1,2]-o-carbor-
anes, respectively. In sharp contrast to that of benzyne [65], further additions of
o-carboryne onto the primary [4 + 2] cycloadducts are not observed. Substituents



14 1 Introduction

trace

G
5% (56:44)

Scheme 1.15 Reaction of o-carboryne with styrenes

on C=C double bond can block the cycloaddition. These results may suggest
that steric factors play an important role in the chemoselectivity of the [4 + 2]
cycloaddition and ene reaction.

1.4.2.2 Ene Reactions of o-Carborynes

o-Carboryne can undergo ene reaction with a variety of alkenes, and the mecha-
nistic studies suggest that such ene reactions are likely to be concerted processes
[55a, c].

Similar to benzyne [66], o-carboryne reacts with simple alkenes exclusively in
ene reaction pattern (Scheme 1.16) [55c]. It is noteworthy that in the reaction of
benzyne with enamines [67], comparable amount of [2 + 2] cycloadducts are also
formed in addition to the ene reaction products, whereas only ene adducts are
isolated for o-carboryne [55b]. Such preference can be rationalized in terms of the
different steric demands of the two intermediates. More importantly, in the presence
of f-pinene as trapping agent, the absence of any rearrangements in the final pro-
duct strongly supports that the ene reaction of o-carboryne proceeds in a concerted
manner [55c]. However, for the reactions of o-carboryne with dienes, the
chemoselectivity is poor [55]. In addition to the ene reaction, Diels—Alder reaction
and [2 + 2] cycloaddition are also observed (Scheme 1.10).

1.4.2.3 [2 + 2] Cycloaddition Reactions of o-Carborynes

Although minor [2 + 2] cycloaddition products were observed in the aforemen-
tioned reaction of o-carboryne with thiophenes, alkenes, and styrenes, examples of
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Scheme 1.16 Reaction of o-carboryne with aliphatic alkenes

[2 + 2] cycloaddition of o-carboryne are still limited, especially comparing to that
of benzyne [58].

o-Carboryne reacts with strained cycloalkynes such as cyclooctyne and
3,3,6,6-tetramethyl-1-thia-4-cycloheptyne in exclusive [2 + 2] fashion to give
cyclobutenocarboranes [67]. On the other hand, minor ene product is also isolated
from 1-phenyl-1-propyne and such ene reaction is dominant in the reaction of
aliphatic internal alkynes such as 3-hexyne (Scheme 1.17) [68]. Terminal alkynes
are not suitable substrates as they would neutralize the cage C-Li bond of the
precursor.

As mentioned earlier, it is documented that o-carboryne can undergo [4 + 2]
cycloaddtion with alkylbenzenes. When anisoles are examined in these reactions,
the formal cycloinsertion products, cyclooctatetraenocarboranes, are isolated as the
major products in addition to the minor [4 + 2] cycloaddition products
(Scheme 1.18) [69]. It is noted that benzyne reacts with anisoles to generate
exclusively the [4 + 2] cycloaddition products, which can be further transformed to
benzocyclooctatetraene by photolysis followed with gas phase thermolysis process
[70].
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Scheme 1.17 Reaction of o-carboryne with alkynes
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Scheme 1.18 Reaction of o-carboryne with anisole

An intermediate, which is derived from the [2 + 2] cycloaddition, is isolated and
structurally characterized from the reaction of o-carboryne with 2-methylanisole. It
can be further converted into the formal cycloinsertion product under standard
reaction conditions. On the basis of the experimental results, a plausible mechanism
is proposed in Scheme 1.19. o-Carboryne can undergo both [4 + 2] and [2 + 2]
cycloaddition reactions with anisoles to give two types of dearomatization products.

H  oR! ___OR!
[2+2] G /D
OR! Y, —R?

Scheme 1.19 Possible pathways for reaction of o-carboryne with anisoles
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Thermal [3, 3] sigmatropic rearrangement of the [2 + 2] cycloadducts generates the
formal cycloinsertion compounds. Detailed studies also show that steric factors play
a role in both regio- and chemoselectivity, and electronic factors have a dramatic
influence on the chemoselectivity as only the [4 + 2] cycloaddition was observed
with toluene [69].

1.4.2.4 C-H Bond Insertion Reactions of o-Carborynes

Experimental data suggest that there is a correspondence in the reactions of o-
carboryne with benzyne [58]. For instance, the reactivity patterns of o-carboryne
discussed above, the pericyclic reactions, are also found in the reactions of benzyne.
However, during our exploration, we have found that o-carboryne has unique
properties of its own owing to its steric/electronic features. One example is that it
can undergo sp*/sp> C—H bond insertion reactions, which has not been observed for
benzyne.

As mentioned in Sect. 1.4.2.3, o-carboryne can insert into the C—C bond of the
aromactic ring in anisole, which is a semiaromatic ether. When alkyl ethers are
subjected to this reaction under UV irradiation (365 or 254 nm), the formal sp’
C-H bond insertion products are afforded with regioselectivity for secondary C-H
bonds being much greater than that of primary C-H bonds [71]. Various cage
B-substituents such as phenyl, halo, and methyl groups are well tolerated in this
reaction, and electronic factor plays an important role in both regioselectivity and
product yields. The experimental data suggest that o-carboryne favors insertion into
the ethereal -C—H bond, which is different from the C—O bond insertion of benzyne
(Scheme 1.20) [72].

Such C-H bond insertion reaction is completely suppressed by a radical scav-
enger, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), indicating that a radical
process might be involved. On the other hand, the intermolecular primary kinetic
isotope effect (KIE) experiments exhibit a significant isotope effect with the ky/kp
value of 5.3, which indicates that the C—H bond cleavage is the rate-determining
step [73].

H
\0)\/\ o~ C—H Bond Insertion
_— >

| UV rt H selectivity: 2°C—H >> 1°C-H

(0]
O °
©|} T» @) C-0 Bond Insertion

Scheme 1.20 Reaction of ethers with o-carboryne and benzyne
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A plausible mechanism is thus proposed in Scheme 1.21. UV irradiation pro-
motes the elimination of Lil from the precursor to form the intermediate o-car-
boryne that is best described as a resonance hybrid of both bonding and biradical
forms. It undergoes hydrogen abstraction (HA) with ether to generate radical
species I and II, which is the rate-determining step (RDS). A following fast
single-electron transfer (SET) between I and II produces a carboranyl anion III and
an electrophile IV. Finally, nucleophilic addition of III to IV yields the final
insertion product [71].

In addition to the above sp® C—H bond insertion, o-carboryne can also undergo
sp> C—H bond insertion reaction with ferrocene, an intriguing organometallic aro-
matic species (Scheme 1.22) [74]. This methodology provides a simple access to
ferrocenyl (Fc)-substituted o-carboranes [75]. It is noted that no C—H bond insertion
is observed between benzyne and ferrocene. Various cage B-substituents such as
phenyl, halo, and methyl groups are well tolerated in this reaction. In addition to the
monoferrocenyl-o-carboranes, reaction of ferrocene with 3-halocarborynes also
generates bis(ferrocenyl)-o-carboranes. It is interesting to note that disubstituted
o-carboranes are also produced from the C—H bond insertion reaction of o-car-
boryne with aliphatic ethers [71], which may indicate that both reactions share some
common features in the reaction mechanism.

Mechanistically, it is suggested that the oxidation of ferrocene by o-carboryne to
form the electrophilic ferrocenium cation via a single-electron transfer (SET) initiates
this insertion reaction. This is supported by the fact that the treatment of 1,2-dilithio-
o-carborane with ferrocenium hexafluorophosphate also generates monoferrocenyl-
o-carboranes. A plausible mechanism is proposed in Scheme 1.23 [75]. Nucleophilic

| ferrocene
80°C, 24 h

Scheme 1.22 Reaction of
o-carborynes with ferrocene
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attack of the carboryne radical anion on the cyclopentadienyl ring produces adduct
VII. Direct radical-induced hydrogen shift of VII or intramolecular single-electron
transfer followed by an intramolecular protonation gives final C—H bond insertion
product.

1.4.3 Transition Metal-Carboryne Complexes

Coordination of o-carboryne to transition metals forms relatively stable complexes
that featuring a constrained metallacyclopropane, which opens up new opportuni-
ties for carboryne chemistry [76]. Such transition metal-carboryne complexes are
prepared by transmetalation between 1,2-Li,C,BoH;o and L,MCl, (L = Ligands,
M = Ni, Pd, Pt, Zr), and they are best described as a resonance hybrid of the M—C ¢
and M—C 7n bonds (Scheme 1.24) [77, 78].

The nickel-carboryne complex (nz—CzBlon)Ni(PPh3)2 can (i) undergo
regioselective [2 + 2 + 2] cycloaddition reactions with two equiv of alkyne to
afford benzocarboranes [79a], (ii) react with one equiv of alkene to generate
alkenylcarborane-coupling products [79b], and (iii) also undergo a three-component
[2 + 2 + 2] cyclotrimerization with one equiv of activated alkene and one equiv
of alkyne to give dihydrobenzocarboranes (Scheme 1.25) [79c]. The reaction of
o-carboryne with alkynes can also proceed in a catalytic way by using nickel
catalysts [80].

Scheme 1.24 A general Li A

LnMCI 4@\
route to transition metal— " . 2 - ML, <—> "3'5‘ --MLp
carboryne complexes L 2Licl ".,

M = Ni, Co, Pd, Pt,Zr
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Scheme 1.25 Reactivities of transition metal-carboryne complexes

On the other hand, the zirconium—carboryne species, generated in situ from
CpoZr(p-Ch(u-C,B 1 oH19)Li(OEt,),, reacts with only one equiv of alkyne or polar
unsaturated organic substrates to give monoinsertion metallacycles, even in the
presence of excess substrates (Scheme 1.25) [81]. The resultant five-membered
zirconacyclopentenes are an important class of intermediates for the synthesis of a
variety of functionalized carboranes. Transmetalation of zirconacyclopentenes to
other metals, such as Ni and Cu, was also found to be a very useful tool for various
chemical transformations [82].

1.4.4 Bonding and Structure

After a detailed explorations on the reaction between o-carboryne with dienes,
Jones and coworkers finally reached a conclusion that the o-carboryne intermediate
is best formulated as a “normal” dehydro compound, possessing a symmetrical
HOMO and unsymmetrical LUMO [55a]. The LUMO energies for o-carboryne,
benzyne, and ethylene are calculated as —0.1438, —0.0702, and 0.0188 au,
respectively; that is, the difference in energy between the LUMO of o-carboryne
and the HOMO of butadiene, E(LUMO,,.-HOMOy;ene), is lower than that for
ethylene and benzyne [83]. Therefore, in Diels—Alder reactions, the reactivity
toward normal dienes is expected to be in the order o-carboryne > benzyne > C,Hy,,
if steric considerations are not taken into account. The calculation shows that
o-carboryne is energetically comparable to that of benzyne with the value of
ca. —99 kcal/mol. The C—C bond length of o-carboryne is calculated to be 1.356 A,
which is much shorter than that of 1.625 A in the parent o-carborane, indicating the
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multiple bond character. As pointed out by Jones and coworkers, Questions of
“doubleness” or “tripleness” are not productive and in this case are essentially
meaningless, as the carborane framework is constructed from three-center, two-
electron bonding." Therefore, the remarkably longer bond distance than that cal-
culated for benzyne (1.245 A) in the same calculation is understandable [83].

1.5 Research Objectives

Efforts of almost three decades in the research area of o-carboryne have demon-
strated that o-carborynes can serve as very useful synthons for generating a variety
of functionalized o-carborane derivatives that have potential applications in medi-
cine, material science, and organometallic/coordination chemistry. However, in
comparison with benzyne, studies of o-carborynes are still in the nascent stage.
New precursors are desired, and new reactivity patterns need to be explored.
Dipolar reactions involving o-carborynes still remain unrevealed. Direct construc-
tion of o-carborane-fused heterocycles via o-carboryne intermediates is also
unaddressed. How to generate 1,3-dehydo-o-carborane, which featuring a cage C-B
multiple bond, is another open question in this field [84].

To take these challenges, the objectives of this research are (1) exploration of
new reactivities of o-carborynes and (2) design and synthesis of precursors for the
production and reactivity study of 1,3-dehydo-o-carborane. In the following
chapters of this thesis, we would like to discuss the details of our work on theses.
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Chapter 2
Regioselective Insertion of o-Carborynes
into -C—H Bond of Tertiary Amines

Abstract This chapter describes the regioselective insertion of o-carborynes into
the a-C—H bond of amines. Different from our previous work on the reaction of
o-carborynes with aliphatic ethers, the bonding form of o-carboryne is involved in
this reaction. Nucleophilic addition of tertiary amines to the multiple bond of
o-carboryne generates a zwitterionic intermediate, which undergoes a sequence of
intramolecular proton transfer and nucleophilic attack to afford the final insertion
product. This serves as a simple and general methodology for the generation of a
series of 1-aminoalkyl-o-carboranes.

2.1 Introduction

o-Functionalization of tertiary amines has received considerable attention due to the
increasing interest in carbon—carbon bond formation [1] and the importance of
amines and alkaloids in medicinal chemistry [2]. To achieve this goal, different
strategies such as lithiation method [3], amine radical formation [4], and transition-
metal-catalyzed C—H bond activation [5] have been developed. Among them,
iminium ions are one of the key intermediates for the construction of amine
stereocenters [5d, 6].

On the other hand, a growing interest has been directed toward the construction
of o-carborane derivatives bearing nitrogenated substituents due to their potential
application in medicinal chemistry [7] and catalysis [8]. For instance, carborane—
amino acid or carborane—nucleoside combinations serve as excellent candidates for
cancer treatment in boron neutron capture therapy (BNCT) [7b—e, 9]. Moreover,
aminoalkyl-o-carboranes have been extensively employed as ligands for the syn-
thesis and characterization of metal complexes [8, 10]. Despite the remarkable
progress in carborane chemistry, straightforward and general synthesis of such
aminoalkyl-o-carboranes still represents a very challenging task [11]. In this sec-
tion, a highly regioselective a-carboranylation of tertiary amines for the convenient
synthesis of carborane-containing amines will be discussed.

© Springer Science+Business Media Singapore 2016 29
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2.2 Reaction of o-Carborynes with Tertiary Amines

We have reported that o-carboryne (II-3a) [12], a very reactive intermediate, can
insert into the aliphatic ethereal a-C—H bond with the selectivity of secondary
C-H >> primary C-H (Scheme 2.1) [13]. In view of that the bond dissociation
energy of amine o-C—H bond is relatively smaller than that of ether a-C—H bond
[14], we wondered whether o-functionalization of amine could be achieved in a
similar way.

The reaction of 1-I-2-Li-o-carborane (II-2a) with triethylamine (II-4a) was
chosen as a model to establish the reaction conditions (Table 2.1). Heating an
n-hexane suspension of II-2a in the presence of 20 equiv of 4a at 60 °C for 1 h
afforded only the a-carboranylated amine II-5aa in 67 % isolated yield after workup
(Table 2.1, entry 1). Lowering the amount of II-4a to 10 equiv gave II-5aa in a
better yield of 72 % (Table 2.1, entries 2-3). Carrying out the reaction temperature
at 80 °C did not improve the yield (Table 2.1, entry 4). Heating is necessary for this
reaction as only trace amount of II-5Saa was formed at room temperature for 12 h
(Table 2.1, entry 6). These results suggest that o-carboryne favors insertion into the
a-C—H bond of amine with the formation of the C—C bond rather than the C—N bond
that is observed in the reaction of benzyne (Scheme 2.1) [15].

H
- ref [13]
H

Selectivity: 2°C-H>>1°C-H
C-H Bond Insertion

"Bu /j

Ho _N
i il 41 ':B this work
u

H

Selectivity: 1° C-H >> 2° C-H

| C-H Bond Insertion

ooty

C-N Bond Formation

Scheme 2.1 Reaction of II-3a with ethers and tertiary amines
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Table 2.1 Optimization of reaction conditions®

H  4)rBuLi Li x eq. NEt, (I-4a)
H 2) Iy, n-hexane | temp, 1 h
lI-1a lI-5aa
Entry 4a (equiv) Temp (°C) 1I-5aa (%)°
1 20 60 67
2 10 60 72
3 5 60 55¢
4 10 80 70
5 10 40 58¢
64 10 t Trace

“Reaction conditions: II-1a (1.0 mmol), "BuLi (2.0 mmol), I, (1.0 mmol), n-hexane (10 mL), tt,
15 min, then II-4a (5.0, 10.0, or 20.0 mmol)

"Isolated yield

‘II-2a was not completely consumed

92 h

Under the optimal reaction conditions depicted in Table 2.1, entry 2, the sub-
strate scope was examined and the results were compiled in Table 2.2. Similar to
triethylamine II-4a, symmetrical amines II-4b—-d worked well with decreased
yields, which might be associated with the increased steric hindrance (Table 2.2,
entries 1-4). The structures of II-Sb and II-5d were further confirmed by
single-crystal X-ray analyses (Figs. 2.1 and 2.2). Although both GC/MS and NMR
spectra indicated a very high conversion, the reaction of triallylamine II-4e resulted
in only 45 % isolated yield probably due to the loss in purification on silica gel
(Table 2.2, entry 5). N,N-Diisopropylethylamine II-4f was a poor substrate because
of large steric hindrance caused by the two isopropyl groups (Table 2.2, entry 6).
For asymmetrical amines, intriguing regioselective preferences were observed. For
example, N,N-dimethylbutylamine II-4g or N-methyldibutylamine II-4h underwent
a-carboranylation in good yields with a >14:1 or 1.8:1 selectivity for methyl C—H
bond cleavage over secondary C-H bond cleavage, presumably reflecting an
inherent ~>4.7:1 or ~2.4:1 selectivity, respectively (Table 2.2, entries 7-8). An
exclusive preference for o-carboranylation at benzylic position over aliphatic
position was observed for benzylamines II-4i-1 (Table 2.2, entries 9-12). A fluoro
substitution at the para position of the benzyl group increased the yield, while a
methoxy substituent rendered the reaction less efficient (Table 2.2, entries 11-12).
The above results indicate that o-carboranylation occurs preferentially at acidic
positions or more electron-deficient C-H bonds (methyl vs. "butyl; benzyl vs.
aliphatic). For cyclic amines, the reaction was much dependent on the ring size due
probably to steric reasons [16]. For example, 5-membered cyclic amine II-4m was
found to undergo a-carboranylation with a ~3.7:1 selectivity for cyclic positions
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Table 2.2 o-Carboranylation of amines®

R4

1)"BuL| LR CHzNR2R3 (I1-4) NR,R3
Iz n-hexane 60 °C 1h H
l-1a 1-2a 11-5

(Y @y () @y \(
o
HTHJ\’\(\ H&L,EN/\/ H‘.’HfN\/\/\ H Nﬁ/
Il-4a - I1-4b RN lI-4c Y I1-4d
72% 65% 60% 61%

(5)° (6) (7) (8)

Hhv(N/:/ H’L'"BV\J\ \N/{BJ H,{BJ

N
HA’ZJ /
ll-de 11-4f l-4g  Hi™ l1-4h
77% 63%
45% 32%
HaiHg > 14:1°¢ Ha:Hg = 1.8:1°
) (107 (11)? (12)
H
H Ph ,t'\ an /\
N NN N NK
L 11-4i 1-4j F N 11-4k ? 11-41
75% 58% 83% 67%
(13) O (14)° (15) (16) o
. () () )
H
b A ! :
5 - . -
He I1-4m 0 l1-4n H"LJ\ II-40 H’L"K I-4p
78%
65% 80% 71%
HpHg = 7.4:1¢
(17) | (18) | |
~, Na: .~
‘N /SLN,Sl\
11-4q J 1-4r
H‘L'"K H
68% 73%

“Reaction conditions: II-1a (1.0 mmol), "BuLi (2.0 mmol), I, (1.0 mmol), n-hexane (10 mL), rt,
15 min, then II-4 (10.0 mmol). Isolated yield was given

"l h

“Determined by '"H NMR

92.5 equiv of amine was used

°II-2a was not completely consumed

Desilylation occurred during isolation

over aliphatic chain positions (Table 2.2, entry 13), whereas the cyclic positions of
6-membered cyclic amines II-4n and II-40 were completely inactive (Table 2.2,
entries 14-15). Similarly, the reaction of N-ethylmorpholine II-4p furnished only
ethyl carboranylated amine (Table 2.2, entry 16), and no ethereal C-H cleavage
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Fig. 2.1 Molecular structure of II-5b

was observed. N,N-diethyltrimethylsilylamine II-4q or N,N-bistrimethylsilylmethyl
amine II-4r also worked well to afford II-5q or II-5r in % or 73 % isolated yield,
respectively (Table 2.2, entries 17—18). The molecular structures of II-5b, II-5d,
and II-5f were further confirmed by single-crystal X-ray analyses (Figs. 2.1, 2.2,
and 2.3).

Interestingly, in the reaction of II-4s, a 1,2-disubstituted carborane II-4s was
isolated as sole product (Scheme 2.2) and it was further confirmed by single-crystal
X-ray analyses (Fig. 2.4). When aryl amine, such as II-4t, was examined in this
reaction, the desired sp3 C-H insertion product was not detected; instead, a mixture
of ortho and para sp* C-H insertion products was formed in very good yields
(Scheme 2.2). Such different reactivity of aliphatic amine and aryl amine toward
o-carboryne may be ascribed to the different nucleophilicity of the amine unit.

Effects of cage B-substituents on a-carboranylation were also examined
(Table 2.3). Two diastereoisomers were formed in a 1:1 ratio for 3-substituted
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ci8

Fig. 2.2 Molecular structure of II-5d

carboranes (Table 2.3, entries 1-2). A dramatic influence of electronic effects was
observed (Table 2.3, entries 3-5). For example, 9,12-dimethyl carboranylated
amine II-Sda was obtained in 76 % isolated yield, whereas no reaction was
observed for 9,12-diiodo-o-carborane II-le and 4,5,7,8,9,10,11,12-octamethyl-
o-carborane II-1f.

2.3 Mechanistic Studies on a-Carboranylation of Amines

To gain some insight into the reaction pathway, several control experiments were
performed (Scheme 2.3). The reaction proceeded well either under UV irradiation
(365 nm) or in the dark (Eq. 2.1). The desired a-carboranylated amine II-5aa was
still isolated in 62 % yield in the presence of 1.1 equiv of a radical scavenger,
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), indicating that a radical pathway
was not necessarily involved (Eq. 2.2). In addition, no desired product was detected
from the reaction of 1-1-7-Li-m-carborane (II-m-2a) with II-4a (Eq. 2.3). These
experimental results, together with the regioselectivity observed in Table 2.2, are
significantly different from those reported in our previous work [13] on the reaction
of o-carboryne with ethers, which probably suggests the absence of the biradical
form of o-carboryne in these reactions.
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Fig. 2.3 Molecular structure of II-5f
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Scheme 2.2 Reactions of II-4s and II-4t
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ci3
Fig. 2.4 Molecular structure of II-6
Table 2.3 Effects of cage B-substituents on o-carboranylation®
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“Reaction conditions: II-1 (1.0 mmol), "BuLi (2.0 mmol), I, (1.0 mmol), n-hexane (10 mL), rt,
15 min, then II-4a (10.0 mmol). Isolated yield was given

Determined by "H NMR
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Scheme 2.3 Control Il-4a (10 equiv)
experiments o : in the dark or
’Jé\‘ N UviEesnm) | A NEt,  (2.1)
QO 60°C, 1h &N
11-2a ll-5aa, 72%
o Li 11-4a (10 equiv)
<P~ TEMPO (1.1 equiv)
P“v»! 5aa, 62% 2.2)
7N 60°C,5h
1I-2a

11-4a (10 equiv)
_—

(2:3)
60°C,5h

ll-m-5aa (not formed)

To determine the proton source, a deuterium-labeled substrate II-4j-D (>99 % D)
was subjected to the reaction. Product II-5j-D with 87 % deuterium incorporation
was obtained in 53 % yield (Scheme 2.4). This finding reveals that D (H) incor-
porated into the cage H mainly comes from the amine substrate (Figs. 2.5, 2.6,
and 2.7).

Meanwhile, the intermolecular primary kinetic isotope effect (KIE) experiments
were also carried out under standard conditions (Scheme 2.4). The results showed a
ku/kp value of 1.04 (Figs. 2.8 and 2.9), which revealed that the C—H bond cleavage
was not the rate-determining step.

2.4 DFT Calculations on a-Carboranylation of Amines

To gain further insight into the reaction pathway and to understand the origins of
the selectivity for a-carboranylation of tertiary amines, DFT calculations were
carried out (Fig. 2.10). All of these calculations were carried out with the Gaussian
09 program [17]. Geometry optimizations were performed at the Becke3LYP
(B3LYP) [18] level of the density functional theory. The LANL2DZdp [19] basis
set was used for I, while 6-31 + G(d,p) basis set was used for all other atoms.
Frequency calculations were made to determine the characteristics of all stationary
points as energy minima or transition states and obtain thermal corrections. Intrinsic
reaction coordinates (IRCs) [20] were calculated to confirm that transition states
lead to relevant intermediates. The solvent effect of n-hexane was taken into con-
sideration by performing single-point solvation energy calculations with the
conductor-like polarizable continuum model (CPCM) [21] using UAKS radii.
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Starting from dimeric species [1-I-2-Li-0-C,BgH 2], (II-INT1), three reaction
pathways (Path A, Path B, and Path C) leading to the formation of a-carbo-
ranylation product were located. Path A involves one carborane molecule-assisted
dissociation of Lil via transition state II-TS2S (21.6 kcal/mol) to give a singlet
carboryne II-CBRS (11.6 kcal/mol). The complexation of carboryne II-CBRS
with NMe; generates a zwitterionic intermediate II-INT3 (4.1 kcal/mol). From



2.4 DFT Calculations on a-Carboranylation of Amines 41
MesN i B3LYP/6-31+g(d,p)&lani2dzdp
NMe;# el AGsol
LI\\\. ‘
Li\ Li--' +
A { Li/;l;\‘@‘|
g | Nl
34.0 @er 1
: I

I-Ts28
21.6

1I-INT3"
MeaN\

L1 - @I -
| .
. =4 11-CBLil -
NMej;
Li--NMes LiC
@'—i I-INT3
|

|
I-INT1 1-INT1 -53.7

| 11-P
1

—H. ¥ --H,
> ~r —M
Regioselectivity: 1\(’] tx&ﬁ ©
'}‘\El ’\“\Me

Et Et
0.0 keal/mol 1.4 kcal/mol

+

Fig. 2.10 Energy profile calculated for the reaction pathway

II-INTS3, a proton transfer from the a-position of the amine to cage carbon produces
another zwitterionic intermediate II-INTS possessing a carborane anion and an
iminium ion. The nucleophilic addition of carborane anion to iminium ion leads to
the formation of the a-carboranylation product II-P. The transition state related to
the nucleophilic addition has not been located, whereas we assume that this step is
very facile due to the charge separation of carborane anion and iminium ion.

On the other hand, Path B involving dissociation of the dimeric species
[1-I-2-Li-0-C,BoH; 5], and nucleophilic attack of NMe; to the C-I bond was
calculated. The results show that Path B is less favorable than Path A due to the
higher barrier of the nucleophilic substitution (II-TS2': 34.0 kcal/mol vs. II-TS2S:
21.6 kcal/mol). Similarly, the calculated results show that Path C involving direct
nucleophilic attack of NMej; to the C-I bond of II-INT1 is also less favorable than
Path A due to the high energy of the nucleophilic substitution in transition state
II-TS2" (II-TS2": 32.8 kcal/mol vs. II-TS2S: 21.6 kcal/mol).

For the most favorable reaction pathway Path A, the calculated rate-determining
step is the formation of carboryne II-CBRS via II-TS2S, other than the proton shift
process via II-T'S4, which is consistent with the experimental observations. In line
with the formation of a singlet carboryne II-CBRS (11.6 kcal/mol) in II-Path A, the
formation of a triplet carboryne II-CBRT was also calculated and the calculated
results reveal that the formation of triplet carboryne II-CBRT is disfavored, due to
the high energy of II-CBRT (II-CBRT: 31.6 kcal/mol vs. II-TS2S: 21.6 kcal/mol).
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This result is also consistent with the experimental observation that radical process is
not involved in this reaction.

Experimentally, N,N-dimethylbutylamine II-4g or N-methyldibutylamine II-4h
underwent a-carboranylation with >14:1 or 1.8:1 selectivity for methyl C—H bond
cleavage over secondary C-H bond, reflecting an inherent >4.7:1 or ~2.4:1
selectivity after considering the number of 1 and 2° C—H bonds presented in II-4g
or II-4h. Consistently, the calculated results show that the H shift from methyl
group is more favorable than that from ethyl group by 1.4 kcal/mol (Fig. 2.10). We
assume that the preference for primary C-H bond over secondary C-H bond is
caused by the developing negative charge at a carbon, and primary carbon anion is
more stable than the secondary carbon anion.

On the basis of both experimental and theoretical results, a plausible mechanism
is proposed in Scheme 2.5. Elimination of Lil from II-2a gives the reactive
intermediate o-carboryne II-3a. Nucleophilic attack of tertiary amine I1-4 generates
the zwitterionic intermediate II-A (path a). Alternatively, a Sn2-type nucleophilic
substitution at the cage C—I bond and elimination of Lil can also lead to the
formation of II-A (path b). II-A undergoes an intramolecular hydrogen transfer to
afford an iminium ion salt II-B. Intramolecular addition yields the final product
II-5. However, isolation of the proposed N-carboranyl ammonium salt intermediate
II-A failed. The computational results suggest that Path A is more favorable than
Path B. The calculations also reveal that the rate-determining step for Path A is the
formation of o-carboryne, and the hydrogen shift is a fast process. The nature of the
hydrogen transfer is likely to be a proton transfer, as indicated by DFT calculations.
In this regard, a-carboranylation at benzylic position is dominant over that of
aliphatic position (Table 2.2, entries 9-12) since benzylic proton is much acidic
than aliphatic one.
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path a R path b R// >
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~-H_ R
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Scheme 2.5 Proposed pathways for a-carboranylation of amines
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2.5 Summary

We have described the regioselective insertion of o-carborynes into a-C—H bonds of
tertiary amines. In this process, the more electron-poor C—H bonds are favored. The
bonding form of o-carboryne intermediate is involved in this reaction, as suggested
by mechanistic studies as well as DFT calculations. This work represents another
unique reactivity pattern of o-carboryne, which also serves as an efficient approach
to 1-aminoalkyl carboranes that might find applications in catalysis and medicine.
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Chapter 3

Synthesis of Carborane-Functionalized
Heterocycles: Dearomative [2 + 2]
Cycloaddition and sp? C-H Insertion
Reaction

Abstract This chapter focuses on reaction of o-carboryne with N-protected
indoles. An unexpected dearomative [2 + 2] cycloaddition is observed in the case
of N-TMS indoles producing o-carborane-fused indolines in excellent chemose-
lectivity and isolated yields. In addition to the [2 + 2] cycloadducts, carbo-
ranylindoles derived from formal insertion reaction are also obtained for N-aryl
indoles in which the product ratio is dependent upon the nature of substituents on
aryl rings. The formal insertion reaction is dominant in the reaction of N-alkyl
indoles. These protocols offer general and efficient methods for the preparation of
o-carborane-functionalized indoles and indolines as well as other heterocycles. The
observed dearomative [2 + 2] cycloaddition also represents the first example for
indoles to undergo such reaction in the absence of transition metals or without UV
irradiation.

3.1 Introduction

Dearomatization reactions are one of the important transformations of aromatic
molecules as they lead directly to various cyclic or heterocyclic skeletons from
structurally simple substrates [1]. In particular, due to the potent biological activities
and pharmaceutical applications of indoline alkaloids, dearomatization of indoles
has long been subject of interest in synthetic chemistry [1, 2]. Among those elegant
dearomative strategies, dearomative cycloaddition of the indole derivatives repre-
sents an attractive, straightforward as well as atom-economic approach to indoline
compounds [3]. It has been shown that indole can undergo [3 + 2], [3b—e, 4] [4 + 2]
[3f-L, 5], and [5 + 2] [6] cycloaddition reactions to generate cyclopenta[b]indoles,
hydrocarbazoles, and cyclohepta[bJindoles, respectively (Fig. 3.1).

Despite great efforts in the dearomatization of indoles, only three reports are
available on non-photo-induced dearomative [2 + 2] cycloaddition of indoles
(Scheme 3.1) [7, 8]. Zhang first developed an intramolecular gold-catalyzed [2 + 2]
cycloaddition of indoles [8a]. Mascarenas and Ldopez reported an intermolecular
[2 + 2] cycloaddition of indole but it worked with only one indole substrate and the
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Scheme 3.1 Transition-metal-catalyzed [2 + 2] dearomative cycloaddition of indoles

chemoselectivity is poor [8c]. Very recently, Bandini and coworkers expanded this
reaction, which was first reported by Mascarefias and Lopez, to an enantioselective
fashion [8b]. However, it only worked with the 2,3-disubstituted indole. To the best
of our knowledge, transition-metal-free protocols to address cyclobuta-fused
indoline frameworks are still absent in the literature.

On the other hand, direct C—H functionalization of heterocycles has received
great attention due to the structural prevalence of substituted heterocycles in drugs,
natural products, and other biologically active molecules [9]. In this regard, indole
derivatives represent a system of particular interest and importance [10]. As a result,
numerous efforts have been directed toward the development of mild, selective, and
efficient methods for the functionalization of indole molecules, especially with
regard to transition-metal-catalyzed [11] C-H bond activation and direct Friedel—
Crafts alkylations as well as allylic alkylations [11a, d, 12].

In view of a growing interest in the applications of carborane-containing
molecules in medicine [13], materials science [14], and organometallic/coordination
chemistry [15], the development of new methods for the synthesis of such mole-
cules has received considerable attention. For instance, carborane derivatives
bearing m—substituents (aryl and heteroaryl) have shown promising photophysical
properties as light-emitting materials [16]. Additionally, carboranes that featuring a
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Scheme 3.2 Reaction of o-carboryne with indoles

5,6,7-trimethoxyindole unit are attractive DNA-binding boron sources for boron
neutron capture therapy (BNCT) [17].

Considering the unique properties of indoles and carboranes, carborane-
functionalized indole or indolines may find applications in medicine and materi-
als. Surprisingly, despite the remarkable progress in carborane chemistry,
straightforward and general synthesis of carborane-functionalized heterocycles
such as indolinyl- or indolyl-o-carboranes still represents a very challenging task
[18, 19]. During our ongoing research on the functionalization of carborane via
o-carboryne intermediate [20], we found that o-carboryne (III-2) reacted readily
with N-protected indoles in two reaction pathways, in which the chemoselectivity of
the reaction depended on the protecting group of the indole substrates
(Scheme 3.2). In this section, we report this new methodology, which provides an
efficient, chemoselective, and highly controllable synthesis of carboranyl-
substituted indoles and indolines.

3.2 Reaction of o-Carboryne with N-TMS Indoles

Our investigations began with the reaction of o-carboryne with N-TMS indole, and
the results are compiled in Table 3.1. Treatment of 1-Br-2-Li-0-C,BoH;¢ (III-1)
(prepared in situ by mixing a 1:1 molar ratio of 1,2-Liy-0-C,BoH;o with 1,2-Br-0-
C,B0H g in n-hexane) with 5 equiv of 1-TMS-1H-indole (ITI-3aa) in n-hexane at
60 °C for 6 h gave [2 + 2] cycloadduct III-4aa in 81 % isolated yield (Table 3.1,
entry 1). Lowering the amount of III-3aa to 2.0 and 1.1 equiv showed negligible
influence in the isolated yield of III-4aa (Table 3.1, entries 1-3). Increasing the
reaction temperature to 80 °C did not improve the yield (Table 3.1, entry 4).
However, heating was necessary for this reaction as only a trace amount of III-4aa
was formed after 24 h at room temperature (Table 3.1, entry 6).
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Table 3.1 Optimization of reaction conditionsa

. nhexane -{A)
‘\‘"r‘ Br @[) temp, 61 A7 K

\
11-1 ll-3aa III-4aaTMS
Entry III-3aa (equiv) Temp (°C) III-4aa (%)b
1 5.0 60 81
2 2.0 60 87
3 1.1 60 86
4 1.1 80 78
5 1.1 40 38
6° 1.1 25 trace

“Reaction conditions: ITI-1 (1.0 mmol), indole III-3a (1.1, 2.0 or 5.0 mmol) in n-hexane (10 mL),
60 °C, 6 h, TMS Trimethylsilyl

PIsolated products are given

“Stirred for 24 h

Under the optimal reaction conditions shown in Table 3.1, entry 3, a broad array
of N-TMS-substituted indoles underwent [2 + 2] cycloaddition with o-carboryne,
producing carboranyl-fused indolines in 61-92 % yields (Table 3.2). For instance,
the C2,C3-carboranyl-fused indolines III-4ab and ITI-4ac were obtained in good
yields for 2-phenyl and 2-Me-substituted N-TMS-1H-indole III-3ab and III-3ac
(Table 3.2, entries 2-3). For indole III-3ad featuring a methyl group at C3 position,
in addition to the [2 + 2] cycloadduct III-4ad, an ene product [21] was isolated in
24 % isolated yield (Table 3.2, entry 4). In contrast, only the [2 + 2] cycloadduct
was obtained in 78 % isolated yield and the formation of the undesired ene product
was suppressed for C2-,C3-disubstituted indole III-3ae (Table 3.2, entry 5).
Electron-withdrawing (F, Cl, Br, Ph) as well as electron-donating (Me, OMe, iPr)
benzenoid substituents were well tolerated in this reaction (Table 3.2, entries 6-14).
The molecular structures of III-4aa, III-4ab, III-4ad, III-4ag, and I1I-4am were
further confirmed by single-crystal X-ray analyses (Figs. 3.2, 3.3, 3.4, 3.5 and 3.6).

3.3 Effects of N-Substituents

Interestingly, as shown in Table 3.3, the electronic and steric properties of the
N-substituents have a dramatic influence in controlling the chemoselectivity of the
reactions. For instance, a significant steric effect was observed for N-silyl indoles.
N-(¢-butyldimethylsilyl) indole III-3b gave both [2 + 2] cycloadduct III-4b and
formal C-H insertion product [22, 23] III-5b in 33 and 42 % yields, respectively.
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Table 3.2 Substrate scope for [2 + 2] cycloaddition of N-TMS indoles*

H / \
‘ +R B n-hexane
/ 60 °C 12h

-1 1n-3a III-4a
- IlI-3aa - 1lI-3ab - llI-3ac
86% 63% 69%
@\/g 1l-3ad C: . ll-3ae @ In-3af
™S ™S
61%P 78% 86%
®)
@ III-3ag mm 3ah \©\/> III-3a|
™ ™S
82% 85% 88%
(10) (11) (12
m |||-3a, \(@ I-3ak C|@ 1l-3al
™S T™S
86% 84% 92%
(13) (14)
N N\
N i3am N i3an
T™MS Br TMS
86% 84%

“Reaction conditions: III-1 (1.0 mmol), indole III-3a (1.1 mmol) in n-hexane (10 mL), 60 °C,
6 h. Yields of isolated products were given

Ene reaction product was also isolated in 24 % yield (see Scheme 3.5, Eq. 3.5)

The [2 + 2] cycloaddition was completely inhibited for a more bulky triisopropy-
Isilyl (TIPS) group (Table 3.3, entries 2-3). For unprotected 1H-indole III-3d,
an equimolar reaction gave only acid—base reaction product, 1-Br-o-C,BgHy;
(pKa values: 21.0 for III-3d vs. ~23 for o-carborane) [10c, 18]. The desired
3-carboranyl-1H-indole III-Sd was isolated in 30 % yield (60 % based on recov-
ered starting material) when 0.5 equiv of III-3d was used (Table 3.3, entry 4). The
corresponding formal insertion products were obtained in very good yields with
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Fig. 3.2 Molecular structure of III-4aa

excellent regioselectivity for N-alkyl indoles (alkyl = methyl, allyl, benzyl)
(Table 3.3, entries 5-7). For N-aryl indoles, both the formal insertion product and
the [2 + 2] cycloadduct were formed (Table 3.3, entries 8—10). A fluoro-substituent
at the para position of the phenyl ring increased the molar ratio of [2 + 2]
cycloadduct over the C—H insertion product to 1.4, while a 4-methoxy-substituent
decreased such ratio to 0.7. The above results indicate that the [2 + 2] cycloaddition
reaction is more favored if the protecting group on the nitrogen is electron-deficient,
which may shed some light on the reaction mechanism (vide infra). Many attempts
to utilize other N-protected (e.g., protecting group = SO,C¢H4CH3, CO,(CHj3)s,
COCHj3;) indoles failed due probably to the side reactions of the protecting group
with precursor III-1. These results indicate the synthetic potential of these two
reactions as carboranyl-substituted indoles and indolines that are unable to be
constructed before can now be synthesized in an efficient and highly controlled
manner by utilizing different N-protecting groups (alkyl or TMS). The molecular
structures of III-Sea, III-4h, and III-4j were further confirmed by single-crystal
X-ray analyses (Figs. 3.7, 3.8, and 3.9).
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Fig. 3.3 Molecular structure of III-4ab

3.4 Reaction of o-Carborynes with N-Methyl Indoles

We then investigated the substrate scope with a variety of N-methyl-protected
indole derivatives for the synthesis of carborane-substituted indoles and the results
are compiled in Table 3.4. Both electron-withdrawing (F, Cl, Br) and electron-
donating (Me, iPr, OMe) groups on the indole ring were well tolerated, producing
the corresponding C3-carboranylindoles III-4ea—4ek in 60-91 % yields. Notably,
the halogen substituent can be used for further synthetic elaboration.

3.5 Reaction of o-Carboryne with Other N-Heterocycles

This reaction is also compatible with other N-heterocycles, providing a general and
straightforward approach for carboranyl heterocycles (Table 3.5). It is noted that
the construction of such molecules often involves multi-step synthesis [24].
Reactions of 1-methyl-1H-benzimidazole III-6a, benzoxazole III-6b and ben-
zothiazole III-6¢ afforded the corresponding C2-carboranylated heterocycles in
moderately isolated yields (Table 3.5, entries 1-3). Both C2 and C3 carboranylated
products with a molar ratio of 1:1.5 were isolated in 80 % yield for N-methyl-1H-
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Fig. 3.4 Molecular structure of III-4ad

pyrrole III-6d (Table 3.5, entry 4). The reaction of 4,5-dimethylthiazole III-6e
proceeded smoothly to give C2-carboranylated product in 87 % yield, whereas
quinoline III-6f was a poor substrate as only 40 % of the desired product was
obtained (Table 3.5, entries 5—6). The molecular structures of III-7¢c, III-7da, and
III-7f were further confirmed by single-crystal X-ray analyses (Figs. 3.10, 3.11 and
3.12). The molecular structures of III-7¢, III-7da and III-7f were further confirmed
by single-crystal X-ray analyses (Figs. 3.10, 3.11 and 3.12).

3.6 Transformation of [2 + 2] Cycloadducts

We also examined the transformations of the [2 + 2] cycloadducts. As shown in
Scheme 3.3, the [2 + 2] cycloadduct III-4j rearomatizes to III-5j under thermal or
acidic conditions. For methoxyl-substituted cycloadduct III-4ah, this ring-opening
process occurred more easily to give the rearomatized product (ring-opening pro-
duct) upon treatment with silica gel. On the other hand, treatment of III-4ah or
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Fig. 3.5 Molecular structure of III-4ag

Fig. 3.6 Molecular structure of III-4am
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Table 3.3 Effects of N-substituents®

R R
) N 7 N
- el G
o T 4 .
-1 -2 -5
Entry R 1I1-5 (%)°
1 Me;Si (I11-3aa) -
2 tBuMe,Si (III-3b) 42
3 iPr3Si (II-3c¢) - 83
4¢ H (III-3d) - 30
5 Me (I1I-3ea) - 85
6 allyl (ITI-3f) - 85
7 C¢HsCH, (I11-3 g) - 78
8 Ph (I1I-3 h) 39 38
9 4-MeOC¢H, (ITI-3i) 30 45
10 4-FCeH, (I11-3j) 43 30

“Reaction conditions: III-1 (1.0 mmol), indole III-3 (1.1 mmol) in n-hexane (10 mL), 60 °C, 6 h
"Isolated yields
0.5 equiv of 3d was used

III-4ac with KF afforded the rearomatized product III-Sdh or III-5dc¢ in quanti-
tative yield. For 3-methyl-substituted indoline III-4ae, no rearomatization product
was observed; instead, a carborane-substituted indolenine III-8 was generated in
quantitative yield upon desilylation. The molecular structures of III-Sah and III-8
were further confirmed by single-crystal X-ray analyses (Figs. 3.13 and 3.14).

The aforementioned results show that the formation of 1H-indoles or indolenine
is dependent on the C3-substituent of the indoline molecule (Scheme 3.4). When
the substituent is hydrogen, carboranyl-1H-indole is produced through a ring-
opening reaction followed by intramolecular hydrogen transfer sequence. For
C3-substituted indoline, desilylation affords the corresponding carboranyl-
substituted indolenine as it cannot undergo rearomatization process. These results
also suggest that the ring-opening or rearomatized product is favored when the
electron density of the indole nitrogen is increased.

3.7 Mechanistic Study

To gain some insights into the reaction mechanism, several control experiments
were conducted (Scheme 3.5). Neither the [2 + 2] cycloadduct III-4aa nor the
insertion product ITI-Sea was detected from the reaction of 1,2-dilithio-o-carborane
(II1-9) with III-3aa or III-3ea (Eq. 3.1). Furthermore, no reaction occurred when
III-3ea was added to a 1:1 molar ratio of 1-bromo-2-methyl-o-carborane (I1I-10)
and 1-lithio-2-methyl-o-carborane (III-11) (Eq. 3.2). The above experiments may
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Fig. 3.7 Molecular structure
of III-Sea

indicate the intermediacy of o-carboryne in these reactions. The desired product
IT1-4aa or III-Sea was still formed in 80 or 75 % isolated yield in the presence of
1.1 equiv of a radical scavenger, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO),
which rules out the involvement of any radical species (Eq. 3.3). When the C3
position of indole derivative was blocked, for example, III-3el, the expected
C2-carboranyl-substituted product III-4el was not observed in the crude reaction
mixture. Instead, the sp> C—H insertion product ITI-13 and ene reaction product
III-14 were produced in 50 and 25 % isolated yields. The latter (14) was then
converted quantitatively to III-Sel in CDCl; at room temperature after 6 h
(Eq. 3.4). These results not only indicate the involvement of o-carboryne inter-
mediate in this reaction, but also clarify that the C3 position of the indole ring is the
initial reaction site for the formation of the sp> C—H insertion product. On the other
hand, the [2 + 2] cycloaddition was still the dominant pathway in the reaction of
1-TMS-3-methyl-1H-indole ITI-3ad, although minor ene adduct III-20 was also
observed (Eq. 3.5).



58 3 Synthesis of Carborane-Functionalized Heterocycles ...

Fig. 3.8 Molecular structure of III-4h

Fig. 3.9 Molecular structure of III-4j

To determine the proton source of the formal C-H insertion reaction, a
deuterium-labeled substrate III-3ea-d; was subjected to the reaction (Scheme 3.6).
Product III-Sea-d; with 84 % D incorporation at the cage C—H was obtained in
78 % yield (Figs. 3.14 and 3.15). No deuterium-labeled product was observed
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Table 3.4 Substrate scope for regioselective carboranylation of N-methyl indoles®

Li

/
XN n-hexane TN
+ R p —
Br %% 60°C,6h

-1 lll-3e lll-5e
1 H 2 3
(1) iy (2) H (3) "
o - 3
N N N
v Il-3ea \ 1I-3eb N\ li-3ec
85% 60% 91%
(4) H (5) (6)
H
\[rm MeO & Br ®
AN e N \m
N N N
\' I-3ed \ II-3ee \ II-3ef
73% 83% 85%
(7) H ®) H (9) y
RGN e o
N
N\ lll-3eg \ Il-3eh cl N\ 1lI-3ei
86% 82% 78%
(10) (11)
H H
o, 2
\ o
N
N\ lll-3ej \ lll-3ek
Br
73% 88%

“Reaction conditions: III-1 (1.0 mmol), indole III-3e (1.1 mmol) in n-hexane (10 mL), 60 °C,
6 h. Yields of isolated products were given

when the reaction was either carried out in cyclohexane-d;, or quenched with D,O
(Egs. 3.7-3.8). These findings reveal that D (H) incorporated into the cage C-H
only comes from the indole substrate. However, this deuterium was labile toward
air and moisture as monitor by 'H and ’H NMR spectra (Figs. 3.15, 3.16, 3.17,
3.18, 3.19 and 3.20).

On the basis of the above experimental results, a plausible mechanism is
proposed in Scheme 3.7. Elimination of LiBr from precursor III-1 gives the
reactive intermediate o-carboryne III-2. Electrophilic attack at the C3 position of
N-protected indole III-3 generates a zwitterionic intermediate III-A. ITII-A then
undergoes either a proton shift to afford the formal insertion product III-B through
pathway a or an intramolecular nucleophilic addition to yield the [2 + 2]
cycloaddition product III-C through pathway b. Pathway b is reversible as
evidenced by the thermal transformation of III-4j to III-5j (Scheme 3.3). The
chemoselectivity of the reaction is dependent upon the nature of protecting group
R. When R = alkyl groups, III-B is the sole product. When R = TMS group, III-C
is the sole product. When R = aryl groups, both III-B and III-C are formed.
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Table 3.5 Substrate scope for regioselective carboranylation of heterocycles®

—_—
60°C, 6 h

Q) (2 3)

N
N N
Ly ol ol
lll-6a O  1eb S lll-6¢

\
50% 53% 64%
(4) (%) (6)
H
9, @ SN
l/ l\ SH JN) @\/jg
N s~ SH N”H
\ I-6d lli-6e ni-6f
Ha/Hp = 1.5:1° 879 409
80% % %

“Reaction conditions: ITI-1 (1.0 mmol), N-heterocycle II-6 (1.1 mmol) in n-hexane (10 mL),
60 °C, 6 h. Yields of isolated products were given

"Determined by 'H NMR

Fig. 3.10 Molecular structure of III-7¢
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Fig. 3.11 Molecular
structure of III-7da
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Fig. 3.12 Molecular
structure of III-7f

Such III-C/III-B ratios increase if an electron-withdrawing substituent is intro-
duced to the phenyl ring, which may be ascribed to the increased electrophilicity of
C2 position in the intermediate ITI-A [25].

3.8 Summary

This work demonstrates that o-carboryne can serve as useful synthon for the syn-
thesis of carborane-containing heterocycles. Reaction of o-carboryne with N-pro-
tected indoles goes two ways: dearomative [2 + 2] cycloaddition and formal C-H
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lli-4ah

-5dh O~

Scheme 3.3 Transformation of [2 + 2] cycloadducts”

Fig. 3.13 Molecular structure of III-5ah
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Fig. 3.14 Molecular structure of II1-8

Ry, ~
-1 1n-1v 1H-indole

Scheme 3.4 Proposed reaction pathways for desilylation of [2 + 2] cycloadducts
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Scheme 3.5 Control experiments

insertion reaction, dependent upon the nature of N-substituents, leading to the
synthesis of a series of carborane-functionalized indoles and indolines in a highly
controlled manner. For N-TMS indoles, only dearomative [2 + 2] cycloaddition
products are isolated, while the formal C—H insertion species are the sole products
for N-alkyl ones. On the other hand, both [2 + 2] cycloadducts and formal C—H
insertion products are isolated if N-substituents are aryls, in which the molar ratios
of two products are determined by electronic properties of substituents on phenyl
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n-hexane
—_—
60°C, 6 h

-1 li-3ea-dq, 91%-D

-1 lll-3ea lll-5ea, 82% yield, 0%-D

-1 lll-3ea lll-5ea, 84% yield, 0%-D

Scheme 3.6 Deuterium experiments
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Fig. 3.15 'H NMR spectrum of III-5ea (for reference)
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Fig. 3.18 'H NMR spectrum of ITI-5ea—d, (after 3 days at room temperature), 0 %-D

ring. In general, electronic-donating substituents on N atom favor the formal
insertion reaction, whereas electronic-withdrawing groups promote the dearomative
[2 + 2] cycloaddition. To account for these experimental observations, a stepwise
reaction mechanism is proposed.

It has been documented that indole molecules can undergo [2 + 2] cycloaddition
reaction under UV irradiation or in the presence of transition metals. However,
there is no precedent for indoles to undergo [2 + 2] cycloaddition without UV
irradiation or transition metals. Thus, this work represents the first example
observed for indoles to have such [2 + 2] cycloaddition in the absence of transition
metals or without light. The resultant carborane-functionalized heterocycles may
find their applications in medicines and materials science.
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Chapter 4

Reaction of o-Carboryne with Nitrones:
A Formal [S + 2] Cycloaddition

Abstract This chapter details the first example of transition-metal-free [5 + 2]
cycloaddition of nitrones with o-carboryne. In this process, the nitrone moieties
served as five-atom building blocks with both heteroatoms being incorporated into
the framework of the final products. Mechanistic studies suggest that the N-O bond
cleavage in the initially formed [3 + 2] cycloadducts, followed by an intramolecular
nucleophilic addition, and rearomatization leads to the final products. This approach
allows rapid construction of o-carborane-fused seven-membered heterocycles with
a broad substrate scope, which also provides new insight into the chemistry of
nitrones.

4.1 Introduction

Heterocyclic skeletons are widespread among natural products as well as bioactive
molecules. As a result, developing synthetic methods for the efficient construction
of heterocyclic compounds is now one of the most important parts of modern
organic synthesis. Due to its advantage of multiple bond formation in a single step,
cycloaddition reaction has created new opportunities to access heterocycles of great
complexity [1].

Nitrones have been known for more than a century as electrophiles toward
organometallic reagents or as versatile 1,3-dipolarophiles (Scheme 4.1). Nowadays,
cycloadditions involving nitrones have been employed profusely in synthetic
chemistry, which provide an easy access to five- and six-membered nitrogen
heterocyclic frameworks that are found in many natural products [2]. It has been
well documented that nitrones can readily undergo [3 + 2] [3], [3 + 3] [3-8],
[4 + 3] [9, 10], and [2 + 2 + 3] [11] cycloadditions (Fig. 4.1). In these intriguing
studies, nitrones serve exclusively as three-atom building blocks to afford five-,
six-, and seven-membered heterocycles. In 2014, Wan and coworkers reported a
rhodium-catalyzed cyclization of diynes with nitrones in which the nitrone moiety
was employed as five-atom coupling partner in the cyclization process
(Scheme 4.3) [12].

© Springer Science+Business Media Singapore 2016 73
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Fig. 4.1 Cycloaddition products of nitrones

On the other hand, 1,2-dehydro-o-carborane (o-carboryne) (IV-2), which can be
viewed as a three-dimensional relative of benzyne, can undergo cycloadditions, ene
reaction, and C-H bond insertion reaction with a variety of organic molecules to
afford a large class of functional o-carboranes [13]. Cycloadditions involving
o-carboryne intermediate have been developed to enable the synthesis of various
carbocyclic carborane derivatives. However, they are only limited to [4 + 2]
[13-19] and [2 + 2] [20-22] fashions. Moreover, cycloadditions of o-carboryne for
the synthesis of carborane-fused heterocycles still remain unrevealed [13d].

4.2 Reaction of o-Carboryne with Nitrones

In Chaps. 2 and 3, we have extensively investigated the reactivity of o-carboryne
derived from 1-X-2-lithio-o-carborane (X = I, Br) [13a, c], which are strong bases.
As part of our continuous efforts in exploring the reactivity of o-carboryne, we draw
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Scheme 4.2 Reaction of nitrones with 1-X-2-lithio-o-carborane (X = I, Br)

our attention to the reaction of nitrones with o-carboryne. Thus, the reaction of
nitrones with the above two precursors was first examined. However, similar to the
reaction of nitrone with other organometallic reagents, only nucleophilic addition
reaction was observed (Scheme 4.2) [23].

We wonder whether this undesired nucleophilic addition reaction could be
suppressed if a neutral precursor phenyl[o-(trimethylsilyl)carboranylliodonium
acetate (IV-1), which was first reported by Kang and Ko [13b], was utilized as
o-carboryne source. Surprisingly, an unexpected formal [5 + 2] cycloaddition takes
place instead of the [3 + 2] cycloaddition reaction to afford carborane-fused
seven-membered heterocycles in good yields. It is noted that benzisoxazolines are
generated from the reaction of nitrones with arynes via [3 + 2] cycloadditions
(Scheme 4.3) [24]. The experimental details and mechanistic studies are discussed
in this section.

/—H a'a'/ [2+2+5]
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This work:

Scheme 4.3 Cycloadditions involving nitrones, benzyne, and o-Carboryne
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In our initial investigation, a THF solution of phenyl[o-(trimethylsilyl)carbor-
anylliodonium acetate (IV-1) [13b] was treated with N, alpha-diphenyl nitrone
(IV-3a) in the presence of CsF. Surprisingly, the expected [3 + 2] cycloadduct was
not observed in the '"H NMR spectrum of the crude reaction mixture. Instead, an
oily compound was isolated in 72 % yield as the sole product, and it was finally
confirmed as a [5 + 2] cycloaddition product IV-4a (Scheme 4.4 and Fig. 4.2).

C18
h 1 k17
Ce3
A N1
“ﬁd lS
Py
‘#’ —)l 1
=1
AR
A 2 13
;! Cl1 - I
0 YY)
Ye 12

Fig. 4.2 Molecular structure of IV-5a
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Further optimization of the reaction conditions found that both temperature and
reaction time are crucial to the yields of the product. High temperatures or pro-
longed reaction time dramatically decreased the yields, probably due to the
deboronation of the product by fluoride (Table 4.1, entries 1-4) [25]. The reaction
medium also displayed significant influence on the outcome of this reaction. o-
Carborane (0-C,B|gH;;) was produced quantitatively when acetonitrile was
employed as solvent, and a complex mixture was obtained if the reaction was
performed in dichloromethane (Table 4.1, entries 5-6). Decreasing the amount of
CsF to 1.0 or 1.5 equiv led to the incomplete conversion of precursor IV-1
(Table 4.1, entries 7 and 8) [24e]. A lower yield was obtained when increasing the
amount of nitrone IV-3a to 2.0 equiv (Table 4.1, entry 9).

Under the optimal conditions shown in Table 4.1, entry 1, the scope of this
[5 + 2] cycloaddition reaction of o-carboryne with various nitrones was examined
and the desired cycloadducts were isolated in moderate to good yields (Table 4.2).
Both electron-withdrawing groups (Cl, Br, F, CF3, and NO,) and electron-donating
groups (Me and OMe) on the C— and N-aryl rings were well tolerated. In general,
nitrones with electron-donating substituents tend to result in higher yields than those
with electron-withdrawing ones (IV-3d-g vs. IV-3h—i; IV-3m—n vs. IV-30—q).
For instance, reactions of nitrone IV-3h and IV-3m proceeded smoothly to afford
the cycloadducts in good yields, whereas only 31 or 45 % of the desired product
was isolated for nitrone IV-3g or IV-3q that bearing a nitro group, respectively.

Table 4.1 Optimization of reaction conditions®

Ph A /o)
™S NI( CsF, T 'IA\‘ \Q T
* : 0 Ivent, t '“\Y;‘ SV
solvent, 7 NH AN 7
IPh(OAc) Ph Ph
V-1 IV-3a IV-4a not observed
Entry IV-3a (equiv) CsF (equiv) Solvent T (°C) t (min) IV-4a (%)b
1 1.1 2.0 THF 25 30 78
2 1.1 2.0 THF 25 120 73
3 1.1 2.0 THF 60 120 50
4 1.1 2.0 THF 60 720 15
5 1.1 2.0 CH;CN 25 30 -
6 1.1 2.0 CH,Cl, 25 30 -
7 1.1 1.0 THF 25 30 45°¢
8 1.1 1.5 THF 25 30 69°¢
9 2.0 2.0 THF 25 30 57

“Reaction conditions: IV-1 (0.1 mmol), IV-3a (0.11 or 2.0 mmol), CsF (2.0 or 1.0 mmol), solvent
(3 mL)

PIsolated yields

“Main product is o-carborane

dComplt;-:x mixture

°IV-1 was not completely consumed
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Table 4.2 [5 + 2] cycloaddition of nitrones with o-carboryne®
Ar'

- TMS 2.0CsF, THE
+ ~0 25 °C 30 min
IPh(OAc)

V-1 |V-3

IV-4d, 72%

O,N
IV-4e, 75% V-4, 68% IV-4g, 31%

B O\Q TN O\Q
B K A
NP i ?-y.i v

3

MeO OMe
IV-4i, 77% IV-4j, 62% IV-4k, 71% IV-4l, 63%
OMe Me Cl CF3
) D D
NH NH NH NH
Ph Ph Ph Ph
IV-4m, 84% IV-4n, 78% IV-40, 70% IV-4p, 63%
N02
()
NH =
Ph N\ l<l
IV-4q, 45% IV-4r, 51% IV-4s, 0%

“Reaction conditions: IV-1 (0.1 mmol), IV-3 (0.11 mmol), CsF (2.0 mmol), solvent (3 mL).
Yields of isolated products

Po-Carborane was the only isolated product
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For nitrone I'V-3r featuring a 3-pyridyl group, the desired cycloadduct was obtained
in 51 % isolated yield. Unfortunately, nitrone IV-3s, which contains a 2-furyl group,
was completely unreactive. This result may be ascribed to the side reaction of the
furan ring with o-carboryne [14b, 15].

4.3 Mechanistic Studies

To explore the mechanistic aspects on this unexpected [5 + 2] cycloaddition
reaction, several control experiments were conducted (Scheme 4.5). When the
N-phenyl ring of nitrone is replaced by an alkyl group, for example, IV-3t, such
[5 + 2] cycloaddition product was not formed. Instead, a formal [3 + 2] cycload-
dition took place, similar to the reaction of benzyne with nitrones (Eq. 4.1) [24].

The reaction of IV-1 with deuterated nitrone IV-3a-ds in THF-dg was also
investigated (Eqgs. 4.2—4.3). The desired product IV-4a-ds was obtained with more
than 99 % deuterium incorporation into the N—H bond based on the analysis of the
crude '"H NMR of the reaction mixture (Figs. 4.3, 4.4, and 4.5). On the other hand,

TMS ﬁph 2.0 CsF, THF

~ N_-  25°C,30min
IPh(OAc) Bu™+70

V-1 V-3t

ﬁ 2.0 CsF, THF-dg
25 °C, 30 min R

V-1 + N_ - &
Ds:_\ O Without hydrolysis XY~
=
IV-3a-dg
ﬁph 2.0 CsF, THF-dg
p .
V-1 + 'll\ B 25 °C, 30 min
©/ o Without hydrolysis
Ph
IV-3a IV-4a, 0%-D

Scheme 4.5 Control experiments
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Fig. 4.3 '"H NMR of IV-4a in THF-dg (for reference)

the reaction of IV-1 with IV-3a in THF-dg did not provide any deuterated product,
suggesting that the D (H) incorporated into the N-H bond of the product comes
from the nitrone substrate (Scheme 4.5).

On the basis of the experimental and theoretical data, a plausible mechanism was
proposed in Scheme 4.6. A [3 + 2] cycloaddition between diaryl nitrone I'V-3 and
o-carboryne IV-2 generated from precursor I'V-1 in the presence of fluoride affords
an intermediate IV-A [24e]. Heterolytic cleavage of the N-O bond gives another
intermediate IV-B in which the negative charge of the oxygen is stabilized by the
electron-deficient o-carborane cage via exo-m bonding [26] and the nitrenium ion is
stabilized by the aryl substituent [27, 28]. A following nucleophilic attack of the
oxygen anion on the N-phenyl ring provides an intermediate IV-C, which quickly
undergoes rearomatization to furnish the formal [5 + 2] cycloaddition product.
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Fig. 44 Crude '"H NMR of reaction mixture in THF-dg (NMR tube, 60 °C, 60 min)

When the substituent R is more electron-withdrawing, the cleavage of the N-O
bond is less favored compared to the electron-donating ones as the aryl group on the
nitrogen cannot stabilize the positive charge effectively; thus, lower yield is
obtained (Table 4.2, IV-40—q).
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Fig. 4.5 'H NMR of IV-d4a-d, (D/H exchange of IV-4a-ds with H,0) in THF-dg

4.4 Summary

In summary, the reaction of diarylnitrones with o-carboryne has been described.
Precursors for the generation of o-carboryne are found to have a dramatic influence
on the reaction outcome. In general, nucleophilic addition reaction occurs for
o-carboryne derived from 1-X-2-lithio-o-carborane (X = I, Br). On the other hand,
when a neutral precursor, phenyl[o-(trimethylsilyl)carboranyl]iodonium acetate,
was utilized as o-carboryne source, an unexpected [5 + 2] cycloaddition takes place
to afford carborane-fused seven-membered heterocycles. In this process, nitrones
serve as five-atom building units, which are very rarely discussed in the literature.
Mechanistic studies suggest that the N-O bond cleavage in the initially formed
[3 + 2] cycloadducts, followed by an intramolecular nucleophilic addition, and
rearomatization leads to the final products. This study provides new insight into the
chemistry of nitrones as well as o-carboryne, which may also find applications in
the synthesis of carborane-fused heterocycles.
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Chapter 5
1,3-Dehydro-o-Carborane: Generation
and Reaction with Arenes

Abstract This chapter presents the generation of 1,3-dehydro-o-carborane, a pre-
viously unknown intermediate featuring a cage C—B multiple bond. This reactive
intermediate is best described as a resonance hybrid of a bonding form and a
zwitterionic form, and it can undergo [4 + 2] reaction as well as aromatic ene
reaction with arenes. This serves as a new methodology for simultaneous func-
tionalization of both cage carbon and boron vertices.

5.1 Introduction

Arynes, which are formally derived from aromatic rings by abstraction of two
hydrogen atoms, have been a focus of organic chemistry for 100 years, and
nowadays, arynes, heteroarynes, and related intermediates are among the most
intensively studied intermediates in the literature (Fig. 5.1) [1].

During our study on o-carboryne chemistry [2], we found that o-carboryne can
be viewed as a three-dimensional relative of benzyne and they share some common
features; on the other hand, o-carboryne has its own unique properties due mainly to
steric/electronic reasons [2d]. To our surprise, the known arynes and related
intermediates including o-carboryne all contain a carbon—carbon multiple bond and
no example of such intermediate that features a carbon—heteroatom multiple bond
has been reported. On the basis of our experience in carborane chemistry, we
wonder whether 1,3-dehydro-o-carborane [3], which contains a cage C—B multiple
bond, could be generated (Fig. 5.1). Indeed, it represents the first example of such
intermediate that contains a carbon—heteroatom multiple bond. Moreover, it would
also serve as a useful synthon for simultaneous functionalization of both cage
carbon and boron vertices. In this section, the generation and reactivity study of this
new intermediate will be discussed.

© Springer Science+Business Media Singapore 2016 87
D. Zhao, Functionalization of Carborane via Carboryne Intermediates,
Springer Theses, DOI 10.1007/978-981-10-1569-4_5
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5.2 Generation of 1,3-Dehydro-o-Carborane: Precursor
Design

In order to generate 1,3-dehydro-o-carborane, we speculated that it might be gen-
erated in a similar manner to that of o-carboryne, which can be produced from
1-X-2-Li-0-C,BoH;g, via LiX salt elimination (X = Br, I) [2a, ¢]. However,
attempts to obtain 1,3-dehydro-o-carborane from 1-Li-3-X-0-C,BgH;o (X = Br, I)
by LiX elimination failed since 1-Li-3-X-0-C,BoH;¢ was thermally stable, even
under forced reaction conditions, owing to a very strong B—X bond (Scheme 5.1) [4].

Inspired by earlier benzyne generation from anthranilic acids [5], we turned our
attention to the synthesis of 1-hydroxycarbonyl-3-amino-o-carborane (V-II). As
shown in Scheme 5.1, V-II was prepared in 60 % isolated yield by the treatment of
3-amino-o-carborane (V-I) with 4.5 equiv of n-butyllithium followed by carboxy-
lation with CO, (g). Diazotization of V-II with amyl nitrite in benzene (V-2a) at
60 °C afforded the [4 + 2] cycloadduct V-3a and 1,3-cyclooctatetraenocarborane
V-5ain 25 and 8 % yield, respectively. The molecular structures of V-3a and V-5a
were confirmed by various spectroscopic techniques as well as single-crystal X-ray
analyses (Figs. 5.2 and 5.3). The unexpected product V-5a is probably derived
from a thermal [3,3] sigmatropic rearrangement of the [2 + 2] cycloaddition
intermediates based on our previous study [6].

To our disappointment, diazotization of V-II in other solvents (THF, ether, and
CH;CN) was surprisingly difficult. On the other hand, comparing to the reactivity
of o-carboryne toward benzene (24 % yield) [7], the efficiency was not satisfac-
torily enough.

Fig. 5.2 Molecular structure of V-3a
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5.3 3-(N,'BF4 )-0-C;B1oH;1: A More Efficient Precursor

In view of the properties of diazonium salt of carboranes [8], we thought that
3-(N,"BF,)-0-C,BoH;, (V-1) may serve as a good precursor of 1,3-dehydro-
o-carborane as dinitrogen is an excellent leaving group after deprotonation of cage
C-H (Scheme 5.1). Precursor V-1 was prepared in 70 % isolated yield by the
treatment of 3-amino-o-carborane V-I with 1.2 equiv of in situ-generated nitrosyl
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Table 5.1 Screening of reaction conditions

base (equiv), PhH (V-2a) \

RT, 10 min M
V-3a
Entry Base (equiv) 3a (%)*
1 "BuLi (1.0) 38
2 LDA (1.0) 72
3 NaH (1.0) 55
4 NaNH, (1.0) 61
5 LiHMDS (1.0) 66
6 LDA (2.0) 72
7° LDA (1.0) 72

“Tsolated yields
The reaction was performed in the dark. LIHMDS = lithium bis(trimethylsilyl)amide

fluoride in the presence of boron trifluoride [9]. It was noted that the stability of V-1
is dependent upon the counterion used and BF,  offers the highest thermal stability
of the salt among the anions examined such as PFs and CI .

To test our hypothesis, a benzene suspension of V-1 was treated with 1.0 equiv
of "BuLi at room temperature for 10 min to give the expected [4 + 2] cycloaddition
product V-3a in 38 % isolated yield (Table 5.1, entry 1) [10]. The low yield was
due to the formation of 3-"Bu-0-C,BoH;q generated by the nucleophilic attack of
"BuLi [11]. When non-nucleophilic base lithium diisopropylamide (LDA) was
used, V-3a was obtained in 72 % isolated yield (Table 5.1, entry 2). Other less
nucleophilic bases gave relatively lower yields (Table 5.1, entries 3-5). Increasing
the amount of base did not improve the yield (Table 5.1, entry 6). The reaction also
proceeded very well in the dark (Table 5.1, entry 7). These results suggest that V-1
is a very good precursor of 1,3-dehydro-o-carborane and its reaction with benzene
is much more efficient than that of o-carboryne [6].

5.4 Reactivity of 1,3-Dehydro-o-Carborane Toward
Arenes

Under the optimal reaction condition (Table 5.1, entry 2), various arenes with
different substituents such as trimethylsilyl, halo, and alkyls were examined. The
results are given in Table 5.2. In general, the reaction efficiency of 1,3-dehydro-
o-carborane with arenes was much higher than that of o-carboryne. For
methyl-substituted arenes V-2i—m, the corresponding aromatic ene reaction product
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Table 5.2 Reaction of arenes with 1,3-dehydro-o-carborane®

Entry RYR? (V-2) Yield (%)°

V-3 V-4
1 H/H (V-2a) 72
2 F/2,3,4,5,6-F5 (V-2b) 25¢ -
3 F/H (V-2¢) 64 -
4 CI/H (V-2d) 67 -
5 Cl/2-Cl (V-2e) 55
6 CFy/H (V-2f) 53 -
7 TMS/H (V-2g) 52 -
8 ‘Bu/H (V-2h) 67 -
9 Me/H (V-2i) 55 27
10 Me/2-Me (V-2j) 47 39
11 Me/3-Me (V-2K) 26 53
12 Me/4-Me (V-21) 39 41
13 Me/3,5-Me, (V-2m) 24 69

#Conditions: LDA (1.0 equiv), arenes V-2 (40.0 equiv), room temperature, 10 min
"Isolated yields
“The low isolated yield resulted from the high volatility of V-3b

[12] 3-aryl-o-carborane (V-4) was also isolated and became a major one in cases of
V-2k and V-2m (Table 5.2, entries 11 and 13). The molecular structures of [4 + 2]
cycloadducts V-3h, V-3l, V-3m, and aromatic ene reaction products V-4j and
V-4m are shown in Figs. 5.4, 5.5, 5.6, 5.7 and 5.8.

Since carbon and boron atoms are different in nature and the cage C-B bonds are
polarized, the reactive intermediate 1,3-dehydro-o-carborane is best described as a
resonance hybrid of both bonding and zwitterionic forms (Scheme 5.2a). Thus, the
regioselectivity of the [4 + 2] cycloaddition of 1,3-dehydro-o-carborane with sub-
stituted arenes is governed by electronic factors although steric factors may also
play a role, which is similar to that of hetero-Diels—Alder reactions [13] or the
reactions of distorted arynes [14]. Scheme 5.2b shows both electronically favored
and disfavored fashions of [4 + 2] cycloaddition of 1,3-dehydro-o-carborane with
substituted arenes.

For arenes having more evenly distributed electron density, two or more [4 + 2]
cycloaddition fashions were observed [10], whereas in the case of V-2f, only one
[4 + 2] cycloaddition fashion was observed, probably owing to the strong inductive
effect imparted by the CF5 group. As 1,3-dehydro-o-carborane is an unsymmetrical
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Fig. 5.4 Molecular structure of V-3h

species, it is expected that its reaction with substituted arenes affords structural
isomers of the products. For instance, two structural isomers were isolated in the
reaction of V-2f mentioned above (Scheme 5.2c¢).

Remarkably different from that of o-carboryne, the reactions with toluene and its
derivatives V-2i,j.k,I.m also gave the aromatic ene reaction product [12] V-4 in
27-69 % isolated yields in addition to the [4 + 2] cycloadducts. The ratio of ene
product to [4 + 2] cycloadducts increased with the number of the benzylic C—H
bonds (entries 9-13, Table 2). In case of the reaction of V-2m, an intermediate of
such aromatic ene reaction was observed from the "H NMR spectrum of the crude
product mixture and it rearomatized to V-4m within 30 min. It is noteworthy that
such aromatic ene reaction proceeded with excellent regioselectivity, giving only
cage B(3)-substituted products 3-aryl-0o-C,BoH;; (V-4). This can be ascribed to the
zwitterionic nature of 1,3-dehydro-o-carborane as illustrated in Scheme 5.3.


http://dx.doi.org/10.1007/978-981-10-1569-4_2
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Fig. 5.5 Molecular structure of V-31

5.5 Thermal Rearrangement

It is documented that the [4 + 2] cycloadducts of o-carboryne with arenes can
undergo thermal retro-Diels—Alder reaction to produce the homo-Diels—Alder
products in almost quantitative yield [7]. To explore the possibility of cycloadducts
as a new source of 1,3-dehydro-o-carborane via retro-Diels—Alder reaction,
pyrolysis of the Diels—Alder adducts of 1,3-dehydro-o-carborane was conducted.
Unprecedentedly, heating of a solid of the [4 + 2] cycloadduct V-3a at 250 °C for
6 h in a sealed tube gave a 2:1 mixture of V-4a and V-5a in 80 % yield
(Scheme 5.4). Compound V-5a was completely converted to V-4a at 250 °C for
6 h, indicating that V-4a is a thermodynamically more stable product. On the other
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Fig. 5.6 Molecular structure of V-3m

hand, heating of mesitylene (V-2m) solution of V-3a at 250 °C for 6 h in a sealed
tube afforded V-4a in quantitative yield (Scheme 5.4). Neither the [4 + 2]
cycloadduct V-3m nor aromatic ene reaction product V-4m was observed. These
results indicate that the cage B—C bond does not break in the above reactions and
they are intramolecular transformations.

To understand these processes, DFT calculations were performed (Fig. 5.9, cage
CHs were omitted for clearance). The DFT calculations were carried out with the
Gaussian 03 program. Geometry optimizations were performed at the level of
B3LYP/6-31+g**. Frequency calculations were made to determine the
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Fig. 5.7 Molecular structure of V-4j

—
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N

Fig. 5.8 Molecular structure of V-4m

characteristics of all stationary points as energy minima or transition states and
obtain thermal corrections. Intrinsic reaction coordinates (IRCs) were calculated to
confirm that transition states lead to relevant intermediates.
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Scheme 5.2 a Two resonance forms of 1,3-dehydro-o-carborane, b [4 + 2] cycloaddition
fashions, and ¢ two structural isomers generated for V-2f

ooy | A ”jgj/ A :@r

Scheme 5.3 Aromatic ene reaction of 1,3-dehydro-o-carborane
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Scheme 5.4 Pyrolysis of cycloadduct V-3a

Starting from the [4 + 2] cycloadduct V-3a, a heterolytic cleavage of Ccage—Cy
bond via the transition state V-TS1 (25.7 kcal/mol) generates a zwitterionic inter-
mediate V-Int2. Then, a facile rotation of the remaining Bcage-C; bond gives the
intermediate V-Int4, which allows H in C,H to be orientated toward the bare cage
carbon. From V-Int4, a proton shift via Path A yields product V-4a with significant
exergonicity. Alternatively, nucleophilic attack of the bare cage carbon on the
nearby carbon C, via Path B gives a formally [2 + 2] cycloadduct V-Int7, which
further undergoes sigmatropic rearrangement to yield the product V-5a. The cal-
culated results reveal that Path B leading to the formation of product V-5a is
kinetically more favorable than Path A leading to the formation of product V-4a
(V-TS6: 27.4 kcal/mol vs. V-TSS5: 31.4 kcal/mol), whereas product V-4a is ther-
modynamically more stable than product V-5a by 42.1 kcal/mol. Therefore, with
prolonged reaction, the kinetic product V-5a can gradually transform to the ther-
modynamic product V-4a. Relevant to the heterolytic cleavage of Ccage—C,4 bond
shown in Fig. 5.9, a similar process of Bcage-C; bond cleavage cannot be located,
probably due to the high energy of C-B bond cleavage.

Accordingly, a reaction mechanism is proposed in Scheme 5.5. Heterolytic
cleavage of the cage C—C(sp>) bond in V-3a generates an intermediate V-A.
Migration of proton in V-A gives the thermodynamic product V-4a. Alternatively,
the formation of cage C—C(sp?) bond affords another intermediate V-B (formally
[2 + 2] cycloadduct) that undergoes sigmatropic rearrangement to yield the kinetic
product V-5a.
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Scheme 5.5 Proposed mechanism for thermal rearrangement
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5.6 Summary

We have designed and synthesized an efficient precursor of 1,3-dehydro-o-carborane
featuring a cage C—B multiple bond. This intermediate represents the first reactive
intermediate that contains a carbon—heteroatom multiple bond.

1,3-Dehydro-o-carborane undergoes Diels—Alder reaction with various arenes to
give [4 + 2] cycloadducts, in which electronic factor governs the regioselectivity.
Meanwhile, for arenes bearing benzylic C—H bonds, highly regioselective aromatic
ene reaction was also observed with the product ratio of [4 + 2] cycloaddition over
ene reaction depending on the number of benzylic protons. These results suggest
that 1,3-dehydro-o-carborane is best described as a resonance hybrid of a bonding
form and a zwitterionic form as shown in Scheme 5.2. Thus, it shares some
chemical properties with those of o-carboryne; on the other hand, it also has its own
unique properties due mainly to the polarized cage C—-B bond. The present work
demonstrates that 1,3-dehydro-o-carborane is a useful synthon for simultaneous
cage C,B-functionalization of o-carboranes [15].
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Chapter 6
Ene Reaction of 1,3-Dehydro-
o-Carborane

Abstract This chapter addresses the efficient ene reaction of 1,3-dehydro-
o-carborane with simple alkenes and alkynes for the synthesis of cage B(3)-alkenyl/
allenyl o-carboranes, which are not ready to access by known methods. The
excellent regioselectivity observed in this reaction can be ascribed to the highly
polarized cage C—B multiple bond, which lowers the activation barriers of the ene
reaction.

6.1 Introduction

Ene reactions or the Alder ene reaction, which involves the attack of an alkene (the
ene donor) by an unsaturated enophile (A=B or A=B), is well known in organic
chemistry [1]. In this process, an allylic hydrogen atom is transferred to the eno-
phile and the alkene m-bond is transposed. Ene donors are n-bonded molecules that
contain at least one active hydrogen atom at the allylic, propargylic, or a-position.
Possible ene components include olefinic, acetylenic, allenic, aromatic, cyclo-
propyl, and carbon-heterobonds. Ene donors containing C=0, C=N and C=S bonds
have been reported, but such cases are rare [2].

Enophiles are n-bonded molecules that have electron-withdrawing substituents
that can lower the LUMO of the n-bond [2]. Particularly, due to the low lying of
LUMO level relative to typical alkynes caused by distortion of the bond angles of
the alkyne moiety, arynes are highly reactive species that behave as an electrophilic
reagent toward a variety of electron-rich species [3]. Ene reaction involving aryne
intermediates or the aryne—ene reaction has been developed and widely used in
synthesis [4]. In sharp contrast, although ene reaction of o-carboryne was well
known, such reactions often accompany with [2 + 2] cycloadditions, leading to a
poor selectivity and the yield is rather low (Scheme 6.1) [5].

Considering the unique properties of functionalized carboranes witnessed in
medicine [6], materials science [7], and organometallic/coordination chemistry [8]
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Scheme 6.1 Ene reaction of carboryne intermediates

and the importance of alkenes and allenes as two classes of feedstocks in chemical
synthesis, compounds that combine both carborane clusters and allene/alkene can
serve as useful starting materials for further functionalization toward various pur-
poses. Unfortunately, straightforward and general synthesis of such cage
boron-substituted alkenes/allenes still represents a very challenging task despite
recent remarkable progress in carborane chemistry [9, 10]. To the best of our
knowledge, protocols to address cage boron-substituted allenes remain elusive in
literature. On the other hand, cage carbon-substituted carboranyl allenes [11] can be
prepared in low yields (<30 %) from the reaction of 1,2-dehydro-o-carborane (o-
carboryne) (VI-1) [12] with alkynes via ene reaction pathway (Scheme 6.1).

An ene reaction can be rationalized as interactions between the HOMO of the
ene and LUMO of the enophile [13]. Thus, a more polarized enophile should favor
ene reaction. In this regard, our recently reported 1,3-dehydro-o-carborane (VI-2)
[14], featuring a polarized cage C—-B multiple bond, would be an excellent candi-
date for ene reactions with alkenes and alkynes. In this section, we describe a
general, high-yielding, and regioselective ene reaction of 1,3-dehydro-o-carborane
for the straightforward access to cage B(3)-substituted carboranyl alkenes and
allenes (Scheme 6.1).
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6.2 Ene Reaction of 1,3-Dehydro-o-Carborane: Reactivity
Toward Alkenes

To test our hypothesis, the reaction of 3-diazonium-o-carborane tetrafluoroborate
(VI-3) with 2,3-dimethyl-2-butene (VI-4a) was chosen as a model to establish the
optimal reaction conditions (Table 6.1). The results showed that among the
non-nucleophilic bases examined, lithium diisopropylamide (LDA) gave the best
result, affording the desired ene product VI-5a in 92 % isolated yield (Table 6.1,
entries 1-4). Increasing the amount of LDA to 2.0 equivalent did not improve the
yield (Table 6.1, entry 5). The molecular structure of VI-Sa was confirmed by
single-crystal X-ray analyses (Fig. 6.1). It was noted that no [2 + 2] cycloaddition
product was observed in these reactions, suggesting that ene reaction of
1,3-dehydro-o-carborane is much more efficient than that of o-carboryne [15, 16].

Under the optimal reaction conditions (Table 6.1, entry 1), various alkenes were
examined and the results are compiled in Table 6.2. In general, the chemoselec-
tivity is excellent, giving only ene reaction products in very good to excellent
yields, in which the substituents are always bonded to cage B(3) position.
No cycloaddition species were observed. For 4-methyl-1-pentene VI-4b and
2-ethyl-1-butene VI-4¢, a mixture of E/Z-isomers was formed in >87 % yields with
a molar ratio of 2.6:1 and 1:1.7, respectively (Table 6.2, entries 2-3). The reaction
of methylenecyclohexane VI-4d smoothly produced the desired product VI-5d in
93 % yield (Table 6.2, entry 4). An evident preference for primary C-H over
secondary C—H proton migration was observed for substrate VI-4e that contains
different allylic hydrogen (Table 6.2, entry 5).

Table 6.1 Optimization of reaction conditions

.
~N2BF4 pase, >_< (Vi-4a)

ANZT n-hexane
VI-3
Entry Base (equiv) Isolated yields (%)
1 LDA (1.0) 92
2 LiHMDS (1.0) 86
3 NaH (1.0) 63
4 NaNH, (1.0) 67
5 LDA (2.0) 92

Reaction conditions: VI-3 (0.2 mmol), base (0.2 or 0.4 mmol), VI-4a (1.0 mmol), n-hexane (2 mL),
—30 °C to rt, 10 min. LDA = lithium diisopropylamide, LiHMDS = lithium bis(trimethylsilyl)
amide
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Fig. 6.1 Molecular structure of VI-Sa

The expected ene reaction products VI-5f-k were generated in very good to
excellent yields for a series of cyclic olefins (Table 6.2, entries 6-11). Notably, the
reactions of 1-piperidino-1-cyclohexene VI-4h and 1-morpholino-1-cyclohexene 4i
gave the same product 2-carboranylcyclohexanone VI-5h after work-up, which was
generated from the hydrolysis of the initially formed ene adduct (Table 6.2, entries
8-9) [17]. For 2,3-dimethyl-1,3-butadiene VI-4l, only the ene reaction product
VI-51 was isolated in 92 % yield (Table 6.2, entry 12). Neither [4 + 2] nor [2 + 2]
cycloaddition reaction was observed. The reaction of allene VI-4m proceeded
smoothly, affording carborane-substituted diene VI-Sm in 92 % isolated yield
(Table 6.2, entry 13).
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Table 6.2 Synthesis of B(3)-substituted carboranyl alkenes

r H
N2BF4 R4 R, LDA, n-hexane
H +
H - -30 °C to RT, 10 min
R,

R3
VI-3 Vi-4
Entry Alkene VI-4 Product VI-5° Entry Alkene ViI-4 Product VI-5°
1 = H 7 O
H
Vi-4a VI-5a Vl-4g
92%
X
N
2 J—< 8,9 O/
— VI-4h, X=CH VI-5h
Vi-4b VI-5b Vidi x=0 . 98% from VI-4h
87% A= 96% from VI-4i
E/Z = 2.6/1°
=
H
Vi-4¢ VI-5¢ Vi-4
97%
E/Z=11.7°

O

Vi-4d VI-4k

X
X

Vi-4e VI-41 VI-51

o D

VI-4f

/H"’//

VI-4m VI-5m
92%

“Reaction conditions: VI-3 (0.2 mmol), LDA (0.2 mmol), alkene VI-4 (1.0 mmol), n-hexane
(2 mL), =30 °C to rt, 10 min

“Isolated yields
“Determined by '"H NMR
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Table 6.3 Synthesis of B(3)-substituted carboranyl allenes

N,BF N
y 2 4 H LDA, n-hexane
H + R——= “H ~Ra2
- o i
H R, 30 °C to RT, 10 min H &
VI-3 VI-6 VI-7
Entry Alkyne VI-6 Product VI-7° Entry Alkyne VI-6 Product
17
V7" tvs
Pr—=——TMS /H\-“Et
_ nPr—==
1 Et—=—Et 7 H oA
Vi-6a Vi-6g VI-7g
83%
nPr
2 nPr—==—nPr ;\-“Et 8  pBu—=—TMS
H H
VI-6b VI-7b VI-6h
90%
nBu
i wnPr —=——1Bu
3 nBu—==—nBu H ) 9
H H .
Vi-6c Vi-7c VI-6i
89%

4 T H JEt
VI-6d ) H A
VI-6 i
95% ) VI7j
VI-7da/VI-7db = 1:1.2° 85%
nBu
iPr Il
— ; o - \\H = =
5 —= H : H 141 pBu—=—=—nBu o nPr
H H & ’
Vi-6e Vi-7ea Vi-7eb Vi-6k H
94% VI-7k
VI-7ea/VI-Teb = 1:2°¢ 80%
iPr
™S Il
———TMS H wH Pr————jPr N
6 = Wl 12 === H
VI-6f VI-7f Vi6l H
87% VI-7I
78%

“Reaction conditions: VI-3 (0.2 mmol), LDA (0.2 mmol), alkyne VI-6 (1.0 mmol), n-hexane
(2 mL), =30 °C to rt 10 min

"Isolated yields
“Determined by '"H NMR
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6.3 Ene Reaction of 1,3-Dehydro-o-Carborane: Reactivity
Toward Alkynes

The aforementioned ene reaction is well compatible with a variety of alkylalkynes,
giving cage B(3)-substituted carboranyl allenes in very high to excellent yields. The
results are summarized in Table 6.3. Symmetric alkynes VI-6a—c worked well to
afford the corresponding B(3)-allenyl carboranes in excellent yields (Table 6.3,
entries 1-3). As observed in ene reaction of alkene VI-4e (Table 6.2, entry 5),
a preference for primary C—H over secondary C—H/tertiary C—H proton migration
was also found for unsymmetrical alkynes VI-6d and VI-6e (Table 6.3, entries 4-5).
For 1-TMS alkynes VI-6f-h and 4,4-dimethyl-2-pentyne VI-6i, the ene products
were produced in decreased yields, probably due to steric reasons (Table 6.3, entries
6-9). Various symmetrical diynes were also compatible with this reaction, affording
the corresponding carborane-substituted alkynyl allenes VI-7j-1 in high yields
(Table 6.3, entries 10—-12). This method represents the first simple and efficient
approach for B(3)-allenyl-o-carboranes.

6.4 Mechanistic Study

To understand the proton transfer process, treatment of deuterium-labeled substrate
VI-4g-d,o with VI-3 gave VI-5g-d, in 88 % yield with 96 % deuterium incor-
poration (Eq. 6.1 and Figs. 6.2, 6.3, and 6.4).

o Oy 2 )
_ N2BFy Vi-4g-d4q . X\

~H = H Do (6.1)
H LDA, n-hexane D

VI-3 VI-5g-d4g, 96%-D, 88%

The inherent reactivity differences between alkene and alkyne were evaluated by
the reaction of 2-methyl-1-hexen-3-yne (VI-8) with VI-3. It was found that the ene
reaction products VI-9a and VI-9b were formed in a molar ratio of 1.2/1, indicating
the similar reactivity of two reactive sites (Eq. 6.2 and Scheme 6.2).

NQBF4 Hs (A /\H/ K |
LDA, n-hexane é’rﬂ HH * HH T (62)
5 H

VI-9a VI-9b
VI-9a/VI-9b = 1.2/1, 91%
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Scheme 6.2 Two possible pathways for 2-methyl-1-hexen-3-yne (VI-8)

It was noteworthy that such ene reaction of 1,3-dehydro-o-carborane proceeded
with excellent regioselectivity, giving only the B(3)-substituted products. This
selectivity can be ascribed to the zwitterionic nature of 1,3-dehydro-o-carborane as
illustrated in Scheme 6.3a [14]. The highly polarized C-B multiple bond can also
rationalize that the selectivity of the C—H bonds in the ene reactions follows the
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Scheme 6.3 Regioselectivity in ene reaction of 1,3-dehydro-o-carborane

order: primary C-H > secondary C-H > tertiary C—H, which is well in agreement
with the acidity of these C—H protons [18].

In support of this observation, substrate VI-6m processing a CF5-substituent was
subjected to this reaction. Due to the strong inductive effect of the CF3 group,
hydrogen H, is more acidic than hydrogen Hy,. Thus, the migration of H, should be

VI-7mb

Scheme 6.4 Two possible pathways for 1,1,1-trifluoroundec-3-yne (VI-6m)
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more favored over that of Hy,. In fact, only product VI-7ma was isolated in 73 %
yield, supporting that the nature of the hydrogen transfer is a proton transfer
(Schemes 6.3b and 6.4) [19].

6.5 Summary

1,3-Dehydro-o-carborane can readily react with a series of alkenes and alkynes,
providing a general, high-yielding synthesis of B(3)-alkenyl/allenyl carboranes with
excellent regioselectivity. Ene reactions are dominant in these processes, which can
be ascribed to the highly polarized cage C—B multiple bond of 1,3-dehydro-o-
carborane. The experimental results reveal that the hydrogen shift in the ene
reaction is a proton transfer in nature. The present work also demonstrates that
1,3-dehydro-o-carborane is a useful synthon for selective cage B-functionalization
of o-carboranes [20, 21]. The newly prepared carboranyl alkenes and allenes may
serve as useful starting materials for further functionalization.
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Chapter 7

Cage Boron Arylation of o-Carborane
via Metal-Free, Visible-Light-Mediated
Radical Coupling

Abstract This chapter demonstrates that 3-diazonium-o-carborane tetrafluorobo-
rate can serve as not only an efficient precursor for 1,3-dehydro-o-carborane, but
also an ideal source of o-carboranyl boryl radical in the presence of visible light.
For instance, the resulting o-carboranyl boryl radical can undergo regioselective
C-H insertion reaction with simple arenes bearing a wide range of functional
groups. This general and simple procedure provides a transition-metal-free alter-
native for the synthesis of cage boron-arylated o-carboranes, which may found
application in materials science. This work also represents a synthetic useful
application of boryl radicals.

7.1 Introduction

Direct C-H bond transformation of arenes or heteroarenes is a fundamentally
important subject in organic synthesis [1]. Comparing to those metal-catalyzed
cross-coupling reactions, the rapidly growing field of photoredox catalysis, which
avoids the use of transition metals, ligand, bases, or elevated temperatures, offers a
valuable platform for the design of new synthetic transformations [2]. Moreover,
the ability of photoredox catalysts to act as both strong oxidants and reductants
upon irradiation with low-energy visible light has enabled the invention of a series
of useful bond constructions, previously thought to be unattainable via conventional
pathways.

On the other hand, due to their potential applications in medicine [3], materials
science [4], and organometallic/coordination chemistry [5], there is a growing
interest in the design and synthesis of compounds that combine o-carborane
(icosahedral carboranes or 0-C,BoH,) clusters and organic units. For instance,
carborane derivatives bearing cage m-substituents (aryl, and heteroaryl) have been
found interesting photophysical properties as light-emitting materials in recent
studies [6].

In sharp contrast, o-carborane derivatives with aryl substituents attached to
boron have been less investigated compared to their cage C-aryl counterparts [7],
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Scheme 7.1 Synthesis of B(3)-aryl carboranes

probably due to the absence of general synthetic methods in the literature [8]. The
known methods for the preparation of B-phenyl-o-carboranes are either from the
Pd-catalyzed cross-coupling reaction of B-I-o-carboranes with aryl Grignard
reagents/boronic acids [8a, b, e, f, i] or from the capping reaction of PhBCl, with
nido—CngH”% (Scheme 7.1) [8a, c, d, g, h, j]. Recently, we have reported an
Pd-catalyzed intramolecular cross-coupling of B-H bond with aryl bromides [8k].
All these methods always accompany with obvious disadvantages such as low
efficiency, high cost, and poor functional group tolerance. Most importantly,
carborane derivatives bearing heteroaryl substituents at cage boron still remain
elusive, as they cannot be synthesized by the above methods [9]. Thus, it is of great
interest and importance to develop an efficient, low-cost methodology for the
synthesis of B-(hetero)aryl-o-carboranes [10]. In this section, we describe a general,
efficient, and regioselective cage boron arylation of o-carborane via photoredox
catalysis, which avoids the use of any metals, additives, or high temperatures.

7.2 B(3)-Arylation of o-Carborane: A Radical Approach

We have recently reported the synthesis of 3-diazonium-o-carborane tetrafluorob-
orate (VII-1) for the generation of 1,3-dehydro-o-carborane [11]. Inspired by the
chemistry of phenyl diazonium salt [12], we wonder whether the carboranyl boryl
radical would be generated from VII-1 through a single-electron transfer
(SET) process in the presence of photocatalyst and visible light [13]. Considering the
high reactivity of boryl radicals [14], the cage boron aryl-substituted o-carboranes
may be produced in the presence of arenes or heteroarenes as trapping agents
(Scheme 7.1).

To test our hypothesis, direct carboranylation of thiophene (VII-2a) with dia-
zonium salt VII-1 in the presence of 2 % eosin Y as photoredox catalyst, a xenon
lamp (optical power of 50 W) as light source, was conducted to establish the
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Table 7.1 Optimization of reaction conditions®

eosin'Y (2%)
—_—

CH4CN, light
rt,2 h

Entry Conditions VII-3a®
1 VII-2a (10 equiv) 83

2 VII-2a (5 equiv) 89

3 VII-2a (2 equiv) 86

4° VII-2a (5 equiv), no catalyst, no light, Pd(OAc), (10 %) Trace
5¢ VII-2a (5 equiv), no catalyst, 12 h 35

6" VII-2a (5 equiv), no light, 12 h Trace

“Reaction conditions: VII-1 (0.1 mmol), VII-2a (0.2, 0.5 or 1.0 mmol), eosin Y (2 mol %),
CH;CN (1 mL)

"Isolated yields

“Main products are 3-F-o-carborane and 3-NHCOCH3-o-carborane

9Main products are starting material VII-1

optimal conditions (Table 7.1). The carborane-substituted thiophene VII-3a was
obtained in very good yields in the presence of 2 equiv of VII-2a (Table 7.1, entries
1-3). Only trace amount of desired product was formed when palladium was used
as catalysis (Table 7.1, entry 4). Control experiments confirmed that both light
and eosin Y are required for significant conversion to the product (Table 7.1, entries
5-6). It is noted that this reaction proceeded with excellent regioselectivity as only
substitution at the C2 position of the thiophene was observed. The molecular
structure of VII-3a is shown in Fig. 7.1.

Fig. 7.1 Molecular structure of VII-3a
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Table 7.2 Scope of heteroarenes®
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H
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S ome | d—ome N
3 s 14
wr H /
H
Vil-2¢ Vil-3¢, 93%
Vil-2n VII-3n, 76%
/
. : s ; Ph ; X
N .
4 Z 15 A
\@/ H Vel pe\
H '\‘9 H
vil-2d VIl-3d, 88% Vil-20 VIl-30, 69%
s ST\ s
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16
5 \ / 4
8’ B HoBr
Vil-2e Vil-3e, 78%
o 13
6 o 17
7 H
H
vil-2f VII-3f, 90%
o [
7 o 18
Ve H
H
Vil-2g Vil-3g, 81%
/ o
o
Y
8 \@/ 4 19
H
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B
|V " .
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Boc B
; i
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H
‘\ /7 H Boc
Vil2j VII-3j, 85% Vil-2u
o}
Lo I3 =
11 N ooN 22¢ Fo
W o o
Vil-2k VII-3K, 81% Vil-2v VII-3v, quant

“Reaction conditions: VII-1 (0.1 mmol), heteroarene VII-2a (0.5 mmol in the case of thiophene
derivatives and 0.2 mmol in the case of other heteroarene), eosin (2 mol %), CH;CN (1 mL)

®Isolated yields
1.0 equiv of ferrocene was used, 5 min
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Under the optimal reaction conditions (Table 7.1, entry 3), various thiophene
substrates can undergo C—H carboranylation with VII-1 (Table 7.2, entries 1-5).
Such methodology was also compatible to a variety of heterocycles in addition to
thiophenes. Various substituents such as alkyl, halogen, alkoxy, carbonyl, and
phenyl groups were well tolerated and the desired arylated products VII-3 were
produced in very good to excellent yields. It is noted that this reaction proceeded
with excellent regioselectivity as C2 carboranylation was dominant in most cases.
Only if the C2 position was unavailable, substitution at C3 position would take
place instead (Table 7.2, entries 4, 8, 15). For benzothiazole VII-2s, a mixture of
C2- and C7-carboranylated products was formed with a molar ratio of 5:2
(Table 7.2, entry 16).

It is noteworthy that for VII-2b and VII-20, which feature a phenyl substituent,
substitution at the phenyl ring was not observed (Table 7.2, entries 2 and 15). These
results may indicate that the electron-rich arenes are more favored compared to the
less electron-rich ones, which can also be anticipated from the electrophilic nature
of boryl radicals [14]. To further explore the efficiency of this light-mediated
coupling reaction, less electron-rich arenes were also examined (Table 7.2, entries
16-21). In general, comparing to those electron-rich ones, the efficiency of these
arenes was relative lower as 10 equiv of substrate was needed for a high conversion.
This B(3)-arylation process could also be extended to simple benzene derivatives
VII-2q—u, affording the desired B(3)-aryl carborane VII-3q—u in 38-75 % isolated
yields (Table 7.2, entries 17-21) [11]. Notably, for dimethyl aniline VII-2q, the
C-H carboranylation occurred only at para position (Table 7.2, entry 17).
Moreover, for ferrocene VII-2m, which can also serve as a one-electron reductant,
the desired product [15] was obtained quantitatively in 5 min with only one equiv
of ferrocene (Table 7.2, entry 22). The molecular structures of VII-3e and VII-3v
are shown in Figs. 7.2 and 7.3.

7.3 Mechanistic Study

The C-H carboranylation of heteroarenes with VII-1 using eosin Y was expected to
proceed through a radical mechanism [13], and preliminary mechanistic investi-
gations supported this assumption. Addition of 2,2,6,6-tetramethylpiperidinyloxy
(TEMPO) to the reaction mixture completely stopped this carboranylation process
and the TEMPO-trapped intermediated VII-4 was isolated and characterized,
suggesting that a radical pathway is involved in this photoreaction (Eq. 7.1)

N.BF eosin Y (2%)
CHSCN light )
rt,2h

VII-1 Vil-2a Vil-4, 76% VII-3a, not formed
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Fig. 7.3 Molecular structure of VII-3v

On the basis of the above experimental results, a plausible reaction mechanism is
proposed in Scheme 7.2. Irradiation of Eosin Y by visible light generates a pho-
toexcited species, eosin Y*, which could undergo single-electron transfer
(SET) with VII-1 to afford a carboranyl boryl radical VII-A. Addition of radical
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SET\: N, + BF, + Vii-4
o+
eosin Y* eosin 'Y )
. \
FelYs
P“%; X X" V-2
e Y H
- . VII-1
visible light eosin Y VII-B
path b
path a BFy ¥ . i
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H - HBF, H
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Scheme 7.2 Proposed reaction pathways

VII-A to arene VII-2 gives an intermediate VII-B. Oxidation of intermediate VII-B
by Eosin Y radical cation (path a) or diazonium salt VII-1 through a radical chain
transfer (path b) would generate a carbocation intermediate VII-C. Deprotonation
of intermediate VII-C leads to the final rearomatized product VII-3.

Another possibility that VII-3 is produced from the Friedel-Crafts reaction
involving carboranyl boronium cation VII-D [16] can be ruled out by the following
observations. First, for indole VII-2m that can easily undergo Friedel-Crafts
reaction at C3 position, carboranylation occurred only at the C2 position (Table 7.2,
entry 13). This is consistent with the fact that radicals preferentially tend to add at
C2 position of the indole nucleus. Secondly, if carboranyl boronium cation VII-D
was formed in the reaction, it would be trapped by the solvent CH;CN [17].
However, no such adduct was observed.

7.4 Summary

We have developed a metal-free, light-mediated method for selective B(3)-arylation
of carborane. The reaction proceeds smoothly at room temperature and simple
arenes with a wide range of functional groups can be utilized as coupling partners.
This methodology provides a simple and efficient approach to B(3)-aryl carboranes,
which may found application in materials science. This work also represents a
synthetic useful application of boryl radicals.
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Chapter 8
Conclusion

In this thesis, we described our exploration on the functionalization of carboranes
via o-carboryne intermediates. As shown in Scheme 8.1, our research initiated from
the cage carbon functionalization of o-carborane via 1,2-dehydro-o-carborane
(o-carboryne) intermediate, which could be produced by known methods. On the
other hand, highly selective and efficient cage carbon functionalization of carborane
was also realized via 1,3-dehydro-o-carborane, a reactive intermediate successfully
generated from 3-diazonium-o-carborane tetrafluoroborate. With this precursor in
hand, a simple and general cage boron arylation process has also been developed
via metal-free photoredox catalysis.

First, we described a regioselective insertion of o-carborynes into a-C—H bond of
amines. Different from our previous work on the reaction of o-carborynes with
aliphatic ethers, the bonding form of o-carboryne is involved in this reaction. It
undergoes the nucleophilic addition with tertiary amines to generate a zwitterionic
intermediate, and then, an intramolecular proton transfer, followed by a nucle-
ophilic attack, leads to the formation of the final a-C—H bond insertion product.
This serves as a new methodology for the generation of a series of 1-aminoalkyl-
o-carboranes.

On the other hand, o-carboryne is a very useful synthon for the synthesis of a
variety of carborane-functionalized heterocycles. Reaction of o-carboryne with
N-protected indoles gave carborane-fused indolines if the protecting group was
TMS via dearomative [2 + 2] cycloaddition, or carboranyl indoles for N-alkyl ones
through formal C—H insertion reaction. For N-aryl indoles, both reactions were
observed, giving two products, in which the product ratio was dependent upon the
nature of substituents on aryl rings. In general, electron-withdrawing substituents
favor [2 + 2] cycloaddition, whereas electron-donating substituents promote C-H
insertion pathway. A stepwise reaction mechanism was proposed to account for the
experimental observations. These protocols offer general and efficient methods for
the preparation of carborane-functionalized indoles and indolines as well as other
heterocycles. The observed dearomative [2 + 2] cycloaddition also represents the
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Scheme 8.1 Functionalization of o-carborane

first example for indoles to undergo such reaction in the absence of transition metals
or without UV irradiation.

The following chapter describes the first example of transition-metal-free [5 + 2]
cycloaddition of nitrone with o-carboryne. In this process, the nitrone moieties
served as five-atom coupling partners with both the two heteroatoms incorporated
into the frameworks of the final products. Mechanistic studies and DFT calculation
suggest that the N—O bond cleavage in the initially formed [3 + 2] cycloadducts,
followed by an intramolecular nucleophilic addition and rearomatization, leads to
the final products. This approach allows rapid construction of carborane-fused
seven-membered heterocycles with broad substrate scope, which also provides new
insight into the chemistry of nitrones and o-carboryne.

Furthermore, we developed an efficient precursor for 1,3-dehydro-o-carborane
that features a cage C—B multiple bond and such reactive intermediate serves as a
very useful synthon for simultaneous functionalization of both cage carbon and
boron vertices.

1,3-Dehydro-o-carborane undergoes Diels—Alder reaction with various arenes to
give [4 + 2] cycloadducts, in which electronic factor governs the regioselectivity.
Meanwhile, for arenes bearing benzylic C—H bonds, highly regioselective aromatic
ene reaction was also observed with the product ratio of [4 + 2] cycloaddition over
ene reaction depending on the number of benzylic protons. These results suggest
that 1,3-dehydro-o-carborane is best described as a resonance hybrid of a bonding
form and a zwitterionic form. Thus, it shares some chemical properties with those of
o-carboryne; on the other hand, it also has its own unique properties due mainly to
the polarized cage C—B bond.
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In addition to the above aromatic ene reaction, 1,3-dehydro-o-carborane can
readily react with a series of alkenes and alkynes in ene reaction fashions, providing
a general, high-yielding synthesis of B(3)-alkenyl/allenyl carboranes with excel-
lent regioselectivity. Ene reactions are dominant in these processes, which can be
ascribed to the highly polarized cage C-B multiple bond of 1,3-dehydro-
o-carborane. The experimental results reveal that the hydrogen shift in the ene
reaction is a proton transfer in nature. The present work also demonstrates that
1,3-dehydro-o-carborane is a useful synthon for selective cage B-functionalization
of o-carboranes. The newly prepared carboranyl alkenes and allenes may serve as
useful starting materials for further functionalization.

3-Diazonium-o-carborane tetrafluoroborate serves not only as an efficient pre-
cursor for 1,3-dehydro-o-carborane, but also as an ideal source of carboranyl boryl
radical. For instance, it can undergo regioselective C—H insertion with simple
arenes with a wide range of functional groups. This general and simple procedure
provides a transition-metal-free alternative for the synthesis of cage boron-arylated
carboranes, which may found application in material science. This work also rep-
resents a synthetic useful application of boryl radicals.

The above works described in this thesis demonstrate that like the importance of
benzyne in modern arene chemistry, o-carboryne intermediates are very useful
synthons for functional o-carboranes. On the other hand, these intermediates have
the unique properties of their own due to their steric bulkiness and high electron
deficiency, which is different from that of benzyne.



Experimental Section

General Procedures All experiments were carried out in flame-dried glassware
under an atmosphere of dry dinitrogen or argon using standard Schlenk techniques
unless otherwise specified. All organic solvents were freshly distilled from Na-K
alloy immediately prior to use. All other chemicals were purchased from either
Aldrich or Acros Chemical Co. and used as received unless otherwise noted.
3-Phenyl-o-carborane, 3-chloro-o-carborane, 9,12-dimethyl-o-carborane, 9,12-
diiodo-o-carborane, 4,5,7,8,9,10,11,12-octamethyl-o-carborane, N,N-diethylbenzy-
lamine, N-benzylpyrrolidine, trimethylsilyldiethylamine, 1-Me-1,2-C,B;oH;;,
1-TMS-1H-indoles, 1-methyl-1H-indoles, 1-allyl-1H-indole, 1-benzyl-1H-indole,
1-methyl-1H-benzimidazole, 1-aryl-1H-indole, 1,2-diboromo-o-carborane, and
1-t-butyldimethylsilyl-1H-indole,  C-aryl-N-aryl-nitrones, = 3-NH,-o-carborane,
1,3-Diynes, 1,1,1-trifluoroundec-3-yne, and 1-Me;Si-2-[I[Ph(OAc)]-1,2-C,BgH;o
were prepared according to literature methods. 'H NMR spectra were recorded on a
Bruker DPX 400 spectrometer at 400 MHz. '*C NMR spectra were recorded on
a Bruker DPX 400 spectrometer at 100 MHz. ''B NMR spectra were recorded on a
Bruker DPX 300 spectrometer at 96 MHz or a Varian Inova 400 spectrometer at
128 MHz. Chemical shifts were reported in ppm with reference to the residual
solvent resonances of the deuterated solvents for proton and carbon chemical shifts
and to external BF3-OEt, (0.0 ppm) for boron chemical shifts. The data were
reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, ¢ = quadruplet, m = multiplet or unresolved, br = broad), coupling constant
(s) in Hz, integration, and assignment. Mass spectra were obtained on a Thermo
Finnigan MAT 95 XL spectrometer or Waters Micromass GCT Premier. Elemental
analyses were performed by the Shanghai Institute of Organic Chemistry, Chinese
Academic Society, China.

General Procedure for a-Carboranylation of Amines To a suspension of
1,2-Lis-0-C,BpH;o (1.0 mmol) in n-hexane (10 mL), prepared in situ from the
reaction of "BuLi (1.25 mL, 1.6 M in n-hexane, 2.0 mmol) with o-carborane
(144.2 mg, 1.0 mmol) at 0 °C, was added iodine (253.8 mg, 1.0 mmol) at room
temperature. After stirring for 15 min at room temperature, iodine was completely
disappeared and a white suspension was obtained. To this suspension was added 10
equiv (2.5 equiv for benzyl amines) of amine II-4b-4t via a syringe at room
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temperature, and the resulting mixture was stirred at room temperature for 15 min,
heated at 60 °C for 5 h (1 h for II-4b-4e) and then quenched by wet n-hexane.
After removal of solvents in vacuo, the residue was examined by 'H NMR
spectroscopy and then subjected to flash column chromatography on silica gel
(230400 mesh) using n-hexane as eluent to give desired product II-S.

1-(1-Diethylaminoethyl)-o-carborane II-5aa: Colorless oil. Yield: 72 %. 'H NMR
(400 MHz, CDCl3): 0 4.08 (br, 1H) (cage CH), 3.43 (q, J = 6.8 Hz, 1H) (NCH), 2.52
(br, 2H), 2.31 (br, 2H) (NCHH), 1.23 (d, J = 6.8 Hz, 3H), 0.98 (br, 6H) (CH;).
BC{'H} NMR (100 MHz, CDCl5): 6 81.0 (cage C), 60.0, 59.3 (cage C), 46.8, 41.3,
14.8, 19.8, 12.9. ''B{'H} NMR (128 MHz, CDCl;): § —3.6 (1B), —5.2 (1B), —9.6
(2B), —11.1 (1B), —=12.0 (1B), —12.6 (1B), —13.3 (1B), —14.3 (2B). HRMS (EI) calcd
for CgHALBL"B,NT: 243.3103. Found 243.3101.
1-(1-Dipropylaminopropyl)-o-carborane II-5b: Colorless crystals. Yield: 65 %.
"H NMR (400 MHz, CDCls): ¢ 4.18 (br, 1H) (cage CH), 3.22 (dd, J = 8.4, 6.0 Hz,
1H) (NCH), 2.63 (m, 1H), 2.52 (m, 2H), 2.40 (m, 1H) (NCH>), 1.75 (m, 2H), 1.49
(m, 2H), 1.32 (m, 2H) (CH>), 1.00 (t, J = 7.6 Hz, 3H), 0.83 (m, 6H) (CH;).
BC{"H} NMR (100 MHz, CDCI3): J 81.3 (cage C), 68.0, 59.8 (cage C), 58.6, 50.2,
25.6,22.8,22.7,13.4, 11.8, 11.6. ''B{'"H} NMR (128 MHz, CDCls): 6 —4.0 (1B),
—5.2 (1B), =9.4 (1B), —10.0 (1B), —12.2 (3B), —13.5 (1B), —14.7 (2B). HRMS (EI)
caled for Cy HA|B4"B,N™: 285.3460. Found 285.3462.
1-(1-Dibutylaminobutyl)-o-carborane II-5¢: Colorless oil. Yield: 60 %.
"H NMR (400 MHz, CDCl5): 6 4.19 (br, 1H) (cage CH), 3.28 (dd, J = 8.0, 5.6 Hz,
1H) (NCH), 2.54 (m, 3H), 2.35 (m, 1H), (NCH>), 1.65 (m, 2H), 1.41 (m, 4H), 1.26
(m, 6H) (CH>), 0.93 (m, 9H) (CH;). *C{'H} NMR (100 MHz, CDCl;): ¢ 81.3
(cage C), 65.8, 60.0 (cage C), 55.7, 48.4, 34.3, 31.8, 31.5, 21.8, 20.7, 20.5, 14.2,
14.2, 14.1. "B{'H} NMR (128 MHz, CDCl3): 6 —4.1 (1B), —=5.2 (1B), 9.4 (1B),
-9.8 (1B), —12.0 (3B), —13.6 (1B), —14.6 (2B). HRMS (EI) calcd for
CisHYBBoNT: 327.3931. Found 327.3932.
1-[1-Bis(2-methylpropyl)amino-2-methylpropyl]-o-carborane II-Sd: Colorless
crystals. Yield: 61 %. '"H NMR (400 MHz, CDCl;): J 4.24 (br, 1H) (cage CH),
3.39 (d, J = 4.0 Hz, 1H) (NCH), 2.65 (m, 1H), 2.56 (m, 2H), 2.44 (m, 1H) (NCH,),
2.20 (m, 1H), 1.70 (m, 2H) (CH), 1.17 (dd, J = 6.8, 4.4 Hz, 6H), 0.91 (m, 12H)
(CHs). *C{'H} NMR (100 MHz, CDCl5): § 80.0 (cage C), 70.4, 63.9, 60.8 (cage
0), 59.8, 332, 28.3, 27.6, 23.4, 21.7, 21.3, 21.3, 21.2, 20.6. ''B{'H} NMR
(128 MHz, CDCls): § —4.3 (2B), —9.7 (2B), —11.1 (2B), —14.2 (4B). HRMS (EI)
caled for CsHMBL"BoNT: 327.3931. Found 327.3936.
1-[(1-Bis(2-propenylamino)-2-propenyl)-o-carborane II-Se: Colorless oil. Yield:
45 %. '"H NMR (400 MHz, C¢D): 6 5.45 (m, 2H), 5.23 (m, 1H), 4.92 (m, 5H),
4.65 (dd, J = 16.8, 0.8 Hz, 1H) (olefinic CH), 3.52 (d, J = 10.0 Hz, 1H) (NCH),
3.47 (br, 1H) (cage CH), 3.04 (m, 2H), 2.20 (dd, J = 14.0, 8.4 Hz, 2H) (NCH,).
BC{'H} NMR (100 MHz, C¢De): 6 135.6, 130.8, 121.8, 118.5, 78.5 (cage C),
65.8, 59.1, 54.0 (cage C). "'B{'H} NMR (128 MHz, C¢Dy): 6 —2.5 (1B), —4.1
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(1B), 9.2 (2B), —12.1 (3B), —13.4 (3B). HRMS (EI) caled for C;;HiiB{’B,N™:
279.2990. Found 279.2995.

1-[1-Bis(2-methylpropyl)aminoethyl]-o-carborane II-Sf: Colorless crystals.
Yield: 32 %. '"H NMR (400 MHz, CDCls): d 3.95 (br, 1H) (cage CH), 3.62
(q, J = 6.8 Hz, 1H) (NCH), 3.15 (m, 2H) (NCH), 1.38 (d, J = 7.2 Hz, 3H), 1.01
(m, 12H) (CHs). "*C{'H} NMR (100 MHz, CDCIl5): 6 82.1 (cage C), 58.9 (cage
0), 56.3, 47.3, 45.0, 25.3, 23.1, 21.4, 20.9, 20.0. ""B{'H} NMR (128 MHz,
CDCly): § —7.5 (1B), —9.4 (1B), —13.9 (1B), —14.6 (2B), —16.4 (2B), —17.2 (1B),
~18.6 (2B). HRMS (EI) calced for CjoH Bi’BoNT: 271.2867. Found 271.2864.

1-(Methylbutylaminomethyl)-o-carborane II-5ga: Colorless oil. Yield: 77 %.
"H NMR (400 MHz, CDCl5): 6 3.97 (br, 1H) (cage CH), 3.06 (s, 2H) (NCH,), 2.44
(t, J = 7.2 Hz, 2H) (NCH>), 2.31 (s, 3H) (NCH3), 1.38 (m, 2H), 1.29 (m, 2H)
(CH>), 0.91 (t, J = 7.2 Hz, 3H) (CH5). *C{'H} NMR (100 MHz, CDCl5): 6 75.9
(cage C), 62.6, 59.4 (cage C), 58.1, 43.9, 29.9, 20.4, 14.1. ""B{'H} NMR
(128 MHz, CDCl5): § —=3.5 (1B), —6.0 (1B), =9.6 (2B), —=11.9 (2B), —13.1 (2B),
—13.8 (2B). HRMS (EI) calcd for CsH 1B{BoNT: 243.3103. Found 243.3109.

1-(Dibutylaminomethyl)-o-carborane II-5ha: Colorless oil. Yield: 41 %. 'HNMR
(400 MHz, CDCls): 6 3.89 (br, 1H) (cage CH), 3.10 (s, 2H) (NCH,), 2.46 (m, 4H)
(NCH,), 1.34 (m, 4H), 1.26 (m, 4H) (CH>), 0.91 (t,J = 7.2 Hz, 6H) (CH5). *C{'H}
NMR (100 MHz, CDCly): 6 60.4, 57.8 (cage C), 55.0, 29.4, 20.6, 14.2, another cage
C was overlapped with the solvent. ''B{'H} NMR (128 MHz, CDCl5): § —3.1 (1B),
-5.6 (2B), —9.3 (2B), —11.5 (2B), —12.6 (1B), —13.4 (2B). HRMS (EI) calcd for
C11HA|B§"B,N™ : 285.3460. Found 285.3461.

1-(Methylbutylaminobutyl)-o-carborane II-Shb: Data were collect from the
mixture of II-5ha and II-5hb. Yield: 22 %. "H NMR (400 MHz, CDCls): J 4.09
(br, 1H) (cage CH), 3.25 (q, J = 4.8 Hz, 1H) (NCH), 2.65 (m, 2H) (NCH,), 2.58
(m, 2H) (CH>), 2.23 (s, 3H) (NCHs;), 1.65 (m, 4H) (CH>), 0.93 (m, 6H) (CH3).
3C{'H} NMR (100 MHz, CDCl5): J 81.5 (cage C), 68.5 (cage C), 67.5, 60.6, 60.0,
34.2,33.7, 21.6, 20.3, 14.1.

1-(Diethylaminobenzyl)-o-carborane II-5i: Colorless oil. Yield: 75 %. '"H NMR
(400 MHz, CDCls): 6 7.36 (m, 3H), 7.24 (m, 2H) (aromatic CH), 4.42 (s, 1H)
(NCH), 3.86 (br, 1H) (cage CH), 2.78 (m, 2H), 2.15 (m, 2H) (NCH>), 1.03 (m, 6H)
(CHs). C{'H} NMR (100 MHz, CDCl5): 6 133.2, 130.7, 128.8, 128.4, 78.9 (cage
C), 70.2, 59.7 (cage C), 44.7, 13.7. "'B{'H} NMR (128 MHz, CDCl5): 6 —3.3
(1B), —4.6 (1B), 9.5 (2B), —11.3 (3B), —13.7 (3B). HRMS (EI) calcd for
C13H3iB{"B,NT (M — 2H]"): 304.3148. Found 304.3067.

1-(1-Benzylpyrrolidin-1-yl)-o-carborane II-5j: Colorless oil. Yield: 58 %.
"H NMR (400 MHz, CDCl5): 6 7.37 (m, 3H), 7.24 (m, 2H) (aromatic CH), 4.48
(s, IH) (NCH), 3.96 (br, 1H) (cage CH), 2.60 (m, 2H), 2.52 (m, 2H) (NCH>), 1.64
(m, 4H) (CH,). "*C{'H} NMR (100 MHz, CDCl;): J 130.0, 130.7, 128.9, 128.4,
79.4 (cage C), 71.2, 60.2 (cage C), 51.5, 23.2. '"B{'H} NMR (128 MHz, CDCl5):
6 —3.8 (1B), —4.5 (1B), —9.1 (2B), —11.3 (3B), —13.6 (3B). HRMS (EI) calcd for
Ci3HAIBB,NT: 303.2991. Found 303.2990.
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1-(1-Diethylamino-4-fluorobenzyl)-o-carborane II-Sk: Colorless oil. Yield:
83 %. '"H NMR (400 MHz, CDCls): 6 7.22 (m, 2H), 7.06 (m, 2H) (aromatic CH),
4.42 (s, 1H) (NCH), 3.89 (br, 1H) (cage CH), 2.75 (m, 2H), 2.12 (m, 2H) (NCH,),
1.03 (t, J=6.8 Hz, 6H) (CH;). >C{'H} NMR (100 MHz, CDCl3): § 162.9
(Jo_p =252.0 Hz), 1323 (Jcr=8.0Hz), 129.1 (Jcrp=4.0 Hz), 1154
(Je_p = 21.0 Hz), 78.7 (cage C), 69.3, 59.7 (cage C), 44.6, 13.7. "'B{'H} NMR
(128 MHz, CDCls): 6 —3.3 (1B), —4.6 (1B), —9.5 (2B), —11.3 (3B), —13.6 (3B).
HRMS (EI) caled for Ci3HaeF''B{°B,NT: 323.2896. Found 323.2890.

1-(1-Diethylamino-4-methoxylbenzyl)-o-carborane II-Sl: Colorless oil. Yield:
67 %. "HNMR (400 MHz, CDCl3): 67.15 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.8 Hz,
2H) (aromatic CH), 4.38 (s, 1H) (NCH), 3.85 (br, 1H) (cage CH), 3.81 (s, 3H)
(OCHs3), 2.75 (m, 2H), 2.13 (m, 2H) (NCH,), 1.02 (m, 6H) (CH5). *C{'H} NMR
(100 MHz, CDCl3): 6 159.8, 131.9, 125.4, 113.7,79.3 (cage C), 69.5, 59.7 (cage C),
55.4, 44.6, 13.7. "'B{'H} NMR (128 MHz, CDCl;): d —3.2 (1B), —4.7 (1B), —9.5
(2B), —11.2 (3B), —13.6 (3B). HRMS (EI) calcd for Ci4HAIBI’B,N™: 320.3573.
Found 320.3573.

1-(1-Ethylpyrrolidin-2-yl)-o-carborane II-5ma: Colorless oil. Yield: 69 %.
"H NMR (400 MHz, CDCls): d 4.03 (br, 1H) (cage CH), 3.35 (dd, J = 8.0, 2.8 Hz,
1H) (NCH), 3.07 (m, 1H), 2.73 (m, 1H), 2.55 (m, 1H), 2.40 (m, 1H) (NCHH), 1.98
(m, 2H), 1.76 (m, 2H) (CH,), 1.04 (t, J = 7.2 Hz, 3H) (CH;). *C{'H} NMR
(100 MHz, CDCl5): ¢ 81.8 (cage C), 68.2, 59.3 (cage C), 54.1, 52.2, 33.2, 25.2,
14.1. ""B{'H} NMR (128 MHz, CDCls): § —3.7 (1B), =5.2 (1B), =9.2 (1B), —9.7
(1B), =12.0 (3B), —13.3 (1B), —14.2 (2B). HRMS (EI) calcd for CgHA1B{’B,N":
241.2946. Found 241.2943.

1-(1-Ethylpyrrolidin-1-yl)-o-carborane II-Smb: Data were collect from the
mixture of II-5ma and II-5mb. Yield: 9 %. 'H NMR (400 MHz, CDCl;): § 4.20
(br, 1H) (cage CH), 3.56 (m, 1H) (NCH), 3.37 (m, 1H), 2.73 (m, 1H), 2.55 (m, 1H),
2.40 (m, 1H) (NCHH), 1.98 (m, 2H), 1.76 (m, 2H) (CH,), 1.21 (d, J = 6.8 Hz, 3H)
(CHs). C{'H} NMR (100 MHz, CDCl;): § 81.8 (cage C), 68.2, 60.0 (cage C),
58.9, 25.2, 14.3.

1-(1-Methylpiperidin-1-yl)-o-carborane II-Sn: Colorless oil. Yield: 65 %.
"H NMR (400 MHz, CDCl5): 6 3.99 (br, 1H) (cage CH), 2.98 (s, 2H) (NCH,), 1.52
(br, 5H) (CH,), other CH were overlapped with carborane BH. '*C{'H} NMR
(100 MHz, CDCl5): 6 75.6 (cage C), 62.9, 58.2 (cage C), 56.3, 26.3, 23.7. ''B{'H}
NMR (128 MHz, CDCl5;): 6 —3.4 (1B),—5.8 (1B), —9.3 (2B),—11.7 (2B), —12.8 (2B),
—13.6 (2B). HRMS (EI) calcd for CsH)Bi’BoNT: 241.2946. Found 241.2948.

1-(1-Piperidinylethyl)-o-carborane II-50: Colorless oil. Yield: 65 %. '"H NMR
(400 MHz, CDCls): 6 4.15 (br, 1H) (cage CH), 3.24 (q, J = 7.2 Hz, 1H) (NCH),
1.21 (d, J = 7.2 Hz, 3H) (CH;), other CH were overlapped with carborane BH.
3C{'H} NMR (100 MHz, CDCl5): J 80.9 (cage C), 63.9, 59.6 (cage C), 56.6, 47.5,
26.8,26.2,24.3, 13.7. "'B{'"H} NMR (128 MHz, CDCl5): 6 —3.9 (1B), =5.3 (1B),
-9.5 (2B), —-11.6 (2B), —13.0 (2B), —14.2 (2B). HRMS (EI) caled for
CoHLBL'B,N*: 255.2989. Found 255.2987.
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1-(1-Morpholinylethyl)-o-carborane II-5p: Colorless oil. Yield: 71 %. 'H NMR
(400 MHz, CDCl5): § 4.13 (br, 1H) (cage CH), 3.69 (br, 4H) (OCH,), 3.23
(q, J=72Hz, 1H) (NCH), 2.64 (br, 2H), 243 (m, 2H) (NCH,), 1.25
(d, J = 7.2 Hz, 3H) (CH;). *C{'H} NMR (100 MHz, CDCl5): 6 80.1 (cage C),
67.2, 63.6 (cage C), 59.4, 13.9. ""B{'H} NMR (128 MHz, CDCl5): § —3.6 (1B),
—5.0 (1B), =9.3 (2B), —11.6 (2B), —12.7 (2B), —14.0 (2B). HRMS (EI) calcd for
CsH3iB"B,NO™: 271.2983. Found 271.2987.

1-(1-Ethylaminoethyl)-o-carborane II-5q: Colorless oil. Yield: 68 %. '"H NMR
(400 MHz, CDCl5): § 4.44 (br, 1H) (cage CH), 3.22 (q, J = 6.4 Hz, 1H) (NCH),
2.78 (m, 1H), 2.52 (m, 1H) (NCHH), 1.30 (d, J = 6.4 Hz, 3H), 1.05 (t, J = 7.2 Hz,
3H) (CH;). *C{'H} NMR (100 MHz, CDCl5): 6 80.7 (cage C), 59.8, 56.7 (cage
0), 43.4, 21.8, 15.7. "B{'H} NMR (128 MHz, CDCl;): § —3.7 (1B), —5.1 (1B),
—8.8 (1B), —9.8 (1B), —11.2 (1B), —12.3 (2B), —13.0 (1B), —14.6 (1B), —15.2 (1B).
HRMS (EI) caled for CoHAIB{’B,N*: 215.2389. Found 215.2383.

1-(Bistrimethylsilylaminomethyl)-o-carborane II-Sr: Colorless oil. Yield: 73 %.
"H NMR (400 MHz, C¢Dg): d 3.16 (br, 1H) (cage CH), 3.16 (s, 2H) (NCH,), —0.01
(s, 18H) (CH3). >C{'H} NMR (100 MHz, C¢Dg): 0 79.5 (cage C), 59.7, 52.5 (cage
0), 2.7. "B{'H} NMR (128 MHz, CDCl;): d —2.8 (1B), —5.6 (1B), —10.5 (2B),
—12.3 (2B), —14.0 (4B). HRMS (EI) calcd for CoH3}Bi"BoNSi; : 319.4320. Found
319.4318.

General Procedure for a-Carboranylation of Triethylamine. A Representative
Procedure To a suspension of dilithiocarborane (1.0 mmol) in n-hexane (10 mL),
prepared in situ from the reaction of "BuLi (1.25 mL, 1.6 M in n-hexane,
2.0 mmol) with o-carboranes (II-1a-1f) (1.0 mmol) at 0 °C, was added iodine
(253.8 mg, 1.0 mmol) at room temperature. After stirring for 15 min at room
temperature, iodine was completely disappeared and a white suspension was
obtained. To this suspension was added 10 equiv of triethylamine II-4a via a
syringe at room temperature, and the resulting mixture was stirred at room tem-
perature for 15 min, heated at 60 °C for 5 h and then quenched by wet n-hexane.
After removal of solvents in vacuo, the residue was examined by '"H NMR spec-
troscopy and then subjected to flash column chromatography on silica gel (230—400
mesh) using n-hexane as eluent to give desired product II-5.

1-(1-Diethylaminoethyl)-3-phenyl-o-carborane II-Sba: Colorless oil. Yield:
39 %. The relative configuration was not determined. "H NMR (400 MHz, CDCl5):
0 7.44 (m, 2H), 7.40 (m, 3H) (aromatic CH), 4.07 (br, 1H) (cage CH), 2.98 (q,
J =7.2 Hz, 1H) (NCH), 2.53 (m, 1H), 2.36 (m, 1H), 1.99 (m, 1H), 1.86 (m, 1H)
(NCHH), 1.12 (d, J = 6.8 Hz, 3H), 1.09 (m, 3H), 0.51 (m, 3H) (CH5). *C{'H}
NMR (100 MHz, CDCly): 6 134.1, 129.8, 128.5, 81.5 (cage C), 58.9, 57.6 (cage
0), 45.9, 40.7, 14.8, 13.6, 12.0. "'B{'H} NMR (128 MHz, CDCl;): 6 —2.0 (1B,
BPh), —4.0 (2B), —8.9 (2B), —12.8 (3B), —14.1 (2B). HRMS (EI) calcd for
C14sHAIB"B,N™: 319.3305. Found 319.3304.

1-(1-Diethylaminoethyl)-3-phenyl-o-carborane II-5ba’: Colorless oil. Yield:
39 %. The relative configuration was not determined. "H NMR (400 MHz, C¢Dg):
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0 7.14 (m, 2H), 7.09 (m, 3H) (aromatic CH), 3.15 (br, 1H) (cage CH), 2.93 (q,
J = 6.8 Hz, 1H) (NCH), 2.20 (br, 2H), 1.83 (m, 2H), (NCHH), 0.76 (br, 3H), 0.62
(br, 3H), 0.37 (d, J = 6.8 Hz, 3H) (CH;). *C{'H} NMR (100 MHz, C¢Ds): ¢
134.1, 129.8, 128.5, 81.3 (cage C), 57.7, 57.2 (cage C), 45.8,41.1, 13.4, 13.0, 12.9.
"'B{'H} NMR (128 MHz, C¢Dg): 6 —3.8 (3B, BPh was overlapped), —8.1 (1B),
-10.8 (1B), —12.5 (2B), —14.1 (3B). HRMS (EI) calcd for CisHiaB{’B,N™:
319.3305. Found 319.3302.

1-(1-Diethylaminoethyl)-3-chloro-o-carborane II-Sca: Colorless oil. Yield:
40 %. The relative configuration was not determined. "H NMR (400 MHz, CDCl5):
4 3.91 (br, 1H) (cage CH), 3.72 (q, J = 6.8 Hz, 1H) (NCH), 2.69 (m, 1H), 2.61 (m,
2H), 2.41 (m, 1H) (NCHH), 1.30 (d, J = 7.2 Hz, 3H), 0.99 (br, 6H) (CHs). '*C
{'"H} NMR (100 MHz, CDCls): 6 81.3 (cage C), 61.4, 57.7 (cage C), 46.2, 40.8,
15.4,13.6, 12.2. ''B{'H} NMR (128 MHz, CDCls): 6 —3.1 (1B, BCl), —4.2 (1B),
—-4.9 (1B), —9.4 (1B), —12.9 (4B), —14.3 (1B), 15.1 (1B). HRMS (EI) calcd for
CsHAIB"B,NCI': 277.6794. Found 277.6793.

1-(1-Diethylaminoethyl)-3-chloro-o-carborane II-5ca”: Colorless oil. Yield:
40 %. The relative configuration was not determined. "H NMR (400 MHz, C¢Dg):
0 3.77 (m, 1H) (NCH), 3.58 (br, 1H) (cage CH), 2.70 (m, 2H), 2.50 (m, 2H),
(NCHH), 1.18 (d, J=6.8 Hz, 3H), 1.03 (br, 6H), (CH;). *C{'H} NMR
(100 MHz, C¢Dg): 0 60.1 (cage C), 58.6,46.4,41.1, 13.8, 12.9, another cage C was
not observed. ''B{'H} NMR (128 MHz, C¢Ds): 6 —3.8 (3B, BCl was overlapped),
—-8.1 (1B), —10.8 (1B), —12.5 (2B), —14.1 (3B). HRMS (EI) calcd for
CyH)IBL"B,NCIT: 277.6794. Found 277.6797.

1-(1-Diethylaminoethyl)-9,12-dimethyl-o-carborane II-Sda: Colorless oil. Yield:
76 %. 'H NMR (400 MHz, CDCly): ¢ 3.85 (br, 1H) (cage CH), 3.43 (m, 1H)
(NCH), 2.52 (br, 4H) (NCHH), 1.22 (d, J = 7.2 Hz, 3H), 0.98 (m, 6H) (CH3), 0.17
(m, 6H) (BCH;). *C{'H} NMR (100 MHz, CDCl;): J 73.8 (cage C), 59.4, 52.7
(cage C), 46.7, 41.5, 14.9, 13.9, 13.1. "B{'H} NMR (128 MHz, CDCl5): J 6.2
(1B, BMe), 4.7 (1B, BMe), —7.7 (2B), —12.5 (3B), —=13.4 (1B), —14.3 (1B), 15.7
(1B). HRMS (EI) caled for CioH3oBg’B,N*: 271.3303. Found 271.3307.

Control Experiments

Reaction of 1-I-2-Li-o-carborane with Triethylamine in the Dark To a sus-
pension of 1,2-Liy-0-C,BoH;o (1.0 mmol) in n-hexane (10 mL) in the dark
(covered with aluminum foil), prepared in situ from the reaction of "BuLi (1.25 mL,
1.6 M in n-hexane, 2.0 mmol) with o-carborane (144.2 mg, 1.0 mmol) at 0 °C, was
added iodine (253.8 mg, 1.0 mmol) at room temperature. After stirring for 15 min
at room temperature, iodine was completely disappeared and a white suspension
was obtained. To this suspension was added 10 equiv of triethylamine II-4a via a
syringe at room temperature, and the resulting mixture was stirred at room tem-
perature for 15 min, heated at 60 °C for 1 h in the dark and then quenched by wet
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n-hexane. After removal of solvents in vacuo, the residue was examined by 'H
NMR spectroscopy and then subjected to flash column chromatography on silica
gel (230-400 mesh) using n-hexane as eluent to give desired product II-Saa
(175.8 mg, 72 %).

Reaction of 1-I-2-Li-o-carborane with Triethylamine under UV light
Irradiation (365 nm) To a suspension of 1,2-Liy-0-C,BgH;g (1.0 mmol) in
n-hexane (10 mL), prepared in situ from the reaction of "BuLi (1.25 mL, 1.6 M in
n-hexane, 2.0 mmol) with o-carborane (144.2 mg, 1.0 mmol) at 0 °C, was added
iodine (253.8 mg, 1.0 mmol) at room temperature. After stirring for 15 min at room
temperature, iodine was completely disappeared and a white suspension was
obtained. To this suspension was added 10 equiv of triethylamine II-4a via a
syringe at room temperature, and the resulting mixture was stirred at room tem-
perature for 15 min, heated at 60 °C for 1 h under a handheld UV lamp irradiation
(365 nm) and then quenched by wet n-hexane. After removal of solvents in vacuo,
the residue was examined by 'H NMR spectroscopy and then subjected to flash
column chromatography on silica gel (230-400 mesh) using n-hexane as eluent to
give desired product II-5aa (175.3 mg, 72 %).

Reaction of 1-1I-2-Li-o-carborane with Triethylamine in the Presence of
TEMPO To an in situ-prepared n-hexane suspension of 1-iodo-2-Li-0-C,BgH;o
(1.0 mmol) was added TEMPO (171.6 mg, 1.1 mmol) at O °C. Then, to this
mixture was added 10 equiv of triethylamine II-4a via a syringe at room temper-
ature, and the resulting mixture was stirred at room temperature for 15 min, heated
at 60 °C for 5 h and then quenched by wet n-hexane. After removal of solvents in
vacuo, the residue was examined by "H NMR spectroscopy and then subjected to
flash column chromatography on silica gel (230-400 mesh) using n-hexane as
eluent to give desired product II-5aa (150.7 mg, 62 %). The 'H and GC-MS results
showed that most of the crude product was II-5aa, with a small amount of the
starting material 1-iodo-o-carborane coupled with a trace amount of carborane. No
any TEMPO-coupled product was detected.

Reaction of 1-I-7-Li-m-carborane with Triethylamine under Standard
Condition To an in situ-prepared n-hexane suspension of 1,7-Liy-0-C,BoH; o
(0.5 mmol), prepared in situ from the reaction of "BuLi (0.625 mL, 1.6 M in
n-hexane, 1.0 mmol) with m-carborane (77.1 mg, 0.5 mmol) at 0 °C, was added
iodine (127.4 mg, 0.5 mmol) at room temperature. After stirring for 15 min at room
temperature, iodine was completely disappeared and a white suspension was
obtained. To this mixture was added 10 equiv of triethylamine II-4a via a syringe at
room temperature, and the resulting mixture was stirred at room temperature for
15 min, heated at 60 °C for 5 h and then quenched by wet n-hexane. After removal
of solvents in vacuo, the residue was examined by 'H NMR spectroscopy and then
subjected to flash column chromatography on silica gel (230-400 mesh) using
n-hexane as eluent. The 'H, ''B NMR, and GC-MS results showed that most of the
crude product was m-carborane.
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Kinetic Isotope Effect Experiments

(1) Reaction of 1-I-2-Li-o-carborane with Benzylpyrolidine-d,. To a suspen-
sion of 1,2-Li-0-C,BgH;( (1.0 mmol) in n-hexane (10 mL), prepared in situ
from the reaction of "BuLi (1.25 mL, 1.6 M in n-hexane, 2.0 mmol) with
o-carborane (144.2 mg, 1.0 mmol) at 0 °C, was added iodine (253.8 mg,
1.0 mmol) at room temperature. After stirring for 15 min at room temperature,
iodine was completely disappeared and a white suspension was obtained.
To this suspension was added 2.5 equiv of benzylpyrolidine-d, II-4j-D
(>99 %-D) via a syringe at room temperature, and the resulting mixture was
stirred at room temperature for 15 min, heated at 60 °C for 1 h, and then
quenched by wet n-hexane. After removal of solvents in vacuo, the residue
was examined by 'H NMR spectroscopy and then subjected to flash column
chromatography on silica gel (230-400 mesh) using n-hexane as eluent to
give desired product II-5j-D, (160.7 mg, 53 %).

(2) Reaction of 1-1-2-Li-o-carborane with Benzylpyrolidine/Benzylpyrolidine-
d;. To a suspension of 1,2-Liy-0-C,B9H;o (1.0 mmol) in n-hexane (10 mL),
prepared in situ from the reaction of "BuLi (1.25 mL, 1.6 M in n-hexane,
2.0 mmol) with o-carborane (144.2 mg, 1.0 mmol) at 0 °C, was added iodine
(253.8 mg, 1.0 mmol) at room temperature. After stirring for 15 min at room
temperature, iodine was completely disappeared and a white suspension was
obtained. To this suspension was added 2.5 equiv of benzylpyrolidine/ben-
zylpyrolidine-d, (>99 %-D) (1:1 in v:v) via a syringe at room temperature,
and the resulting mixture was stirred at room temperature for 15 min, heated at
60 °C for 1 h and then quenched by wet n-hexane. After removal of solvents
in vacuo, the residue was examined by '"H NMR spectroscopy and then
subjected to flash column chromatography on silica gel (230-400 mesh) using
n-hexane as eluent to give desired product II-5j and its deuterated isomers
(172.9 mg, 57 %).

Preparation of 1-Br-2-Li-o-C,B{gH;, in situ To a suspension of 1,2-Li,-
0-C,BoH g (0.5 mmol) in n-hexane (10 mL), prepared in situ from the reaction of
"BuLi (0.625 mL, 1.6 M in n-hexane, 1.0 mmol) with o-carborane (72.1 mg,
0.5 mmol) at 0 °C, was added 1,2-Bry-0-C;BgHig (0.5 mmol) (150.8 mg,
0.5 mmol) at room temperature. After stirring for 12 h at room temperature, a white
suspension was obtained. 'H, ''B NMR, and GC-MS analysis of the hydrolyzed
sample of the above suspension showed that most of the crude product was 1-Br-
0-C,B1pH11 (395 %).

General Procedure for [2 + 2] Cycloaddition of N-TMS Indoles with
o-Carboryne. A Representative Procedure To an in situ-prepared suspension of
1-Br-2-Li-0-C,B | gH ;o (1.0 mmol) in n-hexane (10 mL) was added 1.1 equiv of
N-TMS indoles at room temperature. After stirring for 15 min at room temperature,
the resulting mixture was heated at 60 °C for 6 h. The inorganic salt was removed
by filtration and washed with n-hexane (5 mL X 3). After removal of solvents in
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vacuo, the residue was examined by 'H NMR spectroscopy and then purified
by flash column chromatography on silica gel (230-400 mesh) using n-hexane
as eluent or by recrystallization in n-hexane to give the [2 + 2] cycloadducts
I11-4aa—4an.

1-(1-Trimethylsilyl-2,3-dihydro-2,3-indolyl)-o-carborane ~ III-4aa: Colorless
crystals. Yield: 86 %. '"H NMR (400 MHz, CD,CL): d 7.14 (t, J = 8.0 Hz, 1H),
7.04 (d, J=7.2Hz, 1H), 6.74 (t, J=7.2 Hz, 1H), 6.61 (d, J = 8.0 Hz, 1H)
(aromatic CH), 5.04 (d, J = 7.2 Hz, 1H), 4.78 (d, J = 7.2 Hz, 1H) (CH), 0.33
(s, 9H) (Si(CH5)3). *C{'H} NMR (100 MHz, CD,ClL,): 6 156.1, 130.3, 126.0,
125.5, 119.2, 109.8, 87.0 (cage C), 82.7 (cage C), 71.9, 58.0, —0.8. ''B{"H} NMR
(128 MHz, CD,CL,): 6 —4.5 (2B), —8.1 (1B), —11.3 (7B). HRMS (EI) calcd for
C13HABL"B,oNSiT: 331.2762. Found 331.2762.

1-(1-Trimethylsilyl-2-phenyl-3-hydro-2,3-indolyl)-o-carborane III-4ab: Color-
less crystals. Yield: 63 %. 'H NMR (400 MHz, CD,Cl,): 7.46 (br, 2H), 7.04
(br, 3H), 7.25 (t, J = 7.6 Hz, 1H), 7.15 (d, J = 7.2 Hz, 1H), 6.83 (t, J = 7.6 Hz,
1H), 6.75 (d, J = 8.0 Hz, 1H) (aromatic CH), 4.67 (s, 1H) (CH), 0.16 (s, 9H) (Si
(CH3);). *C{'H} NMR (100 MHz, CD,Cl,): 156.5, 142.0, 130.4, 128.8, 128.3,
127.3,125.7, 125.4, 119.3, 110.0, 88.2 (cage C), 85.9 (cage C), 79.7, 66.6, 0.2. ''B
{'"H} NMR (128 MHz, CD,Cl,): —3.0 (1B), —4.6 (1B), —9.6 (2B), —10.9 (4B),
—12.6 (2B). HRMS (EI) calcd for CjoH1oBi*BoNSi™: 407.3725. Found 407.3726.

1-(1-Trimethylsilyl-2-methyl-3-hydro-2,3-indolyl)-o-carborane III-4ac: White
solid. Yield: 69 %. '"H NMR (400 MHz, CD,Cl,): § 6.99 (d, J = 8.0 Hz, 1H), 6.88
(d, J = 7.6 Hz, 1H), 6.67 (d, J = 7.6 Hz, 1H), 6.54 (d, J = 8.0 Hz, 1H) (aromatic
CH), 4.67 (s, 1H) (CH), 2.27 (s, 3H) (CHs), 0.34 (s, 9H) (Si(CH5);). *C{'H} NMR
(100 MHz, CD,Cl,): 6 153.8, 130.8, 128.7, 123.0, 119.3, 109.5, 87.1, 85.4 (cage
C), 82.8 (cage C), 72.1, 20.8, —0.7. ""B{'H} NMR (128 MHz, CD,Cl,): 0 —4.4
(2B), —8.2 (1B), —11.4 (7B). HRMS (EI) calcd for C;4H. B{’BoNSi™ : 345.3007.
Found 345.3010.

1-(1-Trimethylsilyl-2-hydro-3-methyl-2,3-indolyl)-o-carborane III-4ad: Color-
less crystals. Yield: 61 %. '"H NMR (400 MHz, CD,Cl,): 6 7.14 (t, J = 8.0 Hz,
1H), 7.02 (d, J = 6.8 Hz, 1H), 6.78 (t, J = 6.8 Hz, 1H), 6.61 (d, J = 8.0 Hz, 1H)
(aromatic CH), 4.73 (s, 1H) (CH), 1.76 (s, 3H) (CHz), 0.35 (s, 9H) (Si(CH3)5). 1*C
{'"H} NMR (100 MHz, CD,Cl,): § 132.5, 130.8, 130.1, 123.8, 119.4, 109.7,
87.1 (cage C), 83.5 (cage C), 77.6, 68.6, 23.7, —0.6. ''B{'H} NMR (128 MHz,
CD,Cl): 6§ —4.2 (2B), —10.6 (1B), —11.8 (7B). HRMS (EI) calcd for
C1sHABE"B,NSi: 345.3007. Found 345.3005.

1-(1-Trimethylsilyl-2,3-dimethyl-2,3-indolyl)-o-carborane III-4ae: White solid.
Yield: 78 %. '"H NMR (400 MHz, CD,CL,): 6 7.50 (d, J = 8.0 Hz, 1H), 7.42
(m, 1H), 7.37 (m, 1H), 7.42 (t, J = 8.0 Hz, 1H) (aromatic CH), 2.42 (s, 3H), 2.22
(s, 3H) (CH;), 0.35 (s, 9H) (Si(CHs);). >C{'H} NMR (100 MHz, CD,CL,):
0153.8,130.8, 128.7, 126.1, 119.3, 109.5, 87.1 (cage C), 82.8 (cage C), 72.1, 65.2,
24.5, 20.8, —0.7. "'B{'H} NMR (128 MHz, CD,CL,): 6 —3.9 (2B), —7.7 (1B),
—11.2 (7B). HRMS (EI) calcd for C;sHA Bi*BoNSi™: 359.3294. Found 359.3291.
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1-(1-Trimethylsilyl-2,3-dihydro-4-methyl-2,3-indolyl)-o-carborane III-4af:
White solid. Yield: 86 %. '"H NMR (400 MHz, CD,Cl,): ¢ 7.05 (t, J = 8.0 Hz,
1H), 7.56 (d, J = 8.0 Hz, 1H), 6.45 (d, J = 6.8 Hz, 1H) (aromatic CH), 5.05 (d,
J =72 Hz, 1H), 4.80 (d, J = 7.2 Hz, 1H) (CH), 2.14 (s, 3H) (CHs), 0.33 (s, 9H)
(Si(CHs3)3). BC{'H} NMR (100 MHz, CD,CL,): § 155.9, 135.9, 130.5, 125.0,
120.4, 107.3, 87.0 (cage C), 82.6 (cage C), 71.8, 57.5, 18.8, —0.7. ''B{'H} NMR
(128 MHz, CD,CL,): 6 =3.9 (2B), —7.7 (1B), —11.2 (7B). HRMS (EI) calcd for
C14sHYBLB,NSi*: 345.3007. Found 345.3005.
1-(1-Trimethylsilyl-2,3-dihydro-5-methyl-2,3-indolyl)-o-carborane II1-4ag:
White solid. Yield: 82 %. "H NMR (400 MHz, CD,Cl,): 6 6.99 (d, J = 8.0 Hz, 1H),
6.89 (s, 1H), 6.54 (d, J = 8.0 Hz, 1H) (aromatic CH), 5.04 (d, J = 7.2 Hz, 1H), 4.75
(d, J = 7.2 Hz, 1H) (CH), 2.27 (s, 3H) (CHs), 0.34 (s, 9H) (Si(CH3);). *C{'H}
NMR (100 MHz, CD,Cl,): § 153.8, 130.8, 128.8, 126.1, 126.1, 109.5, 87.1 (cage
C), 82.8 (cage (), 72.1, 58.2, 20.8, —0.7. "'B{'H} NMR (128 MHz, CD,CL,):
5 —4.4 (2B), —8.2 (1B), —11.4 (7B). HRMS (EI) caled for CisHiAB{’B,NSi™:
345.3007. Found 345.3008.
1-(1-Trimethylsilyl-2,3-dihydro-5-methoxy-2,3-indolyl)-o-carborane III-4ah:
White solid. Yield: 85 %. '"H NMR (400 MHz, CD,Cl,): 6 6.71 (d, J = 8.8 Hz,
1H), 6.65 (s, 1H), 6.51 (d, J = 8.8 Hz, 1H) (aromatic CH), 5.03 (d, J = 7.2 Hz,
1H), 4.75 (d, J = 7.2 Hz, 1H) (CH), 3.72 (s, 3H) (CHs), 0.30 (s, 9H) (Si(CHs)5).
3C{'H} NMR (100 MHz, CD,Cl,): § 146.1, 133.3, 130.2, 126.0, 125.5, 122.2,
83.3 (cage C), 82.4 (cage C), 63.5,22.2,0.5. "'B{'H} NMR (128 MHz, CD,Cl,):
J 3.9 2B), =7.6 (1B), —11.2 (7B). HRMS (EI) caled for C14H. B}’B,NOSi
361.3022. Found 361.3018.
1-(1-Trimethylsilyl-2,3-dihydro-5-fluoro-2,3-indolyl)-o-carborane III-4ai:
White solid. Yield: 88 %. "H NMR (400 MHz, CD,Cl,): d 6.87 (m, 1H), 6.79 (m,
1H), 6.50 (m, 1H) (aromatic CH), 5.06 (d, J = 7.2 Hz, 1H), 4.76 (d, J = 7.2 Hz,
1H) (CH), 0.31 (s, 9H) (Si(CHs)3). *C{'H} NMR (100 MHz, CD,Cl,): § 156.8
("Jep =235.0 Hz), 1523 (CJep=10Hz), 1276 (CJecp=80Hz), 1165
(*Je_p = 23.0 Hz), 112.8 (Je_p = 24.0 Hz), 109.8 CJc_r = 8.0 Hz), 86.8 (cage C),
82.0 (cage C), 72.5, 57.7 CJer = 1.0 Hz), —0.9. "'B{'H} NMR (128 MHz,
CD,Cly): 6 —4.2 (2B), —8.2 (1B), —11.2 (4B), —11.7 (3B). HRMS (EI) calcd for
C13HAB"B,NSiF': 349.2667. Found 349.2661.
1-(1-Trimethylsilyl-2,3-dihydro-5-bromo-2,3-indolyl)-o-carborane III-4aj:
White solid. Yield: 86 %. '"H NMR (400 MHz, CD,Cl,): 6 7.24 (d, J = 8.4 Hz,
1H), 7.15 (s, 1H), 6.50 (d, J = 8.4 Hz, 1H) (aromatic CH), 5.05 (d, J = 7.2 Hz,
1H), 4.74 (d, J = 7.2 Hz, 1H) (CH), 0.33 (s, 9H) (Si(CH5);). "*C{'H} NMR
(100 MHz, CD,Cl,): ¢ 155.4, 133.0, 128.3, 128.2, 111.1, 110.5, 86.6 (cage C),
82.0 (cage C), 72.2, 57.4, —0.9. ""B{'H} NMR (128 MHz, CD,Cl,): 6 —4.0 (2B),
-7.9 (1B), —11.0 (7B). HRMS (EI) caled for C;3H}Bi’BoNSiBr': 410.1724.
Found 410.1726.
1-(1-Trimethylsilyl-2,3-dihydro-6-isopropyl-2,3-indolyl)-o-carborane III-4ak:
White solid. Yield: 84 %. '"H NMR (400 MHz, CD,Cl,): § 6.98 (d, J = 7.6 Hz,
1H), 6.65 (dd, J=7.6, 0.8 Hz, 1H), 6.50 (s, 1H) (aromatic CH), 5.04
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(d, J=17.2Hz, 1H), 4.75 (d, J =7.2 Hz, 1H) (CH), 2.87 (m, 1H) (CH), 1.26
(d, J =7.2 Hz, 6H) (CH3), 0.37 (s, 9H) (Si(CHs);). *C{'H} NMR (100 MHz,
CD,Cl,): 6 156.4, 151.9, 125.2, 123.5, 117.5, 108.1, 87.0 (cage C), 83.0 (cage C),
72.2,57.9,34.8,24.3,24.3,-0.6. "'B{'H} NMR (128 MHz, CD,Cl,): 6 —4.6 (2B),
—8.4 (1B), —11.5 (7B). HRMS (EI) calcd for CicHiIBI°B,NSi*: 373.3593. Found
373.3591.

1-(1-Trimethylsilyl-2,3-dihydro-5-chloro-2,3-indolyl)-o-carborane III-4al:
White solid. Yield: 92 %. 'H NMR (400 MHz, CD,Cl,): J 6.85 (m, 1H), 6.78
(m, 1H), 6.49 (s, 1H) (aromatic CH), 5.05 (d, J = 7.2 Hz, 1H), 4.75 (d, J = 7.2 Hz,
1H) (CH), 2.87 (m, 1H) (CH), 1.26 (d, J = 7.2 Hz, 6H) (CH3), 0.30 (s, 9H) (Si
(CHs;);). *C{'H} NMR (100 MHz, CD,Cl,): 6 155.8, 131.0, 126.4, 125.2, 118.8,
109.3, 86.6 (cage C), 82.2 (cage C), 71.4, 57.2, —0.6. 'B{'H} NMR (128 MHz,
CD,Cl): 6 —4.2 (2B), —8.8 (1B), —11.7 (7B). HRMS (EI) caled for Ci3Hj;
BL"B,NCISi*: 365.7216. Found 365.7219.

1-(1-Trimethylsilyl-2,3-dihydro-7-methyl-2,3-indolyl)-o-carborane III-4am:
Colorless crystals. Yield: 86 %. '"H NMR (400 MHz, CD,Cl,): 67.00(d,J = 7.6 Hz,
1H), 6.89 (d, J=7.2 Hz, 1H), 6.72 (t, J=7.2 Hz, 1H) (aromatic CH), 5.08
(d,J =17.2 Hz, 1H),4.77 (d, J = 7.2 Hz, 1H) (CH), 2.40 (s, 1H) (CH3), 0.40 (s, 9H)
(Si(CH3)3). >C{'H} NMR (100 MHz, CD,Cl,): 6 154.7, 133.8, 127.1, 123.0, 120.2,
119.5, 87.5 (cage C), 83.1 (cage C), 72.0,57.7,21.5,3.3. "'B{'"H} NMR (128 MHz,
CD,Cly): 6 =3.9 (2B), —7.8 (1B), —11.0 (7B). HRMS (EI) caled for Ci4HJ?
B{"B,NSi*: 345.3007. Found 345.3008.

1-(Trimethylsilyl-2,3-dihydro-7-bromo-2,3-indolyl)-o-carborane III-4an: White
solid. Yield: 84 %. "H NMR (400 MHz, CD,Cl,): 6 7.36 (d, J = 7.6 Hz, 1H), 6.98
(d, J =7.2 Hz, 1H), 6.66 (t, J = 7.6 Hz, 1H) (aromatic CH), 5.12 (d, J = 7.2 Hz,
1H), 4.78 (d, J = 7.2 Hz, 1H) (CH), 0.50 (s, 9H) (Si(CHs);). *C{'H} NMR
(100 MHz, CD,Cl,): 6 154.6, 135.9, 129.3, 124.4, 121.3, 101.8, 86.9 (cage C),
82.2 (cage C), 71.9, 57.4, 4.4. "B{'H} NMR (128 MHz, CD,Cl,): 6 —4.0 (2B),
—8.2 (I1B), —11.3 (7B). HRMS (EI) caled for Ci3Hj,Bi’B,NSiBrt: 410.1724.
Found 410.1728.
General Procedure for Effect of N-substituents on the Reaction of N-protected
Indoles with o-Carboryne. A Representative Procedure To an in situ-prepared
suspension of 1-Br-2-Li-0-C,BoH o (1.0 mmol) in n-hexane (10 mL), was added
1.1 equiv of N-protected indoles III-3 at room temperature. After stirring for
15 min at room temperature, the resulting mixture was heated at 60 °C for 6 h and
then quenched by wet n-hexane. The inorganic salt was removed by filtration and
washed with n-hexane (5 mL X 3). After removal of solvents in vacuo, the residue
was examined by '"H NMR spectroscopy and then purified by flash column chro-
matography on silica gel (230-400 mesh) using n-hexane/EtOAc as eluent or by
recrystallization in n-hexane to give the [2 + 2] cycloadducts ITI-4 or/and the sp”
C-H insertion products III-S.

1-(1-tert-Butyldimethylsilyl-2,3-dihydro-2,3-indolyl)-o-carborane III-4b: White
solid. Yield: 33 %. 'H NMR (400 MHz, CD,Cl,): 6 7.93 (t, J = 4.0 Hz, 1H), 7.55
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(d, J = 4.0 Hz, 1H), 7.22 (m, 2H) (aromatic CH), 5.04 (d, J = 7.2 Hz, 1H), 4.78
(d, J=7.2Hz, 1H) (CH), 0.94 (s, 9H), 0.65 (s, 6H) (CH;). *C{'H} NMR
(100 MHz, CD,Cl,): ¢ 155.7, 131.0, 126.4, 125.2, 118.8, 109.3, 86.6 (cage C),
82.2 (cage C), 71.4, 57.2, 26.2, 19.7, —0.8. ''B{'H} NMR (128 MHz, CD,CL):
d =3.9 2B), =7.7 (1B), —=11.2 (7B). HRMS (EI) calcd for C;sH}IBL’B,NSi™:
373.3561. Found 373.3563.

1-(1-tert-Butyldimethylsilyl-3-indolyl)-o-carborane ITI-5b: White solid. Yield:
42 %. '"H NMR (400 MHz, CD,Cl,): 6 7.93 (m, 1H), 7.55 (m, 1H), 7.42 (s, 1H),
7.22 (m, 2H) (aromatic CH), 4.06 (br, 1H) (cage CH), 0.94 (s, 9H), 0.65 (s, 6H)
(CH3). *C{'H} NMR (100 MHz, CD,Cl,): § 141.7, 133.8, 128.5, 122.9, 121.5,
120.0, 115.1, 112.1, 74.1 (cage C), 64.7 (cage C), 26.4, 19.6, —3.8. ''B{'H} NMR
(128 MHz, CD,Cl,): 6 —2.2 (1B), —=5.2 (1B), —9.8 (2B), —10.3 (2B), —12.2 (2B),
—13.1 2B). HRMS (EI) calcd for C¢H}{Bi"BoNSi™: 373.3561. Found 373.3567.

1-(1-Triisopropylsilyl-3-indolyl)-o-carborane III-Sc: White solid. Yield: 83 %.
"H NMR (400 MHz, CD,CL,): § 7.92 (t, J = 7.2 Hz, 1H), 7.51 (m, 2H), 7.21
(m, 2H) (aromatic CH), 4.06 (br, 1H) (cage CH), 1.71 (m, 3H) (CH), 1.15
(d, J = 7.6 Hz, 18H) (CH;). "*C{'H} NMR (100 MHz, CD,Cl,): § 141.5, 134.3,
128.5, 122.9, 121.3, 119.9, 115.1, 112.0, 74.3 (cage C), 64.7 (cage C), 18.2, 13.1.
B{'H} NMR (128 MHz, CD,CL,): § —2.4 (1B), —4.9 (1B), —9.7 (2B), —10.3
(2B), —12.1 (2B), —13.1 (2B). HRMS (EI) calcd for C;oH} Bi’B,NSi*: 415.4359.
Found 415.4363.

1-(1-H-3-Indolyl)-o-carborane III-5d: Colorless oil. Yield: 30 %. '"H NMR
(400 MHz, CD,CL,): 6 8.58 (br, 1H) (NH), 7.93 (d, J = 7.6 Hz, 1H), 7.48 (s, 1H),
7.42 (d, J = 7.6 Hz, 1H), 7.23 (m, 2H) (aromatic CH), 4.03 (br, 1H) (cage CH).
BC{'H} NMR (100 MHz, CD,CL): ¢ 136.3, 127.1, 125.4, 123.5, 121.6, 120.0,
112.3, 110.3, 74.0 (cage C), 64.9 (cage C). "'B{'H} NMR (128 MHz, CD,Cl,):
6 —2.5 (1B), =5.2 (1B), 9.8 (2B), —10.3 (2B), —12.1 (2B), —13.2 (2B). HRMS
(EI) caled for CoH|B{"BoNT: 259.2365. Found 259.2363.

1-(1-Methyl-3-indolyl)-o-carborane III-Sea: Colorless crystals. Yield: 85 %.
'"H NMR (400 MHz, CD,CL): 6 7.91 (d, J = 8.0 Hz, 1H), 7.34 (m, 2H), 7.27
(t, J = 7.6 Hz, 1H), 7.21 (t, J = 6.8 Hz, 1H) (aromatic CH), 4.00 (br, 1H) (cage
CH), 3.76 (s, 3H) (NCH;). *C{'H} NMR (100 MHz, CD,Cl,): § 137.2, 131.5,
125.9, 123.0, 121.3, 120.1, 110.5, 108.5, 74.3 (cage C), 65.1 (cage C), 33.4. ''B
{'"H} NMR (128 MHz, CD,CL,): § —2.4 (1B), —5.3 (1B), —9.9 (4B), —12.1 (2B),
—13.2 (2B). HRMS (EI) calcd for C; H!IBL’B,N*: 273.2521. Found 273.2521.

1-(1-Allyl-3-indolyl)-o-carborane ITI-5f: White solid. Yield: 85 %. '"H NMR
(400 MHz, CD,Cl,): 6 7.92 (d, J = 8.0 Hz, 1H), 7.36 (s, 1H), 7.32 (d, J = 8.0 Hz,
1H), 7.21 (m, 2H) (aromatic CH), 5.96 (m, 1H), 5.26 (dd, J = 10.0, 0.8 Hz, 1H),
5.11(dd, J = 17.2, 0.8 Hz, 1H) (olefinic CH), 4.67 (d, J = 5.6 Hz, 2H) (NCH,) 3.96
(br, 1H) (cage CH). *C{'H} NMR (100 MHz, CD,Cl,): 6 136.6, 132.9, 130.5,
126.2, 123.1, 121.4, 120.2, 118.5, 110.9, 109.0, 74.2 (cage C), 65.2 (cage C), 55.3.
B{'H} NMR (128 MHz, CD,CL,): 6 —2.5 (1B), —5.3 (1B), —9.9 (4B), —12.1 (2B),
—13.2 (2B). HRMS (EI) caled for C;3HL{B"BoNT : 299.2678. Found 299.2676.
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1-(1-Benzyl-3-indolyl)-o-carborane ITI-5g: White solid. Yield: 78 %. '"H NMR
(400 MHz, CD,Cl,): 6 8.00 (m, 1H), 7.48 (s, 1H), 7.31 (m, 4H), 7.20 (m, 2H), 7.12
(d, J = 6.4 Hz, 2H) (aromatic CH), 5.29 (s, 2H) (NCH,) 4.02 (br, 1H) (cage CH).
BC{'H} NMR (100 MHz, CD,CL): § 136.7, 136.7, 130.9, 129.3, 128.4, 127.3,
126.3, 123.2, 121.5, 120.3, 111.0, 109.3, 74.0 (cage C), 65.1 (cage C), 50.8. ''B
{'"H} NMR (128 MHz, CD,Cl,): 6 —2.4 (1B), —5.2 (1B), 9.8 (4B), —12.1 (2B),
—13.1 (2B). HRMS (EI) calcd for C7HAiBi*BoN™: 349.3264. Found 349.3262.

1-(1-Phenyl-2,3-dihydro-2,3-indolyl)-o-carborane III-4h: White solid. Yield:
39 %. 'H NMR (400 MHz, CD,Cl): § 7.38 (t, J=8.0Hz, 2H), 7.26
(t, J = 8.0 Hz, 1H), 7.16 (m, 4H), 7.05 (d, J = 8.0 Hz, 1H), 6.89 (t, J = 7.2 Hz,
1H) (aromatic CH), 5.21 (d, J = 7.2 Hz, 1H), 497 (d, J = 7.2 Hz, 1H) (CH).
3C{'H} NMR (100 MHz, CD,Cl,): § 151.3, 142.1, 130.4, 130.0, 125.9, 125.7,
124.3,120.9, 119.5, 110.5, 85.7 (cage C), 81.9 (cage C), 73.7, 57.0. "'B{'H} NMR
(128 MHz, CD,CL,): d —4.2 (2B), —=7.9 (1B), —11.0 (7B). HRMS (EI) calcd for
C16HA1B§"B,N™: 335.2679. Found 335.2675.

1-(1-Phenyl-3-indolyl)-o-carborane III-5h: Data were collect from the mixture of
III-4u and ITI-5u. Yield: 38 %. 'H NMR (400 MHz, CD,Cl,): 6 8.04 (m, 1H), 7.61
(s, 1H), 7.58 (m, 2H), 7.48 (m, 4H), 7.28 (m, 2H) (aromatic CH), 4.06 (br, 1H) (cage
CH). *C{'H} NMR (100 MHz, CD,Cl,): J 138.6, 136.6, 130.5, 130.3, 128.2,
126.5, 125.3, 123.9, 122.2, 120.4, 111.6, 110.9, 81.9 (cage C), 65.0 (cage C).

1-[1-(4-Methoxyphenyl)-2,3-dihydro-2,3-indolyl]-o-carborane III-4i: Data were
collect from the mixture of III-4i and III-5i. Yield: 30 %. '"H NMR (400 MHz,
CD,Cly): 6 7.43 (t, J = 8.0 Hz, 2H), 7.29 (t, J = 8.0 Hz, 1H), 7.18 (m, 4H), 7.05
(d, J = 8.0 Hz, 1H) (aromatic CH), 5.20 (d, J = 7.2 Hz, 1H), 4.95 (d, J = 7.2 Hz,
1H) (CH), 5.38 (s, 3H) (CH5). >C{'H} NMR (100 MHz, CD,CL,): J 151.6, 143.1,
132.4, 131.3, 126.2, 124.7, 124.1, 120.6, 119.7, 111.5, 85.6 (cage C), 81.6
(cage C), 73.5, 56.0, 52.3.

1-[1-(4-Methoxyphenyl)-3-indolyl]-o-carborane III-5i: White solid. Yield:
45 %. '"H NMR (400 MHz, CD,CL,): 6 7.31 (d, J = 4.4 Hz, 1H), 7.23 (m, 4H),
7.21 (m, 2H), 7.14 (m, 2H) (aromatic CH), 5.35 (s, 3H) (CH3), 4.05 (br, 1H) (cage
CH). *C{'H} NMR (100 MHz, CD,Cl,): J 136.7, 136.7, 130.9, 129.3, 128.4,
127.3, 126.3, 123.2, 121.5, 120.3, 111.0, 109.3, 74.0 (cage C), 65.1 (cage C), 56.3.
""B{'"H} NMR (128 MHz, CD,Cl,): § —2.4 (1B), —5.2 (1B), —9.8 (4B), —12.1
(2B), —13.1 (2B). HRMS (EI) caled for C;H)BLI’B,NO™: 365.3215. Found
365.3218.

1-[1-(4-Fluorophenyl)-2,3-dihydro-2,3-indolyl]-o-carborane III-4j: Colorless
crystals. Yield: 43 %. '"H NMR (400 MHz, CD,Cl,): d 7.25 (t, J = 8.0 Hz, 1H),
7.18 (m, 3H), 7.09 (t, J = 8.8 Hz, 2H), 6.88 (t, J = 8.0 Hz, 2H) (aromatic CH), 5.16
(d, J =72 Hz, 1H), 4.98 (d, J = 7.2 Hz, 1H) (CH). *C{'H} NMR (100 MHz,
CD,CL): 6 159.8 ("Jc_r = 242.0 Hz), 151.8, 138.2 (Jc_p = 2.5 Hz), 130.5, 125.9,
1254, 1223 (CJeg = 8.1 Hz), 1209, 116.8 (*Jor =22.6 Hz), 109.9, 85.7
(cage C), 81.9 (cage C), 73.7, 57.0. ""B{'H} NMR (128 MHz, CD,Cl,): § —4.3
(2B), —8.0 (1B), —11.0 (7B). HRMS (EI) calcd for C;cHA Bi’BoNF': 353.2659.
Found 353.2662.
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1-[1-(4-Fluorophenyl)-3-indolyl]-o-carborane III-5j: White solid. Yield: 30 %.
'"H NMR (400 MHz, CD,CL,): d 8.02 (m, 1H), 7.56 (s, 1H), 7.43 (m, 3H), 7.27
(m, 4H) (aromatic CH), 4.08 (br, 1H) (cage CH). >C{'H} NMR (100 MHz,
CD,Cly): 6 162.2 (Jo_p = 245.7 Hz), 136.9, 134.7 (Jc_r = 3.1 Hz), 127.4, 127.4,
124.0, 122.2 (Jo_g = 8.1 Hz), 120.4 (Jo_p = 22.6 Hz), 117.2, 117.0, 111.4, 111.0,
73.5 (cage C), 64.9 (cage C). ""B{'H} NMR (128 MHz, CD,Cl,): 6 —3.6 (1B),
-4.9 (1B), —10.0 (3B), —11.1 (3B), —14.1 (2B). HRMS (EI) caled for C;cHL)}
Bi"BoNF': 353.2659. Found 353.2662.

General Procedure for sp> C-H Insertion Reaction of N-methyl Indoles and
Heterocycles with o-Carboryne. A Representative Procedure To an in situ-
prepared suspension of 1-Br-2-Li-o-C,BgH;¢ (1.0 mmol) in n-hexane (10 mL)
was added 1.1 equiv of indoles III-3eb-3ek or heterocycles III-6-11 at room
temperature. After stirring for 15 min at room temperature, the resulting mixture
was heated at 60 °C for 6 h and then quenched by wet n-hexane. The inorganic salt
was removed by filtration and washed with n-hexane (5 mL X 3). After removal of
solvents in vacuo, the residue was examined by "H NMR spectroscopy and then
subjected to flash column chromatography on silica gel (230-400 mesh) using
n-hexane/EtOAc as eluent to give the sp?> C—H insertion products.

1-(1,2-Dimethyl-3-indolyl)-o-carborane III-5eb: White solid. Yield: 60 %.
'"H NMR (400 MHz, CD,CL,): § 7.83 (d, J = 8.0 Hz, 1H), 7.32 (d, J = 8.0 Hz,
1H), 7.21 (t, J = 7.2 Hz, 1H), 7.14 (t, J = 8.0 Hz, 1H) (aromatic CH), 4.61 (br, 1H)
(cage CH), 3.65 (s, 3H) (NCH3), 2.61 (s, 3H) (CH;). >C{'H} NMR (100 MHz,
CD,Cl,): § 138.0, 136.3, 126.0, 122.2, 121.1, 119.5, 110.0, 104.8, 62.3 (cage C),
55.3 (cage C), 30.3, 13.5. "'B{'H} NMR (128 MHz, CD,Cl,): d —3.2 (1B), —4.5
(1B), —9.6 (2B), —10.3 (2B), —10.9 (2B), —13.3 (2B). HRMS (EI) calcd for
C1oHA1B{"B,N™: 287.2678. Found 287.2679.

1-(1,4-Dimethyl-3-indolyl)-o-carborane III-Sec: White solid. Yield: 91 %.
"H NMR (400 MHz, CD,CL,): 6 7.53 (s, 1H), 7.17 (m, 2H), 7.02 (d, J = 6.0 Hz,
1H) (aromatic CH), 4.33 (br, 1H) (cage CH), 3.74 (s, 3H) (NCHs), 2.84 (s, 3H)
(CH;). *C{'H} NMR (100 MHz, CD,Cl,): § 138.4, 134.2, 129.4, 125.5, 124.3,
123.0, 110.6, 108.7, 75.5 (cage C), 63.7 (cage C), 33.7, 25.4. "B{'H} NMR
(128 MHz, CD,Cl,): § —=3.3 (1B), —4.7 (1B), —=9.5 (2B), —11.3 (2B), —13.7 (4B).
HRMS (EJ) caled for CpHAIBi’B,N* : 287.2678. Found 287.2679.

1-(1,5-Dimethyl-3-indolyl)-o-carborane III-Sed: White solid. Yield: 73 %.
"H NMR (400 MHz, CD,Cl,): 6 7.70 (s, 1H), 7.29 (s, 1H), 7.23 (d, J = 8.4 Hz,
1H), 7.11 (d, J = 8.4 Hz, 1H) (aromatic CH), 3.98 (br, 1H) (cage CH), 3.72 (s, 3H)
(NCH3), 2.48 (s, 3H) (CH3). >C{'H} NMR (100 MHz, CD,CL): § 135.6, 130.9,
126.1, 125.5, 124.7, 119.5, 110.2, 107.9, 74.5 (cage C), 65.1 (cage C), 33.7, 21.8.
B{'H} NMR (128 MHz, CD,Cl,): § —2.6 (1B), —5.4 (1B), —9.9 (4B), —12.1
(2B), —13.2 (2B). HRMS (EI) caled for C;pH}Bi’Bo,NT: 287.2678. Found
287.2676.
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1-(1-Methyl-5-methoxy-3-indolyl)-o-carborane III-5ee: White solid. Yield:
83 %. "H NMR (400 MHz, CD,Cl,): § 7.35 (d, J = 2.0 Hz, 1H), 7.30 (s, 1H), 7.23
(d, J = 9.2 Hz, 1H), 7.23 (dd, J = 8.8, 2.4 Hz, 1H) (aromatic CH), 3.95 (br, 1H)
(cage CH), 3.86 (s, 3H), 3.72 (s, 3H) (CH5). *C{'H} NMR (100 MHz, CD,Cl,):
0 155.5, 132.4, 131.9, 126.4, 113.0, 111.2, 107.8, 102.1, 74.5 (cage C), 65.7 (cage
0), 56.2, 33.6. ''B{'H} NMR (128 MHz, CD,CL,): § —2.5 (1B), —5.4 (1B), 9.9
(4B), —12.3 (2B), —13.2 (2B). HRMS (EI) calcd for C;,H}{ BL’B,NO™: 303.2627.
Found 303.2624.

1-(1-Methyl-5-bromo-3-indolyl)-o-carborane III-Sef: White solid. Yield: 85 %.
"H NMR (400 MHz, CD,Cl,): 6 8.05 (d, J = 1.6 Hz, 1H), 7.44 (m, 2H), 7.21
(d, J = 8.8 Hz, 1H) (aromatic CH), 3.93 (br, 1H) (cage CH), 3.75 (s, 3H) (NCH3).
3C{'H} NMR (100 MHz, CD,Cl,): § 135.9, 132.7, 127.4, 125.9, 122.5, 114.9,
112.1, 108.1, 73.5 (cage C), 65.2 (cage C), 33.6. ''B{'H} NMR (128 MHz,
CD,Cly): 6 —2.3 (1B), —5.2 (1B), —9.8 (2B), —10.3 (2B), —12.2 (2B), —13.1 (2B).
HRMS (EI) caled for Cy H}iB{B,NBr : 352.1612. Found 352.1613.

1-(1-Methyl-5-fluoro-3-indolyl)-o-carborane III-Seg: White solid. Yield: 86 %.
"H NMR (400 MHz, CD,Cl,): 6 7.61 (dd, J = 10.8, 2.0 Hz, 1H), 7.38 (s, 1H), 7.28
(dd, J = 8.8,4.4 Hz, 1H), 7.04 (m, 1H) (aromatic CH), 3.92 (br, 1H) (cage CH), 3.76
(s, 3H) (NCH;). >C{'H} NMR (100 MHz, CD,CL): § 159.0 (Jo_r = 234.0 Hz),
1339, 133.0, 1263 (d, Jep=10.0Hz), 111.6 (Jer=10.0Hz), 111.4
(Je_r = 6.0 Hz), 105.3 (Jc_g = 26.0 Hz), 73.9 (cage C), 65.5 (cage C), 33.7.
"'B{'H} NMR (128 MHz, CD,Cl,): 6 —2.5 (1B), —5.4 (1B), —10.0 (2B), —10.5
(2B), —12.5 (2B), —13.3 (2B). HRMS (EI) calcd for C;;H!IBL’B,NF* : 291.2098.
Found 291.2097.

1-(1-Methyl-6-isopropyl-3-indolyl)-o-carborane III-5eh: White solid. Yield:
82 %. "H NMR (400 MHz, CD,Cl,): 6 7.84 (d, J = 8.4 Hz, 1H), 7.30 (s, 1H), 7.20
(s, 1H), 7.15 (d, J = 8.4 Hz, 1H) (aromatic CH), 3.97 (br, 1H) (cage CH), 3.76
(s, 3H) (NCH3), 3.07 (m, 1H) (CH), 1.32 (d, J = 6.8 Hz, 6H) (CH;). *C{'H}
NMR (100 MHz, CD,Cl,): ¢ 144.6, 137.5, 131.1, 124.2, 120.8, 119.9, 108.4,
107.7, 74.5 (cage C), 65.2 (cage C), 34.8, 33.4, 24.6. ""B{'H} NMR (128 MHz,
CD,Cly): 6 —2.5 (1B), —5.4 (1B), —=9.9 (4B), —12.1 (2B), —13.2 (2B). HRMS (EI)
caled for CioHA)Bi"BoNT: 315.2992. Found 315.2993.

1-(1-Methyl-6-chloro-3-indolyl)-o-carborane III-Sei: White solid. Yield: 78 %.
'"H NMR (400 MHz, CD,CL,): J 7.84 (d, J = 8.8 Hz, 1H), 7.34 (m, 2H), 7.18
(dd, J = 8.8, 1.6 Hz, 1H) (aromatic CH), 3.96 (br, 1H) (cage CH), 3.72 (s, 3H)
(NCH3). BC{'H} NMR (100 MHz, CD,Cl,): 6 137.7, 132.2, 129.0, 124.6, 121.9,
121.3, 110.5, 109.0, 73.6 (cage C), 65.2 (cage C), 33.6. ''B{'H} NMR (128 MHz,
CD,CL): 6 —2.5 (1B), =5.2 (1B), =9.9 (2B), —10.4 (2B), —12.3 (2B), —13.2 (2B).
HRMS (EI) caled for Ci HjiBg’B,NCI™ : 308.2105. Found 308.2106.

1-(1,7-Dimethyl-3-indolyl)-o-carborane III-Sej: White solid. Yield: 73 %.
'"H NMR (400 MHz, CD,CL,): 6 7.75 (d, J = 8.4 Hz, 1H), 7.23 (s, 1H), 7.05
(t, J = 7.6 Hz, 1H), 6.96 (d, J = 7.2 Hz, 1H), (aromatic CH), 4.01 (s, 3H) (NCHs),
3.98 (br, 1H) (cage CH), 2.73 (s, 3H) (CH3). ">C{'H} NMR (100 MHz, CD,Cl,):
0 1359, 133.2, 127.0, 125.6, 122.7, 121.4, 118.0, 108.0, 74.3 (cage C), 65.1
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(cage C), 37.7, 19.9. ''B{'H} NMR (128 MHz, CD,CL,): § —2.6 (1B), —5.3 (1B),
9.9 (4B), —12.1 (2B), —13.2 (2B). HRMS (EI) caled for C;;HAIB"BoN™ :
287.2678. Found 287.2673.

1-(1-Methyl-7-bromo-3-indolyl)-o-carborane III-Sek: White solid. Yield: 88 %.
"H NMR (400 MHz, CD,Cl,): § 7.90 (d, J = 7.6 Hz, 1H), 7.41 (d, J = 7.2 Hz,
1H), 7.30 (s, 1H), 7.03 (t, J = 7.2 Hz, 1H), (aromatic CH), 4.14 (s, 3H) (NCHs;),
3.97 (br, 1H) (cage CH). *C{'H} NMR (100 MHz, CD,CL,): § 134.6, 133.8,
129.0, 128.3, 122.4, 119.7, 108.5, 105.0, 74.5 (cage C), 65.1 (cage C), 38.0.
B{'H} NMR (128 MHz, CD,Cl,): § —2.4 (1B), —4.9 (1B), —9.7 (2B), —10.3
(2B), —12.1 (2B), —13.1 (2B). HRMS (EI) calcd for C;;H}iB{’B,NBr™ : 352.1612.
Found 352.1611.

1-(1-Methyl-2-benzimidazolyl)-o-carborane III-6a: White solid. Yield: 50 %.
'"H NMR (400 MHz, CD,Cl,): § 7.62 (d, J = 8.0 Hz, 1H), 7.37 (d, J = 3.6 Hz,
2H), 7.30 (m, 1H) (aromatic CH), 5.43 (br, 1H) (cage CH), 3.98 (s, 3H) (NCH3).
13C{'H} NMR (100 MHz, CD,CL,): J 144.3, 140.9, 137.8, 124.6, 123.8, 120.1,
110.6, 68.7 (cage C), 62.4 (cage C), 32.6. ""B{'H} NMR (128 MHz, CD,Cl,):
5 —2.8 (2B), —8.7 (4B), —13.0 (4B). HRMS (EI) calcd for CoH}B{’B,N7 :
274.2473. Found 274.2470.

1-(1-Methyl-2-benzoxazolyl)-o-carborane III-6b: White solid. Yield: 53 %.
'"H NMR (400 MHz, CD,CL,): 6 7.71 (d, J = 7.2 Hz, 1H), 7.58 (d, J = 4.4 Hz,
1H), 7.43 (m, 2H) (aromatic CH), 4.56 (br, 1H) (cage CH). *C{'H} NMR
(100 MHz, CD,Cly): ¢ 156.3, 151.8, 140.8, 127.2, 126.0, 121.0, 111.5, 65.8
(cage C), 59.9 (cage C). "'B{'H} NMR (128 MHz, CD,Cl,): § —2.6 (2B), —8.9
(2B), —11.0 (2B), —11.7 2B), —13.2 (2B). HRMS (EI) calcd for CoH}:B"B,NO™ :
261.2156. Found 261.2160.

1-(1-Methyl-2-benzothiazolyl)-o-carborane III-6¢c: Colorless crystals. Yield:
64 %. "HNMR (400 MHz, CD,Cl,): 67.97 (d,J = 8.0 Hz, 1H),7.89 (d,J = 8.0 Hz,
1H), 7.53 (m, 1H), 7.46 (m, 1H) (aromatic CH), 4.82 (br, 1H) (cage CH). >C{'H}
NMR (100 MHz, CD,CL): § 161.3, 152.2, 136.4, 127.6, 127.1, 124.0, 122.1, 71.4
(cage C), 60.0 (cage C). ''B{'H} NMR (128 MHz, CD,Cl,): d —3.0 (1B), —3.6 (1B),
-8.8 (2B), —10.6 (2B), —11.2 (2B), —13.0 (2B). HRMS (EI) calcd for CoH!}
Bi"BoNS™ : 277.1928. Found 277.1923.

1-(1-Methyl-3-pyrrolyl)-o-carborane III-6da: Colorless crystals. Yield: 48 %.
"H NMR (400 MHz, CDCl5): 6 6.72 (br, 1H), 6.43 (br, 1H), 6.14 (m, 1H) (aromatic
CH), 3.69 (br, 1H) (cage CH), 3.60 (s, 3H) (NCH5). *C{'H} NMR (100 MHz,
CDCly): 6 122.5, 122.2, 118.9, 109.4, 73.4 (cage C), 64.0 (cage C), 36.6. ''B{'H}
NMR (128 MHz, CDCl;): § —2.1 (1B), —6.0 (1B), —10.1 (4B), —12.0 (2B), —13.1
(2B). HRMS (EI) caled for C;HIBL’B,NT @ 223.2362. Found 223.2363.

1-(1-Methyl-2-pyrrolyl)-o-carborane III-6db: White solid. Yield: 32 %.
"H NMR (400 MHz, CDCls): 6 6.54 (t, J = 2.4 Hz, 1H), 6.38 (dd, J = 3.6, 1.6 Hz,
1H), 6.00 (t, J = 3.6 Hz, 1H) (aromatic CH), 3.89 (br, 1H) (cage CH), 3.83 (s, 3H)
(NCH5). C{'H} NMR (100 MHz, CDCls): § 127.7, 124.2, 114.5, 107.3, 72.1
(cage C), 65.7 (cage C), 37.4. ""B{'H} NMR (128 MHz, CDCl;): § —2.1 (IB),
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-4.0 (1B), 93 (2B), —11.0 (4B), —13.0 (2B). HRMS (EI) caled for
C;H!IB"B,N* : 223.2362. Found 223.2365.

1-(4,5-Dimethyl-2-thiazolyl)-o-carborane III-6e: White solid. Yield: 87 %.
"H NMR (400 MHz, CD,Cl,): 6 4.59 (br, 1H) (cage CH), 2.31 (s, 3H), 2.23(s, 3H)
(CHs). *C{'H} NMR (100 MHz, CD,Cl,): d 155.5, 149.0, 130.9, 71.9 (cage C),
59.9 (cage C), 14.6, 11.5. "'"B{'H} NMR (128 MHz, CD,CL,): § —3.3 (1B), —4.5
(1B), —9.0 (2B), —10.7 (2B), —11.2 (2B), —13.2 (2B). HRMS (EI) calcd for
C;HB"B,NS™: 255.2083. Found 255.2084.

1-(2-Quinolinyl)-o-carborane ITI-6f: Colorless crystals. Yield: 40 %. '"H NMR
(400 MHz, CDCl5): ¢ 8.18 (d, J = 8.4 Hz, 1H), 7.96 (d, J = 8.8 Hz, 1H), 7.84
(d, J = 8.0 Hz, 1H), 7.76 (m, 1H), 7.58 (m, 2H) (aromatic CH), 5.25 (br, 1H)
(cage CH). >C{'H} NMR (100 MHz, CDCls): § 150.6, 146.7, 137.9, 130.8, 129.5,
127.9, 127.9, 127.7, 118.7, 75.7 (cage C), 57.1 (cage C). "'B{'H} NMR
(128 MHz, CDCl5): § —3.1 (1B), —4.0 (1B), —8.7 (2B), —10.4 (2B), —11.9 (2B),
—13.4 (2B). HRMS (EI) calcd for CH}JBI’B,N*: 271.2364. Found 271.2360.

Transformation of the [2 + 2] Cycloadducts

Thermal Rearrangement of [2 + 2] Cyclodduct III-4j A toluene solution
(2.0 mL) of [2 + 2] cyclodduct ITI-4j (70.6 mg, 0.2 mmol) was heated for 48 h at
110 °C. After removal of toluene, the resulting mixture was examined by 'H NMR
spectroscopy and then subjected to flash column chromatography on silica gel
(230—400 mesh) using n-hexane/EtOAc as eluent to give sp> C—H insertion product
II1-5j (54.4 mg, 77 %).

Acid-Promoted Rearrangement of [2 + 2] Cyclodduct III-4j A dichlor-
omethane solution (2.0 mL) of [2 + 2] cyclodduct ITI-4j (70.6 mg, 0.2 mmol)
was stirred for 12 h at 40 °C in the presence of an excess amount of TsOH-H,O.
After removal of the solvent, the resulting mixture was examined by 'H NMR
spectroscopy and then subjected to flash column chromatography on silica gel
(230400 mesh) using n-hexane/EtOAc as eluent to give sp> C—H insertion product
II1-5j (46.6 mg, 66 %).

Silica Gel-Promoted Ring opening of Adduct III-4ah An n-hexane solution
(3.0 mL) of [2 + 2] cycloadduct ITI-4ah (72.3 mg, 0.2 mmol) was stirred at room
temperature for 12 h in the presence of silica gel. After removal of the solvent, the
resulting mixture was examined by 'H NMR spectroscopy and then subjected to
flash column chromatography on silica gel (230-400 mesh) using n-hexane/EtOAc
as eluent to give ring-opening product III-5ah (75.2 mg, 100 %).

1-(1-Trimethylsilyl-5-methoxy-3-indolyl)-o-carborane III-Sah: Colorless crys-
tals. Yield: 100 %. 'H NMR (400 MHz, CD,Cl,): § 7.36 (m, 3H), 6.98
(dd, J = 8.8, 2.0 Hz, 1H) (aromatic CH), 4.00 (br, 1H) (cage CH), 3.86 (s, 3H)
(CH3), 0.55 (s, 9H) (Si(CHs)3). *C{'H} NMR (100 MHz, CD,Cl,): § 155.5,
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135.7, 133.4, 129.4, 114.6, 112.6, 111.4, 102.6, 74.4 (cage C), 65.4 (cage C), 56.2,
—0.2. ""B{'H} NMR (128 MHz, CD,CL): 6 —0.7 (1B), —2.1 (1B), —6.6 (2B), —=7.2
(2B), 9.0 (2B), —10.1 (2B). HRMS (EI) caled for CsHAIBi’B,NOSi*: 361.3022.
Found 361.3019.

Desiylation-accelerated Ring opening of Adduct III-4ah An H,O/n-hexane
(1:1, v/v) solution (10.0 mL) of [2 + 2] cycloadduct III-4ah (72.3 mg, 0.2 mmol)
was stirred at room temperature for 0.5 h. After removal of the solvent, the resulting
mixture was examined by "H NMR spectroscopy and then subjected to flash col-
umn chromatography on silica gel (230-400 mesh) using n-hexane/EtOAc as
eluent to give ring-opening product III-Sdh (58.1 mg, 100 %).

1-(1-H-5-Methoxy-3-indolyl)-o-carborane III-5dh: Colorless oil. Yield: 100 %.
"H NMR (400 MHz, CD,Cl,): 6 8.71 (br, 1H) (NH), 7.41 (d, J = 6.4 Hz, 2H), 7.30
(d, J=8.8Hz, 1H), 6.92 (d, J=8.8 Hz, 1H) (aromatic CH), 3.96 (br, 1H)
(cage CH), 3.89 (s, 3H) (CH3). >C{'H} NMR (100 MHz, CD,Cl,): § 155.5, 131.5,
127.7,126.0, 113.5, 113.0, 102.2, 102.6, 74.2 (cage C), 65.5 (cage C), 56.3. ''B{'H}
NMR (128 MHz, CD,Cl,): 6 —2.7 (1B), —=5.5 (1B), —10.1 (4B), —12.5 (2B), —13.4
(2B). HRMS (EI) calcd for C,;H}eBL°B,NO™: 289.2470. Found 289.2474.

Desiylation-promoted Ring opening of Adduct III-4ac An H,O/n-hexane
(1:1, v/v) solution (10.0 mL) of [2 + 2] cycloadduct III-4ac (69.1 mg, 0.2 mmol)
was stirred at room temperature for 0.5 h. After removal of the solvent, the resulting
mixture was examined by "H NMR spectroscopy and then subjected to flash col-
umn chromatography on silica gel (230-400 mesh) using n-hexane/EtOAc as
eluent to give ring-opening product III-Sdc (55.0 mg, 100 %).

1-(1-H-2-Methyl-3-indolyl)-o-carborane III-Sdc: Colorless oil. Yield: 100 %.
"H NMR (400 MHz, CD,Cl,): d 8.72 (br, 1H) (NH), 7.41 (d, J = 6.4 Hz, 2H), 7.30
(d, J=7.6Hz, 1H), 6.92 (d, J = 6.4 Hz, 1H) (aromatic CH), 3.96 (br, 1H)
(cage CH), 3.91 (s, 3H) (CH3). >C{'H} NMR (100 MHz, CD,Cl,): § 136.5, 131.5,
127.7,126.0,113.3, 112.8,109.7, 102.2, 74.2 (cage C), 65.5 (cage C), 20.4. ''B{'H}
NMR (128 MHz, CD,CL): 6 —2.6 (1B), —5.7 (1B), —=10.3 (4B), —12.5 (2B), —13.4
(2B). HRMS (EI) caled for CH]AB{’BoN™: 273.1219. Found 273.1214.

Desiylation-promoted Ring opening of Adduct IIl-4ae An H,O/n-hexane
(1:1, v/v) solution (10.0 mL) of [2 + 2] cycloadduct III-4ae (71.8 mg, 0.2 mmol)
was stirred at room temperature for 0.5 h. After removal of the solvent, the resulting
mixture was examined by "H NMR spectroscopy and then subjected to flash col-
umn chromatography on silica gel (230-400 mesh) using n-hexane/EtOAc as
eluent to give ring-opening product III-8 (60.1 mg, 100 %).

1-(2,3-Dimethyl-3-indoninyl)-o-carborane III-8: Colorless crystals. Yield:
100 %. "H NMR (400 MHz, CD,Cl,): 7.50 (d, J = 8.0 Hz, 1H), 7.41 (t,J = 8.0 Hz,
1H), 6.92 (m, 1H), 7.24 (m, 1H) (aromatic CH), 3.53 (br, 1H) (cage CH), 2.42
(s, 3H), 1.55 (s, 3H) (CH5). *C{'H} NMR (100 MHz, CD,Cl,): 182.6, 154.5,
1414, 130.2, 126.2, 123.7, 121.4, 77.2 (cage C), 63.1 (cage C), 60.3, 24.5, 19.2.
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B{'H} NMR (128 MHz, CD,CL,): —3.2 (1B), —3.8 (1B), —9.3 (2B), —11.4 (2B),
—12.0 (2B), —13.6 (2B). HRMS (EI) calcd for C,,H3I1Bi’B,N*: 287.2678. Found
287.2681.ew

Control Experiments

Reaction of 1,2-Dilithio-o-carborane with N-TMS indole under Standard
Conditions To an in situ-prepared n-hexane suspension of 1,2-Li-0-C,BgH;o
(II1-9) (1.0 mmol), prepared in situ from the reaction of "BuLi (1.25 mL, 1.6 M in
n-hexane, 2.0 mmol) with o-carborane (144.2 mg, 1.0 mmol) at 0 °C, was added
N-TMS indole III-3aa (209.1 mg, 1.1 mmol) at room temperature. After stirring
for 15 min at room temperature, the resulting mixture was heated at 60 °C for 6 h
and then quenched by wet n-hexane. After removal of solvent in vacuo, the residue
was examined by 'H NMR spectroscopy and then subjected to flash column
chromatography on silica gel (230—400 mesh) using n-hexane as eluent to give
o-carborane (123.2 mg, 85 %).

Reaction of 1,2-Dilithio-o-carborane with N-methylindole under Standard
Conditions To an in situ-prepared n-hexane suspension of 1,2-Li-0-C,BgH;o
(II1-9) (1.0 mmol), prepared in situ from the reaction of "BuLi (1.25 mL, 1.6 M in
n-hexane, 2.0 mmol) with o-carborane (144.2 mg, 1.0 mmol) at 0 °C, was added
N-methylindole III-3ea (144.3 mg, 1.1 mmol) at room temperature. After stirring
for 15 min at room temperature, the resulting mixture was heated at 60 °C for 6 h
and then quenched by wet n-hexane. After removal of solvent in vacuo, the residue
was examined by "H NMR spectroscopy and then subjected to flash column
chromatography on silica gel (230-400 mesh) using n-hexane as eluent to give
o-carborane (118.2 mg, 82 %).

Reaction of 1-Bromo-2-methyl-o-carborane/1-Lithio-2-methyl-o-carborane
with N-methylindole under Standard Conditions To a 1:1 molar ratio of
1-bromo-2-methyl-o-carborane (III-10) (0.5 mmol) and 1-lithio-2-methyl-o-car-
borane (III-11) (0.5 mmol) was added N-methylindole III-3ea (144.3 mg,
1.1 mmol) at room temperature. After stirring for 15 min at room temperature, the
resulting mixture was heated at 60 °C for 6 h and then quenched by wet n-hexane.
After removal of solvents in vacuo, the residue was examined by 'H NMR
spectroscopy and then subjected to flash column chromatography on silica gel
(230400 mesh) using n-hexane as eluent. The 'H, "B NMR, and GC-MS results
showed that most of the crude product was 1-methyl-o-carborane (72.8 mg, 46 %)
and 1-bromo-2-methyl-o-carborane (101.9 mg, 43 %).

1-Methyl-o-carborane: '"H NMR (400 MHz, CDCly): 6 3.56 (br, 1H) (cage CH),
2.03 (s, 3H) (CH;). "B{'H} NMR (128 MHz, CDCl5): 6 —1.9 (1B), —6.9 (1B),
-9.3 (2B), —10.8 (2B), —11.5 (2B), —12.9 (2B).
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1-Methyl-2-bromo-o-carborane: '"H NMR (400 MHz, CDCls): 6 2.21 (s, 3H)
(CH3). "B{'H} NMR (128 MHz, CDCl;): 6 —5.3 (3B), —7.6 (2B), —8.5 (2B),
-10.1 (3B).

Reaction of 1-Br-2-Li-o-carborane with N-TMS indole in the Presence of
TEMPO To an in situ-prepared suspension of 1-Br-2-Li-0-C>BoH;y (1.0 mmol)
in n-hexane (10 mL) was added TEMPO (171.6 mg, 1.1 mmol) at O °C. Then, to
this mixture was added 1.1 equiv of N-TMS indole III-3aa (209.1 mg, 1.1 mmol)
at room temperature. After stirring for 15 min at room temperature, the resulting
mixture was heated at 60 °C for 6 h and then quenched by wet n-hexane. After
removal of solvents in vacuo, the residue was examined by 'H NMR spectroscopy
and then subjected to flash column chromatography on silica gel (230—400 mesh)
using n-hexane as eluent to give desired product III-4aa (265.1 mg, 80 %). The 'H
and GC-MS results showed that most of the crude product was III-4aa, with a
small amount of the starting material 1-bromo-o-carborane coupled with a trace
amount of carborane. No any TEMPO-coupled product was detected.

Reaction of 1-Br-2-Li-o-carborane with N-methylindole in the Presence
of TEMPO To an in situ-prepared suspension of 1-Br-2-Li-o-C;B;oH;o (1)
(1.0 mmol) in n-hexane (10 mL) was added TEMPO (171.6 mg, 1.1 mmol) at0 °C.
Then, to this mixture was added 1.1 equiv of N-methylindole ITI-3ea (144.3 mg,
1.1 mmol) at room temperature. After stirring for 15 min at room temperature, the
resulting mixture was heated at 60 °C for 6 h and then quenched by wet n-hexane.
After removal of solvents in vacuo, the residue was examined by 'H NMR
spectroscopy and then subjected to flash column chromatography on silica gel
(230-400 mesh) using n-hexane/EtOAc as eluent to give desired product III-Sea
(204.9 mg, 75 %). The 'H and GC-MS results showed that most of the crude product
was III-Sea, with a small amount of the starting material 1-bromo-o-carborane cou-
pled with a trace amount of carborane. No any TEMPO-coupled product was detected.

Reaction of 1-Bromo-2-methyl-o-carborane/1-Lithio-2-methyl-o-carborane
with N-methylindole under UV light Irradiation (365 nm) To a 1:1 mixture of
1-bromo-2-methyl-o-carborane (III-10) (0.5 mmol) and 1-lithio-2-methyl-o-car-
borane (III-11) (0.5 mmol) was added N-methylindole III-3ea (144.3 mg,
1.1 mmol) at room temperature. After stirring for 15 min at room temperature, the
resulting mixture was heated at 60 °C for 6 h under a handheld UV lamp irradiation
(365 nm) and then quenched by wet n-hexane. After removal of solvent in vacuo,
the residue was examined by 'H NMR spectroscopy and then subjected to flash
column chromatography on silica gel (230-400 mesh) using n-hexane as eluent.
The 'H, ''B NMR, and GC-MS results showed that most of the crude product was
1-methyl-o-carborane (70.1 mg, 44 %) and 1-bromo-2-methyl-o-carborane
(98.0 mg, 41.3 %).

Reaction of 1-Br-2-Li-o-carborane with 1,3-Dimethyl-1H-indole under
Standard Conditions To an in situ-prepared suspension of 1-Br-2-Li-0-C,BgH;o
(1.0 mmol) in n-hexane (10 mL) was added 1,3-dimethyl-1H-indole (III-3el)
(159.7 mg, 1.1 mmol) at room temperature. After stirring for 15 min at room
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temperature, the resulting mixture was heated at 60 °C for 6 h and then quenched
by wet n-hexane. After removal of solvents in vacuo, the residue was examined by
"H NMR spectroscopy and then subjected to flash column chromatography on silica
gel (230—400 mesh) using n-hexane/EtOAc as eluent to give the sp3 C-H insertion
product ITI-13 (143.7 mg, 50.0 %) and ene product III-14 (72.7 mg, 25.3 %). The
ene product III-14 could isomerize to give the rearomatized product III-Sel in
CDCl; after 6 h.

1-[(3-Methyl-1-indolyl)methyl]-o-carborane III-13: Colorless oil. Yield: 50 %.
"H NMR (400 MHz, CDCl5): 6 7.21 (t, J = 7.6 Hz, 1H), 7.07 (d, J = 7.6 Hz, 1H),
7.07 (t,J = 7.2 Hz, 1H), 6.45 (d, J = 7.6 Hz, 1H), 5.02 (s, 1H) (aromatic CH), 3.34
(br, 1H) (cage CH), 2.84 (s, 2H) (NCH,), 1.54 (s, 3H) (CH5). "*C{'H} NMR
(100 MHz, CDCls): § 148.8, 130.5, 130.3, 124.6, 118.4, 107.1, 96.5, 82.7 (cage C),
61.9 (cage C), 53.2, 30.0, 23.0. ''B{'H} NMR (128 MHz, CDCl;): § —3.8 (2B),
-9.3 (2B), —11.8 (2B), —13.7 (4B). HRMS (EI) caled for C,,H}IBL°B,N*:
287.2678. Found 287.2676.

1-(1-Methyl-2,3-dihydro-3-methylene-2-indolyl)-o-carborane III-14: Colorless
oil. Yield: 25 %. '"H NMR (400 MHz, CDCl3): d 7.28 (d, J = 7.6 Hz, 1H), 7.20
(m, 1H), 6.79 (m, 1H), 6.61 (d, J = 8.0 Hz, 1H) (aromatic CH), 5.70 (d, J = 2.0 Hz,
1H), 5.08 (d, J = 1.6 Hz, 1H) (olefin CH), 4.39 (t, J = 2.0 Hz, 1H) (CH), 4.18
(br, 1H) (cage CH), 3.00 (s, 3H) (NCH;). "'B{'H} NMR (128 MHz, CDCls):
6 —3.8 (1B), —4.4 (1B), —8.6 (2B), —11.6 (2B), —14.1 (4B).

1-(1-Methyl-3-methyl-2-indolyl)-o-carborane III-Sel: White solid. 'H NMR
(400 MHz, CDCl5): 6 7.54 (d, J = 8.0 Hz, 1H), 7.30 (m, 2H), 7.17 (m, 1H) (aro-
matic CH), 4.78 (br, 1H) (cage CH), 3.96 (s, 3H) (NCH3), 2.50 (s, 3H) (CH3).
BC{'H} NMR (100 MHz, CDCl;): J 138.6, 127.8, 126.3, 124.5, 120.6, 119.3,
112.2, 110.1, 72.7 (cage C), 61.1 (cage C), 34.2, 12.1. ''B{'H} NMR (128 MHz,
CDCls): 6 —2.8 (2B), —=9.1 (3B), —10.6 (3B), —13.3 (2B). HRMS (EI) calcd for
C1,H}IBi"B,N": 287.2678. Found 287.2675.

Reaction of 1-Br-2-Li-o-carborane with 1-TMS-3-methyl-1H-indole under
Standard Conditions To an in situ-prepared suspension of 1-Br-2-Li-0-C,BgH;o
(1.0 mmol) in n-hexane (10 mL) was added 1-TMS-3-methyl-1H-indole (III-3ad)
(223.6 mg, 1.1 mmol) at room temperature. After stirring for 15 min at room
temperature, the resulting mixture was heated at 60 °C for 6 h and then quenched
by wet n-hexane. After removal of solvents in vacuo, the residue was examined by
"H NMR spectroscopy and then subjected to flash column chromatography on silica
gel (230400 mesh) using n-hexane/EtOAc as eluent to give the [2 + 2] cycload-
dition product III-4ad as major product (221.9 mg, 61.2 %) and an ene product
III-15 as minor product (83.2 mg, 24.4 %).

1-(1-Trimethylsilyl-3-methyl-2-indolyl)-o-carborane III-15: Data were collect
from the mixture of III-4ad and IT1I-15. Yield: 25 %. 'H NMR (400 MHz, CD,Cl,):
6734 (d, J = 7.2 Hz, 1H), 7.20 (d, J = 7.2 Hz, 1H), 6.86 (t, J = 7.2 Hz, 1H), 6.80
(m, 1H) (aromatic CH), 3.83 (br, 1H) (cage CH), 1.76 (s, 3H) (CHz), 0.33 (s, 9H)
(Si(CH3)3). *C{'H} NMR (100 MHz, CD,CL): § 154.3, 153.5, 147.3, 128.9,
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121.5, 120.9, 113.6, 108.1, 64.1 (cage C), 60.0 (cage C), 23.7, —0.4. '"B{"H} NMR
(128 MHz, CD,Cl,): 6 —2.8 (2B), =9.1 (3B), —10.6 (3B), —13.3 (2B).

Deuterium Experiments

(1) Reaction of 1-Br-2-Li-o-carborane with 3-Deutero-1-methylindole. To an
in situ-prepared suspension of 1-Br-2-Li-0-C,BgH ¢ (1.0 mmol) in n-hexane
(10 mL) was added 1.1 equiv of 3-deutero-1-methylindole III-3ea-d,
(91 %-D) at room temperature. After stirring for 15 min at room temperature,
the resulting mixture was heated at 60 °C for 6 h, and then, the inorganic salt
was removed by filtration and washed with n-hexane (5 mL X 3). The filtrate
was concentrate to about 3 mL, from which III-5ea-d; was precipitated out as
colorless crystals (213.1 mg, 78 %). After "H NMR analysis, 84 % deuterium
incorporation at cage C—H was obtained. However, the deuterium was labile
toward air and moisture as monitor by 'H and ?H NMR spectra.

(2) Reaction of 1-Br-2-Li-o-carborane with 1-Methylindole in cyclohexane-
dy;. To an in situ-prepared suspension of 1-Br-2-Li-0-C,BoH;( (1.0 mmol) in
cyclohexane-d;, (10 mL) was added 1.1 equiv of 1-methylindole III-3ea at
room temperature. After stirring for 15 min at room temperature, the resulting
mixture was heated at 60 °C for 6 h and then quenched by wet n-hexane. After
removal of solvents in vacuo, the residue was examined by 'H NMR spec-
troscopy and then subjected to flash column chromatography on silica gel
(230-400 mesh) using n-hexane/EtOAc as eluent to give desired product
III-Sea (224.0 mg, 82 %) with 0 % deuterium incorporation at cage H
(determined by crude "H NMR spectra).

(3) Reaction of 1-Br-2-Li-o-carborane with 1-Methylindole Quenching by
D,0. To an in situ-prepared suspension of 1-Br-2-Li-0-C,BoH; (1.0 mmol)
(1) in n-hexane (10 mL) was added 1.1 equiv of 1-methylindole III-3a at
room temperature. After stirring for 15 min at room temperature, the resulting
mixture was heated at 60 °C for 6 h and then quenched by D,0. After removal
of solvents in vacuo, the residue was examined by "H NMR spectroscopy and
then subjected to flash column chromatography on silica gel (230-400 mesh)
using n-hexane/EtOAc as eluent to give desired product III-Sea (229.5 mg,
84 %) with 0 % deuterium incorporation at cage H (determined by crude
"H NMR spectra).

Debenzylation of III-5g¢ with Aluminum Chloride To a benzene or anisole
solution (10 mL) of 1-benzyl-3-carboranyl-1H-indole ITI-5g (186.0 mg, 0.5 mmol)
was added aluminum chloride (266.7 mg, 2.0 mmol) at 0 °C. After stirring for 3 h,
the reaction mixture was quenched by water and extracted by EtOAc (10 mL X 3).
The organic layer was combined, washed by 5 % NaHCO; and brine. Then, it was
dried over MgSO,, and evaporated to dryness in vacuo; the residue was examined



Experimental Section 153

by "H NMR spectroscopy and then subjected to flash column chromatography on
silica gel (230—400 mesh) using n-hexane/EtOAc as eluent to give desired product
3-carboranyl-1H-indole III-5d (128.1 mg, 98 %).

Reaction of o-Carboryne with N, a-Diarylnitrones A THF solution (3 mL) of
phenyl[o-(trimethylsiyl)carboranyl]iodonium acetate (IV-1) (0.1 mmol) and N,
a-diarylnitrones (0.11 mmol) was stirred at 25 °C for 30 min in the presence of CsF
(0.2 mmol) to give a red orange solution. After quenching with wet n-hexane
(2 mL), the mixture was quickly passed through a short pad of silica gel to remove
the undissolved inorganic salts and washed with ether (3 mL X 3). After removal of
solvents in vacuo, the residue was analyzed by "H NMR spectroscopy and then
subjected to flash column chromatography on silica gel (230-400 mesh) using
n-hexane/EtOAc as eluent to give the products IV-4.

1,2-(4-Phenyl-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl)-o-carborane IV-4a:
Colorless oil. Yield: 78 %. 'H NMR (400 MHz, CDCls): ¢ 7.50 (s, 2H), 7.46
(d, J =28 Hz, 3H), 7.05 (t, J = 7.6 Hz, 1H), 6.99 (t, J = 8.0 Hz, 1H), 6.81
(d, J = 8.0 Hz, 1H), 6.63 (d, J = 8.0 Hz, 1H) (aromatic CH), 5.50 (s, IH) (CH), 4.24
(br, 1H) (NH). *C{'H} NMR (100 MHz, CDCl;): ¢ 144.6, 138.3, 137.3, 130.0,
129.2, 127.9, 127.3, 122.4, 121.1, 119.1, 102.6 (cage C), 82.0 (cage C), 63.8.
"B{'H} NMR (128 MHz, CDCl;): § —5.3 (1B), =9.7 (2B), —11.6 (2B), —13.2 (3B),
—15.4 (2B). HRMS (EI) calcd for C;sHA$B’BoNO*: 340.2602. Found 340.2600.
1,2-[4-(2-Chlorophenyl)-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl]-o-car-
borane IV-4b: Colorless oil. Yield: 67 %. '"H NMR (400 MHz, CDCl;): § 7.42
(m, 2H), 7.40 (m, 3H), 7.07 (d, J = 1.2 Hz, 1H), 6.99 (dd, J = 22.4, 8.0 Hz, 1H),
6.78 (t, J = 6.8 Hz, 1H), 6.64 (d, J = 8.0 Hz, 1H) (aromatic CH), 6.26 (s, 1H)
(CH), 4.29 (br, 1H) (NH). *C{'H} NMR (100 MHz, CDCls): ¢ 131.8, 131.2,
130.5, 130.3, 129.6, 129.3, 128.1, 127.5, 122.6, 122.2, 120.8, 118.9, 108.4, 68.4
(cage C), 58.0 (cage C). ""B{'H} NMR (128 MHz, CDCl;): 6 —4.8 (1B), —9.2
(2B), —11.1 (1B), —12.6 (3B), —14.9 (3B). HRMS (EI) caled for C;sH}3
Bi’B,NOCI*: 374.2213. Found 374.2211.
1,2-[4-(3-Chlorophenyl)-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl]-o-car-
borane IV-4¢: Colorless oil. Yield: 76 %. '"H NMR (400 MHz, CDCls): § 7.39
(m, 4H), 7.08 (t, J = 7.2 Hz, 1H), 7.04 (d, J = 1.2 Hz, 1H), 6.82 (td, J = 8.0,
1.2 Hz, 1H), 6.65 (dd, J = 8.0, 1.2 Hz, 1H) (aromatic CH), 5.46 (s, 1H) (CH), 4.17
(br, 1H) (NH). *C{'H} NMR (100 MHz, CDCl;): § 144.7, 139.1, 138.0, 135.2,
130.5, 130.2, 127.4, 126.2, 124.3, 122.4, 121.5, 119.3, 102.7 (cage C), 81.3 (cage
0), 63.3. ""B{'H} NMR (128 MHz, CDCl;): § —5.2 (1B), —9.6 (2B), —11.4 (2B),
—-12.9 (1B), —14.0 (2B), 15.3 (2B). HRMS (EI) calcd for C;sH}sBi’B,NOCI*:
374.2213. Found 374.2211.
1,2-[4-(4-Chlorophenyl)-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl]-o-car-
borane IV-4d: Colorless oil. Yield: 72 %. '"H NMR (400 MHz, CDCls): 6 7.45
(m, 4H), 7.04 (m, 1H), 6.99 (d, J = 8.0 Hz, 1H), 6.83 (t, J = 8.0 Hz, 1H), 6.85
(d, J = 8.0 Hz, 1H) (aromatic CH), 5.46 (s, 1H) (CH), 4.14 (br, 1H) (NH). *C{'H}
NMR (100 MHz, CDCl5): 6 144.7, 138.0, 136.0, 135.8, 129.5, 129.2, 127.4, 122.4,
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121.5, 119.3, 102.6 (cage C), 81.4 (cage C), 63.2. '"B{'H} NMR (128 MHz,
CDCl): § —5.0 (1B), —8.0 (1B), —9.4 (2B), —11.3 (2B), —12.8 (2B), —15.1 (2B).
HRMS (EI) caled for C;sHIsB{’B,NOCIT([M-H]"): 373.2133. Found 373.2136.
1,2-[4-(4-Bromophenyl)-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl]-o-car-
borane IV-de: Colorless oil. Yield: 75 %. '"H NMR (400 MHz, CD,Cl,): 6 7.62
(d, J=8.0Hz, 2H), 7.42 (d, J =8.0 Hz, 2H), 7.08 (t, J = 7.6 Hz, 1H), 7.00
(t, J = 8.0 Hz, 1H), 6.84 (t, J = 7.6 Hz, 1H), 6.70 (t, J = 7.6 Hz, 1H) (aromatic
CH), 5.48 (s, 1H) (CH), 4.29 (br, 1H) (NH). >*C{'H} NMR (100 MHz, CD,CL):
0 138.5, 136.6, 132.6, 131.4, 130.0, 128.7, 127.7, 122.5, 121.6, 119.7, 103.0 (cage
C), 82.0 (cage C), 63.5. ''"B{'H} NMR (128 MHz, CD,Cl,): § —5.0 (1B), —9.3
(2B), —11.3 (2B), —12.8 (3B), —15.1 (2B). HRMS (EI) caled for C,sH1sBZ°
B,NOBr*(IM-H]*"): 418.1623. Found 418.1625.
1,2-[4-(4-Fluorophenyl)-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl]-o-car-
borane IV-4f: Colorless oil. Yield: 68 %. '"H NMR (400 MHz, CDCls): § 7.62
(dd, J = 8.0 Hz, 2H), 7.15 (t, J = 8.4 Hz, 2H), 7.05 (t, J = 7.2 Hz, 1H), 6.99
(t,J = 8.0 Hz, 1H), 6.83 (t,J = 7.2 Hz, 1H), 6.65 (d, J = 8.0 Hz, 1H) (aromatic CH),
5.48 (s, 1H) (CH), 4.15 (br, 1H) (NH). *C{'H} NMR (100 MHz, CDCl5): 6 163.5
(Jop = 249.0 Hz), 144.7, 138.1, 133.3 (Jo_r = 3.0 Hz), 129.7 (Jc_r = 8.0 Hz),
127.3,122.4, 121.4, 119.3, 116.3 (Jo_p = 22.0 Hz), 102.6 (cage C), 81.7 (cage C),
63.1. ''B{'H} NMR (128 MHz, CDCl5): § —5.1 (1B), —8.0 (1B), —9.4 (1B), —11.3
(2B), —12.8 (3B), —15.1 (2B). HRMS (EI) calcd for C,sH20B’B,NOF*: 357.2534.
Found 357.2533.
1,2-[4-(4-Nitrophenyl)-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl]-o-carborane
IV-4g: Colorless oil. Yield: 31 %. '"H NMR (400 MHz, CD,Cl,): 6 7.49 (m, 4H),
7.08 (m, 1H), 6.99 (d, J = 1.2 Hz, 1H), 6.99 (d, J = 1.2 Hz, 1H), 6.83 (m, 1H),
6.70 (dd, J = 8.0, 1.2 Hz, 1H) (aromatic CH), 5.49 (s, 1H) (CH), 4.29 (br, 1H)
(NH). BC{'H} NMR (100 MHz, CD,Cl,): J 145.0, 138.5, 136.1, 136.0, 129.7,
129.6, 127.7, 122.5, 121.6, 119.7, 82.2 (cage C), 63.5, another cage C was not
observed. ''B{'H} NMR (128 MHz, CD,CL): 6 —5.0 (1B), —9.4 (2B), —11.3 (2B),
—12.8 (3B), —15.1 (2B). HRMS (EI) caled for C;sHi Bi*B,N,O5™ : 386.2531.
Found 386.2535.
1,2-[4-(4-Methylphenyl)-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl]-o-car-
borane IV-4h: Colorless oil. Yield: 82 %. '"H NMR (400 MHz, CDCls): ¢ 7.39
(d, J=17.6 Hz, 2H), 7.26 (d, J = 7.6 Hz, 2H), 7.04 (t, J = 8.0 Hz, 1H), 6.98
(d, J = 8.0 Hz, 1H), 6.79 (t, J = 8.0 Hz, 1H), 6.60 (m, 1H) (aromatic CH), 5.47
(s, 1H) (CH), 4.22 (br, 1H) (NH) 2.40 (s, 3H) (CH5). >*C{'H} NMR (100 MHz,
CDCly): 6 134.4, 131.8, 129.8, 127.8, 127.2, 125.7, 122.5, 122.4, 120.9, 119.0,
102.6 (cage C), 82.2 (cage C), 63.5, 23.1. ""B{'H} NMR (128 MHz, CDCl5):
6 —4.8 (1B), —9.2 (2B), —11.1 (2B), —12.6 (3B), —14.9 (2B). HRMS (EI) calcd for
C HABE’B,NO™: 353.2785. Found 353.2781.
1,2-[4-(4-Methoxyphenyl)-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl]-o-car-
borane IV-4i: Colorless oil. Yield: 77 %. '"H NMR (400 MHz, CDCls): 6 7.46
(br, 4H), 7.05 (m, 1H), 6.99 (d, J = 8.0 Hz, 1H), 6.83 (t, J = 8.0 Hz, 1H), 6.65
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(d, J = 8.0 Hz, 1H) (aromatic CH), 5.46 (s, 1H) (CH), 4.14 (br, 1H) (NH), 3.60
(s, 3H) (CH5). *C{'H} NMR (100 MHz, CDCly): § 144.7, 138.0, 136.0, 135.8,
129.5, 129.2, 127.4, 122.4, 121.5, 119.3, 102.7 (cage C), 81.4 (cage C), 63.2, 51.8.
B{'H} NMR (128 MHz, CDCl;): § —5.3 (1B), —9.7 (1B), —11.6 (2B), —13.2
(3B), —15.4 (3B). HRMS (EI) caled for C;sH)AB{B,NO,*: 371.2786. Found
371.2788.
1,2-[4-(3-Methoxyphenyl)-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl]-o-car-
borane IV-4j: Colorless oil. Yield: 77 %. '"H NMR (400 MHz, CDCl5): 6 7.50
(s, 1H), 7.46 (m, 3H), 6.87 (d, J = 9.6 Hz, 1H), 6.83 (s, 2H), 6.66 (d, J = 8.6 Hz,
1H) (aromatic CH), 5.30 (s, 1H) (CH), 4.05 (br, 1H) (NH), 3.87 (s, 3H) (CH5).
13C{'H} NMR (100 MHz, CDCly): § 143.1, 140.2, 139.1, 136.3, 134.8, 132.4,
128.9, 127.3, 125.4, 123.4, 123.0, 120.3, 103.7 (cage C), 82.3 (cage C), 64.3, 58.5.
"B{'H} NMR (128 MHz, CDCl;): § —4.8 (1B), —9.2 (1B), —11.1 (2B), —12.6 (3B),
~14.9 (3B). HRMS (EI) calcd for C1sH)BL’BoNO, ™ 371.2786. Found 371.2788.
1,2-[4-(2-Methoxyphenyl)-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl]-o-car-
borane IV-4k: Colorless oil. Yield: 71 %. '"H NMR (400 MHz, CDCls): 6 7.78
(d, J = 13.2 Hz, 2H), 7.26 (m, 2H), 7.13 (m, 1H), 7.08 (m, 1H), 6.79 (t, J = 8.0 Hz,
1H), 6.61 (d, J = 8.8 Hz, 1H) (aromatic CH), 5.47 (s, 1H) (CH), 4.29 (br, 1H)
(NH), 4.15 (s, 3H) (CH5). "*C{'H} NMR (100 MHz, CDCls): J 144.7, 141.5,
137.5, 136.1, 133.8, 130.5, 130.2, 126.3, 124.7, 123.8, 122.5, 121.6, 101.9
(cage C), 81.5 (cage C), 63.3, 48.8. '"B{'H} NMR (128 MHz, CDCl;): 6 —4.9
(1B), 9.2 (1B), —11.2 (2B), —12.7 (3B), —14.9 (3B). HRMS (EI) calcd for
Ci6HAIBB,NO, ™ @ 371.2786. Found 371.2788.
1,2-[4-(2-Bromo-4-chlorophenyl)-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl]-
o-carborane IV-4l: Colorless oil. Yield: 63 %. '"H NMR (400 MHz, CDCls): 6 7.56
(d, J = 7.6 Hz, 1H), 7.25 (m, 2H), 7.03 (t, J = 8.8 Hz, 1H), 6.99 (d, J = 8.0 Hz,
1H), 6.77 (m, 1H), 6.61 (d, J = 8.8 Hz, 1H) (aromatic CH), 5.60 (s, 1H) (CH), 4.63
(br, 1H) (NH). BC{'H} NMR (100 MHz, CDCl,): 6 144.8, 135.2, 133.8, 131.4,
128.0, 127.4, 126.3, 125.7, 124.0, 122.8, 121.9, 120.7, 102.7 (cage C), 81.3
(cage C), 66.6. '"B{"H} NMR (128 MHz, CDCl5): § 4.9 (1B), 9.2 (1B), —11.2
(2B), —12.7 (3B), —15.0 (3B). HRMS (EI) caled for C;sHIiB{’B,NOCIBr" :
453.1396. Found 453.1399.
1,2-(4-Phenyl-8-methoxy-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl)-o-carbor-
ane IV-4m: Colorless oil. Yield: 84 %. 'H NMR (400 MHz, CDCl3): ¢ 7.50
(d, J = 12.4 Hz, 2H), 7.25 (m, 3H), 6.99 (d, J = 8.0 Hz, 1H), 6.79 (t, J = 8.0 Hz,
1H), 6.61 (d, J = 8.8 Hz, 1H) (aromatic CH), 5.39 (s, 1H) (CH), 4.22 (br, 1H)
(NH), 4.04 (s, 3H) (CH5). *C{'H} NMR (100 MHz, CDCls): J 135.2, 131.4,
130.3, 127.4, 124.9, 124.2, 123.4, 122.4, 121.6, 119.3, 102.3 (cage C), 81.6
(cage C), 62.9, 52.5. "'"B{'H} NMR (128 MHz, CDCls): 6 —4.8 (1B), —=9.1 (2B),
—11.1 (2B), —12.7 (1B), —13.4 (2B), —14.9 (2B). HRMS (EI) calcd for C;sHJ}
Bi"BoNO, ™ : 371.2786. Found 371.2788.
1,2-(4-Phenyl-8-methyl-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl)-o-carbor-
ane IV-4n: Colorless oil. Yield: 78 %. 'H NMR (400 MHz, CDCl;): & 7.50
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(m, 2H), 7.45 (d, J = 2.4 Hz, 3H), 6.87 (d, J = 8.0 Hz, 1H), 6.82 (s, 1H), 6.56
(d, J = 8.0 Hz, 1H) (aromatic CH), 5.38 (s, 1H) (CH), 4.08 (br, 1H) (NH), 2.27
(s, 3H) (CH5). *C{'H} NMR (100 MHz, CDCl5): § 144.9, 137.7, 135.6, 131.6,
129.9, 129.1, 127.9, 127.8, 122.5, 119.4, 102.9 (cage C), 82.0 (cage C), 64.2, 20.4.
B{'H} NMR (128 MHz, CDCl;): é —5.3 (IB), —9.7 (2B), —11.6 (2B),
—13.2 3B), —15.4 (2B). HRMS (EI) calcd for C;sH3AB{’B,NO™: 353.2785. Found
353.2782.
1,2-(4-Phenyl-8-chloro-2,3.4,5-tetrahydro-1,5-benzoxazepin-3,4-yl)-o-carborane
IV-40: Colorless oil. Yield: 70 %. '"H NMR (400 MHz, CD,Cl,): d 7.50 (m, 2H),
7.48 (m, 3H), 7.05 (m, 2H), 6.62 (d, J = 8.4 Hz, 2H) (aromatic CH), 5.52 (s, 1H)
(CH), 4.44 (br, 1H) (NH). *C{'H} NMR (100 MHz, CD,Cl,): 6 137.6, 137.1,
130.4, 129.5, 128.2, 127.7, 127.6, 124.9, 122.7, 120.1, 102.4 (cage C), 82.4 (cage
0), 64.8. ''B{'H} NMR (128 MHz, CD,CL,): § —5.1 (1B), —8.0 (1B), —9.4 (1B),
-11.3 (2B), —12.8 (3B), —15.1 (2B). HRMS (EI) calcd for C;sHIJB{°B,NOCI ™
374.2213. Found 374.2211.
1,2-(4-Phenyl-8-trifluoromethyl-2,3.4,5-tetrahydro-1,5-benzoxazepin-3,4-yl)-o-
carborane IV-4p: Colorless oil. Yield: 63 %. "H NMR (400 MHz, CD,Cl,): d 7.47
(d, J = 84 Hz, 1H), 7.42 (d, J = 8.4 Hz, 1H), 7.33 (m, 2H), 7.26 (m, 3H), 7.00
(d, J = 6.8 Hz, 1H) (aromatic CH), 5.96 (s, 1H) (CH), 4.18 (br, 1H) (NH). *C{'H}
NMR (100 MHz, CD,CL): & 141.3, 134.3, 131.8 (d, *Jor = 9.2 Hz), 129.6
(d, 2Jo_r = 15.5 Hz), 128.4 (d, *Jcp = 9.3 Hz), 126.5 (d, *Jc_r = 3.5 Hz), 125.8
(d, Je_p = 3.7 Hz), 124.6, 122.1 (d, *J_p = 8.9 Hz), 125.8 (q, 'Je_p = 212.0 Hz),
105.0, 68.3 (cage C), 60.7 (cage C). ''B{'H} NMR (128 MHz, CD,Cl,):  —5.1
(1B), —8.0 (1B), 9.4 (1B), —11.3 (2B), —12.8 (3B), —15.1 (2B). HRMS (EI) calcd
for C1sH!IBL"B,NOF;*: 408.2476. Found 408.2470.
1,2-(4-Phenyl-8-nitro-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl)-o-carborane
IV-4q: Colorless oil. Yield: 45 %. "H NMR (400 MHz, CD,Cl,): § 7.88 (m, 2H),
749 (d, J=24Hz, 1H), 745 (d, J=24Hz, 2H), 729 (m, 1H), 7.16
(d, J = 7.2 Hz, 1H), 6.72 (d, J = 8.4 Hz, 1H) (aromatic CH), 5.27 (s, 1H) (CH),
4.44 (br, 1H) (NH). *C{'H} NMR (100 MHz, CD,CL): § 137.6, 137.1, 130.4,
129.5, 128.2, 127.7, 127.6, 124.9, 122.7, 120.1, 102.4 (cage C), 82.4 (cage C),
64.8. ""B{'H} NMR (128 MHz, CD,CL,): d —6.6 (1B), —10.9 (1B), —12.8 (2B),
—14.5 (2B), —15.2 (2B), —16.7 (2B). HRMS (EI) calcd for C;sH)}Bi"BoN,O5
386.2531. Found 386.2534.
1,2-[4-(Pyridin-3-yl)-8-nitro-2,3,4,5-tetrahydro-1,5-benzoxazepin-3,4-yl]-o-car-
borane IV-4r: Colorless oil. Yield: 51 %. '"H NMR (400 MHz, CD,Cl,): § 9.01
(1H), 8.74(s, 1H), 8.28 (d, J = 8.0 Hz, 1H), 7.90 (d, J = 8.0 Hz, 1H), 7.11 (m, 1H),
7.02 (d, J = 8.0 Hz, 1H), 6.88 (m, J=7.2 Hz, 1H), 6.72 (d, J = 8.0 Hz, 1H)
(aromatic CH), 5.54 (s, 1H) (CH), 4.31 (br, 1H) (NH). *C{'H} NMR (100 MHz,
CD,Cly): § 157.8, 152.4, 151.7, 151.2, 149.7, 135.4, 135.3, 127.8, 126.8, 124.3,
124.2, 62.1, two cages C were not observed. ''B{'H} NMR (128 MHz, CD,Cl,):
6 —4.8 (1B), =9.2 (2B), —11.1 (2B), —12.6 (2B), —14.9 (3B). HRMS (EI) calcd for
C14HLBIB,N,O": 342.2633. Found 342.2633.
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Preparation of 3-Diazonium-o-carborane Tetrafluoroborate (V-1)

Method A: Starting from 3-amino-o-carborane and NOBF, To an anhydrous
acetonitrile solution (3 mL) of 3-amino-o-carborane (477.0 mg, 3.0 mmol) was
added NOBF, (420.5 mg, 3.9 mmol) at —30 °C, and the reaction mixture was
stirred at —15 °C for 1.5 h. Dry ether (5 mL) was then added at —10 °C to the
reaction mixture from which V-1 was precipitated out. Compound V-1 was col-
lected as a white solid (342.6 mg, 45 %) by filtration and washed by dry ether
(3 mL X 3).

Method B: Starting from 3-amino-o-carborane and NOF generated in situ'

To an ether solution (10 mL) of boron trifluoride diethyl etherate (0.92 mL,
7.5 mmol) was added 3-amino-o-carborane (795.0 mg, 5.0 mmol) at —15 °C.
tert-Butyl nitrite (0.618 g. 6.0 mmol) in 5 mL of ether was then added dropwise to
the rapidly stirred reaction solution over 10 min. The reaction mixture was allowed
to stir at 5 °C for 1 h, from which V-1 was precipitated out. Compound V-1 was
collected as a white solid (888.3 mg, 70 %) by filtration and washed by dry ether
(5 mL X 3).

3-Diazonium-o-carborane tetrafluoroborate V-1: Since V-1 was slowly decom-
posed at room temperature, the elemental analysis data and '*C NMR spectrum
were unable to be collected. 'H NMR (400 MHz, CD3CN): 6 5 26 (br, 2H) (cage
CH). ''"B{'H} NMR (128 MHz, CD;CN): § —0.7 (1B, BF4), —0.8 (2B), —5.5 (1B),
-84 (1B), —11.5 (2B), —12.4 (3B), —15.5 (1B). '’F NMR (376 MHz, CD;CN):
0 —150.2 (s, 4F).

1,3-Dehydro-o-carborane Generated by "BuLi To a suspension of V-1
(51.6 mg, 0.2 mmol) in benzene (1 mL) was added "BuLi (0.125 mL, 0.2 mmol,
1.6 M in hexane) at room temperature. The resulting mixture was stirred at room
temperature for 10 min and quenched by wet n-hexane. After removal of solvents
in vacuo, the residue was examined by 'H NMR spectrum and then subjected to
flash column chromatography on silica gel (230-400 mesh) using n-hexane as
eluent to give V-3a (16.7 mg, 38 %) as colorless crystals.

1,3-Dehydro-o-carborane Generated by Non-nucleophilic Bases To a mixture
of V-1 (51.6 mg, 0.2 mmol) and non-nucleophilic base (0.2 mmol) was added
benzene (1 mL) under an atmosphere of dry argon. The resulting mixture was
stirred at room temperature for 10 min and quenched by wet n-hexane. After
removal of solvents in vacuo, the residue was examined by "H NMR spectrum and
then subjected to flash column chromatography on silica gel (230—400 mesh) using
n-hexane as eluent to give V-3 as colorless crystals.

Representative Procedure for the Reaction of 1,3-Dehydro-o-carborane with
Arenes To a mixture of V-1 (51.6 mg, 0.2 mmol) and LDA (0.2 mmol) was added
arene V-2 (8.0 mmol) under an atmosphere of dry argon. The resulting mixture was
stirred at room temperature for 10 min and quenched by wet n-hexane. After
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removal of solvents in vacuo, the residue was examined by "H NMR spectrum and
then subjected to flash column chromatography on silica gel (230-400 mesh) using
n-hexane as eluent to give the desired products V-3/V-4.

1,3-(2,5-Cyclohexadiene-1,4-diyl)-o-carborane V-3a: Yield: 72 %. Colorless
crystals. "H NMR (400 MHz, CDCl5): d 6.83 (m, 2H), 6.37 (t, J = 6.4 Hz, 1H),
6.26 (t, J = 6.8 Hz, 1H) (olefinic CH), 4.07 (t, J = 6.0 Hz, 1H) (CH), 3.85 (br, 1H)
(cage CH), 3.64 (t, J = 6.0 Hz, 1H) (BCH). *C{'H} NMR (100 MHz, CDCls):
0 143.3, 142.7, 134.4, 132.6, 82.0 (cage C), 70.8 (cage C), 45.2, 34.8. ''B{'H}
NMR (128 MHz, CDCl3): 6 —3.5 (1B), —4.9 (1B), —6.4 (1B), —7.6 (1B), —10.3
(2B), —12.3 (1B), —14.6 (2B), —16.2 (1B). Anal. Calcd for CgH;¢Bo: C, 43.61;
H, 7.32. Found: C, 43.65; H, 7.42. HRMS (EI) calcd for CsH]B{’B,* 220.2254.
Found 220.2250.

1,3-(1,2,3.4,5,6-F¢-2,5-cyclohexadiene-1,4-diyl)-o-carborane V-3b: Yield: 25 %.
White solid. Slowly decomposed at room temperature. "H NMR (400 MHz, CDCl5):
8 4.12 (br, 1H) (cage CH). "*C{'H} NMR (100 MHz, CDCl;): 6 72.4 (cage C),
the olefinic C, the bridged C connected to the cage B atom, and another cage C were
not observed. ''B{'H} NMR (128 MHz, CDCl5): 6 —0.3 (1B), 3.5 (1B), —4.8 (1B),
—7.0 (1B), =9.5 (2B), —12.5 (1B), —14.5 (3B). '’F NMR (376 MHz, CD;CN):
0—143.2 (s, 1F),—143.5 (s, 1F), —151.6 (s, 1F), —153.4 (s, 1F), —176.6 (s, 1F),—192.1
(s, IF). HRMS (EI) calcd for CgH| BB, F 328.1689. Found 328.1693.

1,3-(2-Fluoro-2,5-cyclohexadiene-1,4-diyl)-o-carborane V-3ca or V-3cd: Yield:
13 %. White solid. '"H NMR (400 MHz, CDCl;): J 6.82 (t, J = 6.4 Hz, 1H),
6.46 (t, J = 5.6 Hz, 1H), 5.48 (m, 1H) (olefinic CH), 4.01 (br, 1H) (cage CH),
3.93 (dd, J = 10.0, 5.6 Hz, 1H) (CH), 3.45 (m, 1H) (BCH). *C{'H} NMR
(100 MHz, CDCl3): 6 139.9, 136.4, 104.8 (d, Jc_g = 14.0 Hz), 70.7 (cage C), 43.5
(d, Jc_g = 6.0 Hz), the olefinic C connected to the F atom, the bridged C connected
to the cage B atom and another cage C were not observed. ''B{'H} NMR
(128 MHz, CDCl3): 6 —2.8 (1B), —4.4 (1B), —5.8 (1B), —8.0 (1B), —9.4 (1B),
—10.2 (1B), —12.2 (1B), —14.0 (2B), —15.8 (1B). HRMS (EI) calcd for CgH}é
B4’B,"F 238.2160. Found 238.2162.

1,3-(1-Fluoro-2,5-cyclohexadiene-1,4-diyl)-o-carborane V-3cc: Yield: 22 %.
White solid. "H NMR (400 MHz, CDCl5): 6 6.75 (m, 2H), 6.42 (t, J = 9.2 Hz, 1H),
6.34 (t, J = 9.2 Hz, 1H), (olefinic CH), 3.90 (br, 1H) (cage CH), 3.45 (m, 1H)
(BCH). *C{'H} NMR (100 MHz, CDCls): 6 140.5 (d, Jor = 9.0 Hz), 140.3
(d, Je_p = 9.0 Hz), 1344 (d, Jc_g = 27.0 Hz), 104.9 (d, Jc_r = 26.0 Hz), 100.1
(d, Jc_g = 207.0 Hz), 71.0 (cage C), the bridged C connected to the cage B atom
and another cage C were not observed. B{'H} NMR (128 MHz, CDCl5): 6 —2.2
(1B), —4.7 (1B), —6.1 (1B), —8.4 (1B), —9.4 (1B), —10.4 (1B), —13.1 (1B), —14.9
(2B), —16.2 (1B). HRMS (EI) calcd for CsH}!BL"B, "F 238.2160. Found 238.2167.

1,3-(2,3-Dichloro-2,5-cyclohexadiene-1,4-diyl)-o-carborane V-3ea or V-3ed:
Yield: 19 %. White solid. "H NMR (400 MHz, CDCl5): 6 6.87 (t, J = 6.8 Hz, 1H),
6.44 (d, J = 6 Hz, 1H) (olefinic CH), 4.11 (d, J = 6.4 Hz, 1H) (CH), 3.68
(d, J = 6.8 Hz, 1H) (BCH), 3.51 (br, 1H) (cage CH). >*C{'H} NMR (100 MHz,
CDCl3): 0 141.0, 140.8, 133.3, 129.8, 81.6 (cage C), 70.2 (cage C), 53.0, 42.4.
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B{'H} NMR (128 MHz, CDCl5): 6 —3.0 (1B), —4.9 (1B), —6.2 (1B), —7.6 (1B),
-9.5 (1B), —=10.6 (1B), —12.8 (1B), —14.0 (2B), —14.5 (1B), —16.0 (1B). HRMS
(EI) caled for CsH}}B4"B, " Cl, 288.1475. Found 288.1471.
1,3-(1,2-Dichloro-2,5-cyclohexadiene-1,4-diyl)-o-carborane V-3eb or V-3ec:
Yield: 23 %. White solid. '"H NMR (400 MHz, CDCls): ¢ 6.81 (m, 2H), 6.35
(d, J = 6.8 Hz, 1H) (olefinic CH), 3.90 (br, 1H) (cage CH), 3.57 (m, 1H) (BCH).
BC{'H} NMR (100 MHz, CDCls): 6 141.6, 139.0, 137.3, 132.6, 84.8, 71.9 (cage
(), the bridged C connected to the cage B atom and another cage C were not
observed. '"B{'H} NMR (128 MHz, CDCl;): § —2.5 (1B), —4.8 (1B), —5.3 (I1B),
—6.8 (1B), =9.0 (1B), —10.1 (1B), —12.3 (1B), —13.7 (1B), —14.3 (1B), —16.0 (1B).
HRMS (EI) caled for CsH]iBg"B,"Cly: 288.1475. Found 288.1479.
1,3-(2-Trifluoro-2,5-cyclohexadiene-1,4-diyl)-o-carborane V-3fa or V-3fb:
Yield: 32 %. White solid. '"H NMR (400 MHz, CDCls): § 7.28 (m, 1H), 6.92
(t, J = 6.8 Hz, 1H), 6.48 (t, J = 6.4 Hz, 1H) (olefinic CH), 4.27 (d, J = 6.8 Hz,
1H) (CH), 3.78 (t, J = 6.4 Hz, 1H) (BCH), 3.53 (br, 1H) (cage CH). *C{'H} NMR
(100 MHz, CDCls): 6 146.1, 142.7, 133.8, 122.5 (q, Je_r = 267.9 Hz), 80.0 (cage
0), 69.7 (cage C), 44.2, 34.1, the olefinic C connected to the C atom was not
observed 'B{'H} NMR (128 MHz, CDCl;): d —3.1 (1B), —4.4 (1B), —6.3 (I1B),
—7.9 (1B), =9.5 (1B), —10.0 (1B), —12.2 (1B), —13.7 (1B), —14.6 (1B), —15.7 (1B).
HRMS (EI) caled for CoH|B4’B, " F; 288.2128. Found 288.2123.
1,3-(6-Trifluoro-2,5-cyclohexadiene-1,4-diyl)-o-carborane V-3fa or V-3fb:
Yield: 20 %. White solid. '"H NMR (400 MHz, CDCls): § 7.31 (m, 1H), 6.88
(m, 1H), 6.36 (m, 1H) (olefinic CH), 4.22 (m, 1H) (CH), 3.81 (br, 1H) (cage CH),
3.78 (1H) (BCH) (overlapped). ">C{'H} NMR (100 MHz, CDCl5): ¢ 146.0, 143.2,
132.0, 122.8 (q, Je_r = 261.0 Hz) 80.0 (cage C), 70.3 (cage C), 44.2, 34.0, the
olefinic C connected to the C atom was not observed ''B{'"H} NMR (128 MHz,
CDCl;): § =3.1 (1B), —4.3 (1B), —6.6 (1B), —8.3 (1B), —9.6 (1B), —10.3 (1B),
-11.9 (1B), —14.4 (2B), —16.0 (1B). HRMS (EI) caled for CoH|:Bi"B,"F;
288.2128. Found 288.2125.
3-(2-Methylphenyl)-o-carborane V-4i: Yield: 27 %. Colorless oil. '"H NMR
(400 MHz, CDCl;): § 7.37 (d, J = 7.6 Hz, 1H), 7.30 (t, J = 7.2 Hz, 1H), 7.20
(m, 2H) (aromatic CH), 3.83 (br, 2H) (cage CH), 2.67 (s, 3H) (CH3). *C{'H} NMR
(100 MHz, CDCl5): 6 143.9, 134.0, 131.6, 129.8, 125.8, 57.0 (cage C), 23.7, the
aromatic C connected to the B atom was not observed ''B{'H} NMR (128 MHz,
CDCl;): 6 —2.7 (2B), =5.4 (1B), —8.7 (1B), —11.8 (1B), —12.7 (2B), —13.6 (2B),
—14.5 (1B). HRMS (EI) calcd for CoH}{Bi"B, " 232.2250. Found 232.2247.
3-(2,3-Dimethylphenyl)-o-carborane V-4j: Yield: 39 %. Colorless crystals.
"H NMR (400 MHz, CDCl;): § 7.19 (m, 2H), 7.08 (t, J = 7.6 Hz, 1H) (aromatic
CH), 3.82 (br, 2H) (cage CH), 2.61 (s, 3H), 2.32 (s, 3H) (CH;). >C{'H} NMR
(100 MHz, CDCl5): d 143.0, 137.9, 131.7, 131.4, 125.5, 57.3 (cage C), 21.3, 19.1,
the aromatic C connected to the cage B atom was not observed ''B{'H} NMR
(128 MHz, CDCl5): § —2.8 (2B), —5.2 (1B), —8.7 (1B), —12.1 (1B), —12.8 (2B),
—-13.8 (2B), —14.7 (1B). HRMS (EI) calcd for C;oH3 Bi’B," 248.2568. Found
248.2560.
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3-(2,6-Dimethylphenyl)-o-carborane V-4ka: '"H NMR (400 MHz, CDCli): 6
7.25 (m, 2H), 7.17 (m, 1H) (aromatic CH), 4.10 (br, 2H) (cage CH), 2.68 (s, 6H)
(CHs). C{'H} NMR (100 MHz, CDCly): § 144.2, 134.1, 129.2, 57.3 (cage C),
25.9, the aromatic C connected to the cage B atom was not observed.

3-(2,4-Dimethylphenyl)-o-carborane  V-4kb: 'H NMR (400 MHz, CDCls):
0 7.01 (m, 2H), 7.00 (d, J = 8.0 Hz, 1H) (aromatic CH), 3.81 (br, 2H) (cage CH),
2.63 (s, 3H), 2.33 (s, 3H) (CH;). *C{'H} NMR (100 MHz, CDCls): J 143.8,
139.9, 132.5, 130.6, 126.6, 57.0 (cage C), 23.6, 21.2, the aromatic C connected to
the cage B atom was not observed.

3-(2,5-Dimethylphenyl)-o-carborane V-4l: Yield: 41 %. Colorless oil. '"H NMR
(400 MHz, CDCls): 6 7.15 (s, 1H), 7.12 (m, 2H) (aromatic CH), 3.84 (br, 2H)
(cage CH), 2.62 (s, 3H), 2.32 (s, 3H) (CH5). "*C{'H} NMR (100 MHz, CDCl):
0 140.7, 135.0, 134.7, 131.6, 130.5, 57.0 (cage C), 23.2, 21.1, the aromatic
C connected to the cage B atom was not observed 11B{]H} NMR (128 MHz,
CDCl3): 6 —3.1 (2B), —5.7(1B), —9.0 (1B), —12.4 (1B), —13.1 (2B), —14.0 (2B),
~14.9 (1B). HRMS (EI) calcd for CjoH)\Bi"B, " 248.2568. Found 248.2564.

3-(2,4,6-Trimethylphenyl)-o-carborane V-4m: Yield: 69 %. Colorless crystals.
'"H NMR (400 MHz, CDCl3): § 6.94(s, 2H), (aromatic CH), 4.01 (br, 2H)
(cage CH), 2.67 (s, 6H), 2.31 (s, 3H) (CH5). "*C{'H} NMR (100 MHz, CDCl5):
0 144.2,139.1, 131.6, 125.0, 56.3 (cage C), 25.8, 20.8. ''B{'H} NMR (128 MHz,
CDCls): 6 —3.2 (3B), —4.7 (1B), —7.6 (1B), —11.2 (1B), —12.8 (2B), —13.9 (2B).
HRMS (EI) caled for Cy H3 B"B,™ 262.2725, Found 262.2726.

(1,3-Dimethyl-5-methylene-1,3-cyclohexadien-6-yl)-o-carborane V-IM-4m:
"H NMR (400 MHz, CDCls): d 5.65 (s, 1H), 5.58 (s, 1H), 4.73 (brs, 1H), 4.53
(brs, 1H) (olefinic CH), 3.56 (br, 1H), 3.49 (br, 1H) (cage CH), 3.04 (s, 1H) (CH),
1.98 (s, 3H), 1.74 (s, 3H) (CH5).

1,3-(1,3,5-Hexatriene-1,6-diyl)-o-carborane V-5a: Colorless crystals. 'H NMR
(400 MHz, CDCl5): 6 6.43 (d, J = 10.0 Hz, 1H), 6.01 (dd, J = 12.0, 3.6 Hz, 1H),
5.92 (m, 2H), 5.80 (d, J = 12.4 Hz, 1H), 5.69 (dd, J = 12.4, 4.0 Hz, 1H) (olefinic
CH), 5.16 (br, 1H) (cage CH). "*C{'H} NMR (100 MHz, CDCl5): § 139.7, 132.7,
131.7, 126.3, 126.2, 73.2 (cage C), the olefinic C connected to the cage B atom and
another cage C were not observed. ''B{'H} NMR (128 MHz, CDCl;): § —2.6 (1B),
—4.8 (2B), =7.6 (1B), —9.8 (2B), —10.6 (1B), —11.2 (1B), —12.0 (1B), —12.8 (1B).
Anal. Calcd for CgH B o: C, 43.61; H, 7.32. Found: C, 43.69; H, 7.38. HRMS (EI)
caled for CsH}B"B,™ (IM-HJ"): 219.2175. Found 219.2176.

General Procedure for Pyrolysis of Cycloadducts

Pyrolysis of V-3a and V-5a A glass tube sealed with V-3a or V-5a (10.0 mg,
0.045 mmol) under vacuum was heated at 250 °C for 4 h or 6 h in a muffle furnace.
After cooling to room temperature, the reaction mixture was examined by 'H and
"'B NMR spectra and then subjected to flash column chromatography on silica gel
(230-400 mesh) using n-hexane as eluent to give the desired product.
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Procedure for Pyrolysis of Cycloadducts V-3a in Mesitylene Solution A glass
tube sealed with a mesitylene (V-2m) solution (0.25 mL) or V-3a (10.0 mg,
0.045 mmol) was heated at 250 °C for 6 h in a muffle furnace. After cooling to
room temperature and removal of solvent, the residue was examined by 'H and
"'B NMR spectra and then subjected to flash column chromatography on silica gel
(230-400 mesh) using n-hexane as eluent to give V-4a (9.8 mg, 98 %) as colorless
crystals.

General Procedure for Synthesis of B(3)-substituted Carboranyl Alkenes.
A Representative Procedure To a mixture of 3-Diazonium-o-carborane tetraflu-
oroborate (VI-3) (51.6 mg, 0.2 mmol) and LDA (21.4 mg, 0.2 mmol) was added
alkene VI-4 (1.0 mmol) in n-hexane (2 mL) at —30 °C under an atmosphere of dry
argon. The resulting mixture was then stirred at room temperature for 10 min and
quenched by wet n-hexane. After removal of the solvent in vacuo, the residue was
examined by '"H NMR spectrum and then subjected to flash column chromatog-
raphy on silica gel (230-400 mesh) using n-hexane as eluent to give the desired
product VI-S.

3-(2,3-Dimethyl-1-buten-3-yl)-o-carborane VI-5a: Colorless crystals. Yield:
92 %. "H NMR (400 MHz, CDCl5): 6 4.81 (s, 1H), 4.65 (s, 1H) (olefinic CH), 3.32
(br, 2H) (cage CH), 1.83 (s, 3H), 1.32 (s, 6H) (CH5). >C{'H} NMR (100 MHz,
CDCls): 8 153.7, 109.8, 56.2 (cage C), 28.8 22.5. ""B{'H} NMR (128 MHz,
CDCl): 0 —2.8 (2B), —4.8 (1B), =9.2 (1B), —12.9 (3B), —14.1 (3B). HRMS (EI)
caled for CgHézBéoBer: 226.2731. Found 226.2727.

3-(4-Methyl-2-penten-1-yl)-o-carborane VI-Sb: Colorless oil. It was isolated as
an inseparable mixture of E/Z isomers (2.6:1). Yield: 87 %. Note: '"H NMR was
reported as observed, and distinction of isomers was made where possible. '"H NMR
(400 MHz, CDCl3): ¢ 5.37-5.34 (major, m, 1.1H), 5.26-5.23 (minor, m, 0.46H)
(olefinic CH), 3.36 (br, 2H) (cage CH), 2.55-2.53 (minor, m, 0.7H), 2.29-2.22
(major, m, 1.1H), 1.98-2.01 (minor, m, 1.0 H), 1.92-1.91 (major, m, 1.4H),
0.97-0.93 (m, 7.0H). "*C{'H} NMR (100 MHz, CDCl5): § 139.5, 124.1, 56.1
(cage C), 30.0, 22.9. "'B{'H} NMR (128 MHz, CDCl;): 6 —1.4 (2B), —3.6 (1B),
=7.7 (1B), —11.4 (3B), —12.7 (3B).

3-(2-Ethyl-2-buten-1-yl)-o-carborane VI-Sc¢: Colorless oil. It was isolated as an
inseparable mixture of E/Z isomers (1:1.7). Yield: 97 %. Note: '"H NMR was
reported as observed, and distinction of isomers was made where possible. '"H NMR
(400 MHz, CDCl3): 6 5.23 (major, q, J = 6.4 Hz, 0.7H), 5.05 (minor, q, J = 6.4 Hz,
0.3H) (olefinic CH), 3.34 (br, 2H) (cage CH), 2.21-1.96 (m, 4.7H), 1.58
(d, J = 6.8 Hz, 2.8H), 1.03-0.97 (m, 2.8H). *C{'H} NMR (100 MHz, CDCl;):
5 118.8, 116.9, 56.4 (cage C), 56.2 (cage C), 31.4,24.2, 14.3, 12.8, 12.7. ''B{'H}
NMR (128 MHz, CDCls): 6 —2.9 (2B), —=5.0 (1B), =9.2 (1B), —12.8 (3B), —14.2
(3B). NOESY spectrum confirmed the identity of the major isomer to be Z-isomer.

3-(1-Cyclohexen-1-ylmethyl)-o-carborane VI-5d: Colorless oil. Yield: 93 %.
"H NMR (400 MHz, CDCls): 6 5.30 (s, 1H) (olefinic CH), 3.36 (br, 2H) (cage CH),
2.00 (d, J=6.0 Hz, 4H), 1.88 (s, 2H), 1.63-1.59 (m, 4H). *C{'H} NMR
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(100 MHz, CDCl5): 6 136.9, 121.8, 56.5 (cage C), 30.3, 25.4, 23.1, 22.4. ""B{'H}
NMR (128 MHz, CDCl5): § —2.8 (2B), —4.8 (1B), =9.2 (1B), —12.9 (3B), —14.1
(3B). HRMS (EI) calcd for CoH3 BB, T: 238.2837. Found 238.2839.

3-(2-Isopropyl-2-propen-3-yl)-o-carborane VI-Sea: Colorless oil. Yield: 63 %.
"H NMR (400 MHz, CDCl5): § 4.76 (s, 1H), 4.56 (s, 1H) (olefinic CH), 3.37
(br, 2H) (cage CH), 2.26-2.19 (m, 1H), 2.05 (d, J=8.0 Hz, 2H), 1.05
(d, J = 6.4 Hz, 6H). *C{'H} NMR (100 MHz, CDCl5): 6 107.0, 56.4 (cage C),
34.2, 29.8, another olefinic C was not observed. 11B{IH} NMR (128 MHz,
CDCls): 6 —1.4 (2B), —3.6 (1B), —7.7 (1B), —11.4 (3B), —12.7 (3B). HRMS (EI)
caled for CsH)BA"B,™: 226.2731. Found 226.2730.

3-(2,3-Dimethyl-2-buten-1-yl)-o-carborane VI-Seb: Colorless oil. Data were
collect from the mixture of VI-Sea and VI-5eb. Yield: 31 %. 'H NMR (400 MHz,
CDCls): § 3.34 (br, 2H) (cage CH), 1.91 (s, 2H), 1.70 (s, 3H), 1.65 (d, J = 3.2 Hz,
6H). '*C{'H} NMR (100 MHz, CDCl5): 6 107.0, 56.1 (cage C), 31.1, 21.9, another
olefinic C was not observed. ''B{'H} NMR (128 MHz, CDCl;): § —1.4 (2B), —3.6
(1B), =7.7 (1B), —11.4 (3B), —=12.7 (3B).

3-(Cyclopenten-3-yl)-o-carborane VI-5f: Colorless oil. Yield: 83%. 'H NMR
(400 MHz, CDCl3): 6 5.78 (d, J = 2.8 Hz, 1H), 5.66 (d, J = 3.2 Hz, 1H) (olefinic
CH), 3.39 (br, 2H) (cage CH), 2.40-2.34 (m, 2H), 2.27-2.20 (m, 1H), 1.90-1.86
(m, 2H). "*C{'H} NMR (100 MHz, CDCl5): 6 133.3, 131.0, 55.9 (cage C), 55.7
(cage C), 32.9, 29.8. "'B{'H} NMR (128 MHz, CDCls): 6 —2.8 (2B), —4.8 (1B),
-9.2 (1B), —12.9 (3B), —14.1 (3B). HRMS (EI) calcd for C;HI{BL"B, *: 210.2306.
Found 210.2303.

3-(Cyclohexen-3-yl)-o-carborane VI-5g: Colorless oil. Yield: 91 %. '"H NMR
(400 MHz, CDCly): § 5.76-5.72 (m, 1H), 5.62 (d, J = 9.2 Hz, 1H) (olefinic CH),
3.45 (br, 2H) (cage CH), 1.97-1.93 (m, 3H), 1.78-1.73 (m, 2H), 1.61-1.57 (m, 2H).
3C{'H} NMR (100 MHz, CDCl5): 6 128.8, 127.9, 55.2 (cage C), 28.1, 24.9, 22.1.
"'B{'H} NMR (128 MHz, CDCl;): 6 —3.1 (3B), =9.2 (2B), —13.6 (3B), —14.1
(2B). HRMS (EI) calcd for CgHA BB, ™: 224.2572. Found 224.2574.

3-(Cyclohexanon-2-yl)-o-carborane VI-Sh: White solid. Yield: 98 % from
VI-4h, 96 % from VI-4i. "H NMR (400 MHz, dg-acetone): § 6.94 (br, 1H) (OH),
437 (br, 2H) (cage CH), 2.52 (br, 4H), 1.95-1.93 (m, 4H). *C{'H} NMR
(100 MHz, dg-acetone): d 224.8, 172.7, 128.8, 86.8, 69.7 (cage C), 54.9, 51.5, 51.2.
""B{'H} NMR (128 MHz, d¢-acetone): 5§ —2.8 (1B), —5.0 (2B), —11.0 (1B), —13.8
(2B), —15.0 (2B), —16.3 (2B). HRMS (EI) calcd for CgHaO''Bi'B,™: 240.2566.
Found 240.2561.

3-(Cyclohepten-3-yl)-o-carborane VI-5j: Yield: 83 %. 'H NMR (400 MHz,
CDCls): 6 5.86-5.79 (m, 1H), 5.66-5.62 (m, 1H) (olefinic CH), 3.46 (br, 2H)
(cage CH), 2.20-2.14 (m, 3H), 2.00-1.95 (m, 1H), 1.86-1.83 (m, 1H), 1.70-1.51
(m, 2H), 1.50-1.47 (m, 2H). *C{'H} NMR (100 MHz, CDCl;): ¢ 133.8, 132.8,
56.3 (cage C), 55.8 (cage C), 32.2, 30.8, 28.5, 27.2. "'B{'H} NMR (128 MHz,
CDCly): § —2.9 (3B), —9.1 (2B), —13.3 (3B), —14.0 (2B). HRMS (EI) calcd for
CoH)BL"B,™: 238.2838. Found 238.2842.
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3-(Cycloocten-3-yl)-o-carborane VI-5k: Colorless oil. Yield: 76 %. '"H NMR
(400 MHz, CDCly): 6 5.77 (q, J = 6.0 Hz, 1H), 5.32 (t, J = 6.0 Hz, 1H) (olefinic
CH), 3.49 (br, 2H) (cage CH), 2.39-2.36 (m, 3H), 2.33-2.20 (m, 2H), 1.91-1.87
(m, 2H), 1.80-1.70 (m, 2H), 0.88-0.86 (m, 2H). *C{'H} NMR (100 MHz,
CDCls): 6 132.0, 131.5, 56.3 (cage C), 35.4,29.9, 27.7, 26.9, 26.1. ''B{'H} NMR
(128 MHz, CDCl5): 6 —3.3 (3B), —9.6 (2B), —13.4 (2B), —14.3 (3B). HRMS (EI)
caled for C1oHAIB4"B, *: 252.3104. Found 252.3103.

3-(3-Methyl-2-methylene-3-buten-1-yl)-o-carborane VI-51: Colorless oil. Yield:
92 %. 'H NMR (400 MHz, CDCl5): 6 5.16 (s, 1H), 5.13 (s, 1H), 5.07 (s, 1H), 4.90
(s, 1H) (olefinic CH), 3.34 (br, 2H) (cage CH), 2.36 (s, 2H), 1.92 (s, 3H). '*C{'H}
NMR (100 MHz, CDCl3): o 146.1, 142.8, 114.9, 113.4, 56.2 (cage C), 21.0.
11B{lH} NMR (128 MHz, CDCls): 6 —2.9 (2B), =5.3 (1B), —9.2 (1B), —12.7 (3B),
—14.3 (3B). HRMS (EI) calcd for CgHA BB, *: 224.2572. Found 224.2570.

3-(3-Methyl-1,3-butadien-2-yl)-o-carborane VI-Sm: Colorless oil. Yield: 92 %.
'"H NMR (400 MHz, CDCls): 6 5.60 (s, 2H), 4.91 (s, 1H), 4.78 (s, 1H) (olefinic
CH), 3.53 (br, 2H) (cage CH), 1.92 (s, 3H). '*C{'H} NMR (100 MHz, CDCl5):
0 147.1, 127.2, 112.8, 56.5 (cage C), 23.9. ""B{'H} NMR (128 MHz, CDCl5):
5 —1.9 (2B), =5.9 (1B), —9.1 (1B), —12.1 (4B), —13.8 (1B). HRMS (EI) calcd for
C;H]iBi"B,™: 210.2306. Found 210.2302.

General Procedure for Synthesis of B(3)-substituted Carboranyl Allenes.
A Representative Procedure To a mixture of VI-3 (51.6 mg, 0.2 mmol) and
LDA (21.4 mg, 0.2 mmol) was added alkyne VI-6 (1.0 mmol) in n-hexane (2 mL)
at =30 °C under an atmosphere of dry argon. The resulting mixture was then stirred
at room temperature for 10 min and quenched by wet n-hexane. After removal of
the solvent in vacuo, the residue was examined by 'H NMR spectrum and then
subjected to flash column chromatography on silica gel (230-400 mesh) using
n-hexane as eluent to give desired product VI-7.

3-(2,3-Hexadien-4-yl)-o-carborane VI-7a: Colorless oil. Yield: 92 %. '"H NMR
(400 MHz, CDCl5): 6 5.10-5.05 (m, 1H) (allenic CH), 3.47 (br, 2H) (cage CH),
2.21-2.15 (m, 3H), 1.65 (d, J = 6.8 Hz, 2H), 1.07 (t, J = 7.2 Hz, 3H). *C{'H}
NMR (100 MHz, CDCl3): 6 206.4, 85.1, 57.7 (cage C), 57.6 (cage C), 25.1, 14.1,
13.4. "B{'H} NMR (128 MHz, CDCl;): § —1.4 (2B), =3.6 (1B), =7.7 (1B), —11.5
(3B), —12.8 (3B). HRMS (EI) calcd for CgH! BB, *: 224.2572. Found 224.2570.

3-(3,4-Octadien-5-yl)-o-carborane VI-7b: Colorless oil. Yield: 90 %. '"H NMR
(400 MHz, CDCl53): ¢ 5.15-5.12 (m, 1H) (allenic CH), 3.46 (br, 2H) (cage CH),
2.17-2.11 (m, 2H), 2.03-1.96 (m, 2H), 1.55-1.48 (m, 2H), 1.00-0.94 (m, 6H).
BC{'H} NMR (100 MHz, CDCls): d 205.5, 91.7, 57.8 (cage C), 57.5 (cage C),
34.2,22.1,21.6, 14.0, 14.0. "B{'H} NMR (128 MHz, CDCl;): 6 —2.9 (2B), —6.4
(1B), —10.1 (1B), —13.2 (3B), —13.9 (2B), —14.7 (1B). HRMS (EI) calcd for
C1oH3iB4"B,™ : 252.3104. Found 252.3100.

3-(4,5-Decadien-6-yl)-o-carborane VI-7¢: Colorless oil. Yield: 89 %. '"H NMR
(400 MHz, CDCl5): 6 5.07-5.03 (m, 1H) (allenic CH), 3.47 (br, 2H) (cage CH),
2.17-2.14 (m, 2H), 1.98-1.93 (m, 2H), 1.50-1.43 (m, 3H), 1.41-1.33 (m, 3H),
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0.95-0.90 (m, 6H). "*C{'H} NMR (100 MHz, CDCl;): J 205.9, 89.8, 57.8 (cage
C), 57.6 (cage C), 31.7, 31.0, 30.8, 23.0, 22.5, 14.1, 14.0. ""B{'H} NMR
(128 MHz, CDCls): 6 —2.9 (2B), —6.3 (1B), —10.0 (1B), —13.0 (3B), —13.8 (2B),
—14.5 (1B). HRMS (EI) calcd for CpH) BB, *: 280.3636. Found 280.3638.

3-(2,3-Pentadien-2-yl)-o-carborane VI-7da: Colorless oil. Yield: 43 %.
"H NMR (400 MHz, CDCl5): § 4.96 (d, J = 3.2 Hz, 1H) (allenic CH), 3.47 (br, 2H)
(cage CH), 2.22-2.18 (m, 3H), 1.87 (d, J=2.0Hz, 3H). “C{'H} NMR
(100 MHz, CDCls): § 207.1, 82.9, 57.6 (cage C), 24.6, 18.6. "'B{'H} NMR
(128 MHz, CDCly): § —2.9 (2B), —6.6 (1B), —10.0 (1B), —13.0 (3B), —13.8 (2B),
—14.6 (1B). HRMS (EI) caled for CoH[iBi’B,*: 234.2521. Found 234.2518.

3-(1,2-Pentadien-3-yl)-o-carborane VI-7db: Colorless oil. Data were collect
from the mixture of VI-7da and VI-7db. Yield: 52 %. 'H NMR (400 MHz,
CDCly): 6 4.64 (d, J = 3.6 Hz, 2H) (allenic CH), 3.52 (br, 2H) (cage CH), 1.63
(d, J = 6.4 Hz, 2H), 1.11 (t, J = 7.2 Hz, 3H). "*C{'H} NMR (100 MHz, CDCl5):
5208.9,73.9, 57.6 (cage C), 13.9, 13.3. ''B{'H} NMR (128 MHz, CDCl5): 6 —2.9
(2B), —6.6 (1B), —10.0 (1B), —13.0 (3B), —13.8 (2B), —14.6 (1B).

3-(2-Methyl-2,3-pentadien-4-yl)-o-carborane VI-7ea: Colorless oil. Data were
collect from the mixture of VI-7ea and VI-7eb. Yield: 31 %. 'H NMR (400 MHz,
CDCls): 6 3.41 (br, 2H) (cage CH), 1.83 (s, 3H), 1.66 (s, 6H). *C{'H} NMR
(100 MHz, CDCls): § 205.1, 92.3, 57.9 (cage C), 30.4, 20.2. "'"B{'H} NMR
(128 MHz, CDCls): 6 —2.9 (2B), —6.6 (1B), —10.1 (1B), —=13.0 (3B), —13.7 (2B),
—14.8 (1B).

3-(4-Methyl-1,2-pentadien-3-yl)-o-carborane VI-7eb: Colorless oil. Yield:
63 %. '"H NMR (400 MHz, CDCls): § 4.64 (s, 2H) (allenic CH), 3.50 (br, 2H)
(cage CH), 2.48-2.45 (m, 1H), 1.14 (d, J = 6.8 Hz, 6H). >C{'H} NMR (100 MHz,
CDCls): § 208.2, 74.5, 57.9 (cage C), 30.4, 23.0. ''B{'H} NMR (128 MHz,
CDCl;): 6 —2.9 (2B), —6.6 (1B), —10.1 (1B), —13.0 (3B), —13.7 (2B), —14.8 (1B).
HRMS (EI) caled for CsHA B{’B, ™ 224.2572. Found 224.2576.

3-(3-Trimethylsilyl-1,2-pentadien-3-yl)-o-carborane VI-7f: Colorless oil. Yield:
87 %. '"H NMR (400 MHz, CDCl5): J 4.20 (s, 2H) (allenic CH), 3.55 (br, 2H)
(cage CH), 0.24 (s, 9H) (Si(CH3)3). ">C{'H} NMR (100 MHz, CDCl5): 6 211.7,
64.0, 57.9 (cage C), —0.5. ""B{'H} NMR (128 MHz, CDCl5): 6 —1.9 (2B), —5.9
(1B), 9.1 (1B), —12.1 (3B), —13.8 (3B). HRMS (EI) calcd for C¢Hi|B{’B,N™:
254.3585. Found 254.3583.

3-(1-Trimethylsilyl-1,2-pentadien-1-yl)-o-carborane VI-7g: Colorless oil. Yield:
83 %. '"H NMR (400 MHz, CDCl5): § 4.77 (t, J = 6.0 Hz, 1H) (allenic CH), 3.48
(br, 2H) (cage CH), 2.01-1.93 (m, 2H), 0.97 (t, J = 7.2 Hz, 3H), 0.22 (s, 9H)
(Si(CH3)3). >C{'H} NMR (100 MHz, CDCl5): 6 220.0, 82.8, 58.1 (cage C), 57.9
(cage C), 20.4, 14.2, —0.3. ""B{'H} NMR (128 MHz, CDCl;): § —2.9 (2B), —6.4
(1B), —10.0 (1B), —13.1 (3B), —14.6 (3B). HRMS (EI) calcd for C1oHiiB4’B,Si™:
280.3958. Found 280.3958.

3-(1-Trimethylsilyl-1,2-hexadien-1-yl)-o-carborane VI-7h: Colorless oil. Yield:
78 %. "H NMR (400 MHz, CDCl5): d 4.70 (t, J = 6.0 Hz, 1H) (allenic CH), 3.49
(br, 1H) (cage CH), 3.46 (br, 1H) (cage CH), 1.96-1.90 (m, 2H), 1.36
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(q, J = 7.6 Hz, 2H), 0.93 (t, J = 7.6 Hz, 3H), 0.22 (s, 9H) (Si(CH3)3). *C{'H}
NMR (100 MHz, CDCl): 6 210.8, 80.9, 58.1 (cage C), 29.6, 23.5, 14.1, —0.3. ''B
{'H} NMR (128 MHz, CDCL;): § —2.9 (2B), —6.4 (1B), —10.0 (1B), —13.2 (3B),
~14.6 (3B). HRMS (EI) calcd for CsH},Bi"B,™ : 294.4225. Found 294.4229.
3-(4,4-Dimethylsilyl-1,2-pentadien-3-yl)-o-carborane ~ VI-7i: Colorless oil.
Yield: 72 %. '"H NMR (400 MHz, CDCl5): 6 4.60 (s, 2H) (allenic CH), 3.49 (br,
2H) (cage CH), 1.25 (s, 9H) (C(CHs)3). “C{'H} NMR (100 MHz, CDCl;): ¢
208.5, 98.9, 59.0 (cage C), 30.4, 29.1. ''B{'H} NMR (128 MHz, CDCl;): 6 —2.9
(2B), —6.3 (1B), —10.0 (1B), —13.0 (3B), —13.8 (2B), —14.5 (1B). HRMS (EI)
caled for CoH)BA"B,™: 238.2837. Found 238.2839.
3-(3,4-Decadien-6-yn-5-yl)-o-carborane VI-7j: Colorless oil. Yield: 85 %. 'H
NMR (400 MHz, CDCl3): d 5.44 (t, J = 6.0 Hz, 1H) (allenic CH), 3.62 (br, 2H)
(cage CH), 2.30-2.27 (m, 2H), 2.14-2.07 (m, 2H), 1.57-1.52 (m, 2H), 1.07 (t,
J =7.2Hz, 3H), 0.98 (t, J = 7.2 Hz, 3H). *C{'H} NMR (100 MHz, CDCl5): §
216.0, 93.1, 92.5, 56.5 (cage C), 29.9, 22.5, 21.7, 21.3, 13.7, 13.5. "'B{'H} NMR
(128 MHz, CDCl5): 6 —2.9 (2B), —5.0 (1B), —=9.2 (1B), —12.8 (3B), —14.2 (3B).
HRMS (EJ) caled for C,HAIBi’B,": 276.2882. Found 276.2883.
3-(4,5-Dodecadien-7-yn-6-yl)-o-carborane VI-7k: Colorless oil. Yield: 80 %.
"H NMR (400 MHz, CDCl5): 6 5.37 (t, J = 6.4 Hz, 1H) (allenic CH), 3.61 (br, 2H)
(cage CH), 2.32-2.29 (m, 2H), 2.09-2.04 (m, 2H), 1.52-1.45 (m, 3H), 1.42-1.36
(m, 3H), 0.98-0.88 (m, 6H). *C{'H} NMR (100 MHz, CDCls): J 216.3, 93.2,
90.6, 74.9, 56.6 (cage C), 31.1, 22.5, 22.2, 19.4, 14.3, 13.9, 13.7. "'B{'H} NMR
(128 MHz, CDCl5): § —2.8 (2B), —4.9 (1B), —9.2 (1B), —12.6 (3B), —14.1 (3B).
HRMS (EI) caled for C14H BB, *: 304.3414. Found 304.3413.
3-(2,7-Dimethyl-2,3-octadien-5-yn-4-yl)-o-carborane VI-71: Colorless oil.
Yield: 78 %. "H NMR (400 MHz, CDCls): 6 3.59 (br, 2H) (cage CH), 2.70-2.64
(m, 1H), 1.762 (s, 6H), 1.18 (d, J = 7.2 Hz, 6H). *C{'H} NMR (100 MHz,
CDCls): 6 207.2, 97.8, 88.1, 56.5 (cage C), 23.3, 22.6, 21.4, 19.5. '"B{'H} NMR
(128 MHz, CDCl5): 6 —2.9 (2B), —5.0 (1B), —=9.2 (1B), —12.7 (3B), —14.1 (3B).
HRMS (EJ) caled for C4HABi’B,": 304.3414. Found 304.3417.

Reaction of 1,3-Dehydro-o-carborane with Cyclohexene-d;, under Standard
Conditions To a mixture of 3 (51.6 mg, 0.2 mmol) and LDA (21.4 mg, 0.2 mmol)
was added cyclohexene-d;, VI-4g-dyy (92.2 mg, 1.0 mmol) in n-hexane (2 mL) at
—30 °C under an atmosphere of dry argon. The resulting mixture was then stirred at
room temperature for 10 min and quenched by wet n-hexane. After removal of the
solvent in vacuo, the residue was examined by "H NMR spectrum and then subjected
to flash column chromatography on silica gel (230-400 mesh) using n-hexane
as eluent to give the desired product VI-5g-dq in 88% isolated yield. After 'H and
’H NMR analyses, 96 % deuterium incorporation at cage C—H was obtained.

Reaction of 1,3-Dehydro-o-carborane with 2-Methyl-1-hexen-3-yne (VI-8)
under Standard Conditions To a mixture of VI-3 (51.6 mg, 0.2 mmol) and LDA
(21.4 mg, 0.2 mmol) was added 2-methyl-1-hexen-3-yne (VI-8) (94.2 mg,
1.0 mmol) in n-hexane (1.0 mL) at —30 °C under an atmosphere of dry argon.
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The resulting mixture was then stirred at room temperature for 10 min and quen-
ched by wet n-hexane. After removal of the solvent in vacuo, the residue was
examined by '"H NMR spectrum and then subjected to flash column chromatog-
raphy on silica gel (230—400 mesh) using n-hexane as eluent to give desired pro-
duct VI-9a and VI-9b in 91 % isolated yield with a ratio of VI-9a/VI-9b = 1.2/1.

3-(2-Methyleneyl-hexayn-1-yl)-o-carborane VI-9a: Colorless oil. Yield: 41 %.
"H NMR (400 MHz, CDCl5): 6 5.27 (s, 1H), 5.12 (s, 1H) (olefinic CH), 3.72 (br,
2H) (cage CH), 2.31-2.26 (m, 2H), 1.88 (s, 2H), 1.19-1.12 (m, 3H). *C{'H} NMR
(100 MHz, CDCl5): ¢ 140.1, 120.7, 92.7, 80.9, 56.2 (cage C), 23.7, 13.8. 'B{'H}
NMR (128 MHz, CDCl;): 6 —2.8 (2B), —4.9 (1B), —9.2 (1B), —12.8 (3B), —14.2
(3B). HRMS (EI) calcd for CoHA BB, ™: 236.2681. Found 236.2682.

3-(2-Methyl-1,3,4-hexatrien-3-yl)-o-carborane VI-9b: Colorless oil. Yield:
50 %. Data were collect from the mixture of VI-9a and VI-9b. 'H NMR
(400 MHz, CDCl3): 6 5.52 (s, 2H) (olefinic CH), 5.25 (q, J = 6.8 Hz, 1H) (allenic
CH), 5.09 (s, 1H) (olefinic CH), 3.54 (br, 2H) (cage CH), 2.19 (s, 3H), 1.70
(d, J = 6.8 Hz, 2H). >C{'H} NMR (100 MHz, CDCls): ¢ 210.3, 129.1, 115.3,
85.7, 58.5 (cage C), 58.4 (cage C), 14.5, 13.0. ''"B{'H} NMR (128 MHz, CDCl,):
0 —2.8 (2B), —4.9 (1B), —9.2 (1B), —12.8 (3B), —14.2 (3B).

Reaction of 1,3-Dehydro-o-carborane with 1,1,1-trifluoroundec-3-yne (VI-6m)
under Standard Conditions To a mixture of 3 (51.6 mg, 0.2 mmol) and LDA
(21.4 mg, 0.2 mmol) was added 1,1,1-trifluoroundec-3-yne (VI-6m) (206.3 mg,
1.0 mmol) in n-hexane (2 mL) at —30 °C under an atmosphere of dry argon. The
resulting mixture was then stirred at room temperature for 10 min and quenched by
wet n-hexane. After removal of the solvent in vacuo, the residue was examined by
"H NMR spectrum and then subjected to flash column chromatography on silica gel
(230400 mesh) using n-hexane as eluent to give only product VI-7ma in 73 %
isolate yield.

3-(1-Trifluoro-2,3-undecadien-4-yl)-o-carborane  VI-7ma: Colorless oil. Yield:
73 %. '"H NMR (400 MHz, CDCl5): d 5.43 (q, J = 2.8 Hz, 1H) (allenic CH), 3.49
(br, 2H) (cage CH), 2.99-2.86 (m, 1H), 2.33-2.27 (m, 1H), 1.37-1.23 (m, 10H),
0.89-0.87 (m, 3H). "C{'H} NMR (100 MHz, CDCl;): § 209.7, 1258
(q, "Jer = 212.0 Hz), 85.1 (q, *Je_r = 39.0 Hz), 57.4 (cage C), 31.9,29.2,29.1,28.4,
28.0,22.8,14.2. ""B{'H} NMR (128 MHz, CDCl;): 2.8 (2B), —4.8 (1B),—9.2 (1B),
—-12.9 (3B), —14.1 (3B). '’F NMR (376 MHz, CDCl;): —59.1 (d, J = 3.8 Hz, 3F).
HRMS (EI) calcd for C13H) Bi"B,F5™: 348.3510. Found 348.3512.

Representative Procedure for the Light-mediated B(3)-Arylation of
o-Carborane A CH;CN solution of 3-diazonium-o-carborane tetrafluoroborate
VII-1 (25.8 mg, 0.1 mmol) and arene VII-2 (0.2, 0.5 or 1.0 mmol) was stirred in
the presence of light (a xenon lamp of optical power of 50 W as light source) and
Eosin Y (0.02 mmol) as photocataylst under an atmosphere of dry argon. The
resulting mixture was stirred at room temperature for 2 h and quenched by wet
n-hexane. After removal of solvents in vacuo, the residue was examined by
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"H NMR spectrum and then subjected to flash column chromatography on silica
gel (230-400 mesh) using n-hexane/EtOAc as eluent to give the desired products
VII-3.

3-(Thiophen-2-yl)-o-carborane VII-3a: Colorless crystals. Yield: 86 %. "H NMR
(400 MHz, CDCl5): 6 6.71 (s, 2H), 6.21 (d, J = 9.6 Hz, 1H) (aromatic CH), 2.65
(br, 2H) (cage CH). >C{'H} NMR (100 MHz, CDCl5): § 132.9, 131.3, 124.7, 56.2
(cage C). "'B{'H} NMR (128 MHz, CDCl3): 6 —2.5 (2B), —8.9 (1B), —9.6 (1B),
—11.4 (1B), —12.8 (2B), —13.5 (3B). HRMS (EI) caled for CcH!iB’B,S™:
226.1817. Found 226.1815.

3-(2-Phenyl-thiophen-5-yl)-o-carborane VII-3b: White solid. Yield: 83 %.
"H NMR (400 MHz, CD,CL): 6 7.62 (dd, J = 8.4, 1.6 Hz, 2H), 7.40 (m, 3H), 7.33
(m, 2H) (aromatic CH), 3.89 (br, 2H) (cage CH). >C{'H} NMR (100 MHz,
CD,CL,): § 135.9, 129.5, 129.4, 128.4, 126.6, 126.3, 124.9, 124.5, 58.1 (cage C).
'B{'H} NMR (128 MHz, CD,CL,): 6 —2.8 (2B), —8.7 (2B), —13.3 (3B), —13.7
(3B). HRMS (EI) caled for Ci,HIB’B,S™: 305.2438. Found 305.2440.

3-(2-Methoxy-thiophen-5-yl)-o-carborane VII-3¢: White solid. Yield: 93 %.
'"H NMR (400 MHz, CD,CL,): 6 6.56 (m, 1.6 Hz, 1H), 6.49 (d, J = 2.0 Hz, 1H)
(aromatic CH), 3.83 (s, 3H) (CHs), 3.61 (br, 2H) (cage CH). *C{'H} NMR
(100 MHz, CD,CL,): § 135.6, 126.3, 118.3, 57.3 (cage C), 40.5. ''B{'H} NMR
(128 MHz, CD,Cly): 6 —2.2 (2B), —8.6 (1B), —9.3 (1B), —11.2 (1B), —12.5 (2B),
~13.3 (3B). HRMS (EI) calcd for C;H}}Bi"B,0S™: 256.1737. Found 256.1735.

3-(2,5-Dimethyl-thiophen-5-yl)-o-carborane VII-3d: White solid. Yield: 88 %.
'H NMR (400 MHz, CDCl;): ¢ 6.54 (s, 1H) (aromatic CH), 3.70 (br, 2H)
(cage CH), 2.61 (s, 3H), 2.39 (s, 3H) (CH5). "*C{'H} NMR (100 MHz, CDCls):
0 1454, 136.6, 130.1, 56.9 (cage C), 15.6, 14.8. ''B{'H} NMR (128 MHz,
CDCl;): 6 —2.8 (2B), =7.1 (1B), —=9.2 (1B), —12.2 (2B), —13.0 (2B), —13.8 (2B).
HRMS (EI) caled for CsH]iB4"B,S™: 254.2131. Found 254.2120.

3-(3,4-Dibromo-thiophen-2-yl)-o-carborane VII-3e: Colorless crystals. Yield:
78 %. 'H NMR (400 MHz, CD,Cl,): § 7.61 (s, 1H) (aromatic CH), 4.30 (br, 2H)
(cage CH). "*C{'H} NMR (100 MHz, CD,Cl,): d 132.8, 129.4, 125.8, 56.6 (cage
O). "B{'H} NMR (128 MHz, CD,Cl,): 6 —2.7 (2B), —8.6 (2B), —11.0 (1B), —12.5
(2B), —13.5 (3B). HRMS (EI) calcd for CsH)B’B,SBr,™: 383.9388. Found
383.9387.

3-(Furan-2-yl)-o-carborane VII-3f: White solid. Yield: 90 %. '"H NMR
(400 MHz, CDCl5): 6 7.51 (d, J = 1.2 Hz, 1H), 6.84 (d, J = 3.2 Hz, 1H), 6.41
(dd, J = 3.2, 1.6 Hz, 1H) (aromatic CH), 3.81 (br, 2H) (cage CH). *C{'H} NMR
(100 MHz, CDCly): ¢ 145.7, 119.7, 110.0, 56.5 (cage C). "'B{'H} NMR
(128 MHz, CDCl5): 6 —2.7 (2B), —9.1 (1B), —9.8 (1B), —11.6 (1B), —13.0 (2B),
~13.7 (3B). HRMS (EI) caled for C7H}{B{B,O": 210.2045. Found 210.2043.

3-(2-Methyl-furan-5-yl)-o-carborane  VII-3g: White solid. Yield: 81 %.
"H NMR (400 MHz, CDCl3): 6 7.71 (d, J = 3.2 Hz, 1H), 5.98 (t, J = 1.6 Hz, 1H)
(aromatic CH), 3.79 (br, 2H) (cage CH), 2.29 (s, 3H) (CH;). °C{'H} NMR
(100 MHz, CDCl3): 6 107.9, 107.1, 106.3, 56.5 (cage C), 13.7. ""B{'H} NMR
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(128 MHz, CDCls): 6 —3.0 (2B), =9.5 (2B), —12.1 (1B), —13.2 (1B), —14.0 (4B).
HRMS (EI) caled for C;H]iB"B,O": 224.2202. Found 224.2207.

3-(2,5-Dimethyl-furan-3-yl)-o-carborane VII-3h: White solid. Yield: 78 %.
'"H NMR (400 MHz, CD,Cl,): § 5.83 (s, 1H) (aromatic CH), 3.69 (br, 2H) (cage
CH), 2.40 (s, 3H), 2.22 (s, 3H) (CH5). *C{'H} NMR (100 MHz, CD,Cl,): 6 110.1,
109.6, 109.3, 57.3 (cage C), 13.7, 13.1. "'B{'H} NMR (128 MHz, CD,Cl,): 6 —3.0
(2B), 9.5 (2B), —12.1 (1B), —13.2 (1B), —14.0 (4B). HRMS (EI) calcd for
CgH}iB{’B,O": 238.1355. Found 238.1357.

3-(1-Methyl-pyrrol-2-yl)-o-carborane  VII-3i: White solid. Yield: 92 %.
'"H NMR (400 MHz, CDCls): d 6.77 (s, 1H), 6.22 (t, J = 2.8 Hz, 1H), 6.10
(t, J = 2.8 Hz, 1H) (aromatic CH), 3.93 (br, 2H) (cage CH), 3.73 (s, 3H), (CHs).
BC{'H} NMR (100 MHz, CDCl;): ¢ 128.0, 116.6, 107.8, 57.8 (cage C), 37.0.
"B{'H} NMR (128 MHz, CDCls): 6 —2.7 (2B), =9.1 (1B), —9.8 (1B), —11.6 (1B),
—13.0 (2B), —13.7 (3B). HRMS (EI) caled for C;HIABI°B,N*: 223.1241. Found
223.1247.

3-(1-tert-Butyloxycarbonyl-pyrrol-2-yl)-o-carborane VII-3j: White solid. Yield:
85 %. "H NMR (400 MHz, CD,Cl,): § 7.38 (d, J = 1.2 Hz, 1H), 7.04 (s, 1H), 6.25
(t, J = 3.2 Hz, 1H) (aromatic CH), 4.40 (br, 2H) (cage CH), 1.56 (s, 9H) (C(CH3)3).
3C{'H} NMR (100 MHz, CD,Cl,): ¢ 150.8, 126.0, 112.5, 105.5, 85.2, 56.9 (cage
0), 28.0. "B{'H} NMR (128 MHz, CD,CL,): § —4.1 (2B), —8.1 (1B) —9.1 (1B),
-11.3 2B), —11.8 (1B), —14.5 (3B). HRMS (EI) calcd for C;;HiIB’B,0,N™:
309.2135. Found 309.2139.

3-(1-Methyl-2-acetyl-pyrrol-5-yl)-o-carborane VII-3k: White solid. Yield:
81 %. 'H NMR (400 MHz, CD,CL): & 6.92 (d, J=4.0Hz, 1H), 6.23
(d, J =4.0 Hz, 1H) (aromatic CH), 4.21(s, 3H) (CH;), 3.88 (br, 2H) (cage CH),
2.42 (s, 3H) (CH5). *C{'H} NMR (100 MHz, CD,Cl,): 6 197.0, 119.2, 116.1,
96.5, 58.3 (cage C), 36.4, 28.2. "'"B{'H} NMR (128 MHz, CD,Cl,): 6 —2.4 (2B),
-83 (2B) —10.7 (1B), —12.3 (2B), —13.2 (3B). HRMS (EI) caled for
CoHISBL'B,ON™: 265.1609. Found 265.1611.

3-(Benzo[b]thiophen-2-yl)-o-carborane VII-3l: White solid. Yield: 84 %.
"H NMR (400 MHz, CD,CL,): 6 8.22 (d, J = 8.0 Hz, 1H), 8.00 (s, 1H), 7.71
(d, J = 8.0 Hz, 1H), 7.63 (m, 2H) (aromatic CH), 3.92 (br, 2H) (cage CH). '*C{'H}
NMR (100 MHz, CD,CL): § 135.0, 132.1, 130.1, 127.9, 125.6, 123.2, 122.5, 57.6
(cage C). ''B{'H} NMR (128 MHz, CD,Cl,): 6 —3.2 (2B), —4.2 (1B) —8.7 (1B),
—13.2 (3B), —14.1 (3B). HRMS (EI) calcd for CjoH};Bi’B,S™: 276.1976. Found
276.1976.

3-(1-Methyl-indol-2-yl)-o-carborane  VII-3m: White solid. Yield: 82 %.
'"H NMR (400 MHz, CD,CL,): § 7.56 (d, J = 8.0 Hz, 1H), 7.37 (d, J = 8.0 Hz,
1H), 7.25 (m, 1H), 7.08 (m, 1H), 6.59 (m, 1H) (aromatic CH), 4.06 (s, 3H) (CH;),
3.92 (br, 2H) (cage CH). "*C{'H} NMR (100 MHz, CD,CL,): § 130.3, 123.1,
120.9, 120.2, 110.0, 109.5, 102.8, 58.7 (cage C), 32.7. "'B{'H} NMR (128 MHz,
CD,CL,): § —2.5 (2B), —8.3 (1B) —9.4 (1B), —11.5 (1B), —12.5 (1B), —=13.2 (2B),
—14.1 (2B). HRMS (EI) calcd for C;H!IBL’B,N*: 273.2521. Found 273.2522.
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3-(1,3-Dimethyl-indol-2-yl)-o-carborane VII-3n: White solid. Yield: 76 %.
"H NMR (400 MHz, CD,Cl,): § 7.56 (d, J = 8.0 Hz, 1H), 7.33 (d, J = 8.4 Hz,
1H), 7.26 (m, 1H), 7.09 (m, 1H) (aromatic CH), 4.15 (br, 2H) (cage CH), 4.05 (s,
3H), 2.44 (s, 3H) (CH;). *C{'H} NMR (100 MHz, CD,Cl,): & 128.0, 123.4,
121.6, 119.5, 119.1, 111.8, 109.7, 56.6 (cage C), 33.5, 11.3. ''B{'H} NMR
(128 MHz, CD,Cl,): § —3.2 (2B), —=7.9 (1B) —9.1 (I1B), —11.4 (1B), —13.0 (2B),
—13.9 (3B). HRMS (EI) calcd for C1,HAIBi’B,N™: 287.2678. Found 287.2676.

3-(1-Methyl-2-phenyl-indol-3-yl)-o-carborane VII-30: White solid. Yield: 69 %.
"H NMR (400 MHz, CD,Cl,): 6 8.08 (d, J = 8.0 Hz, 1H), 7.61 (d, J = 7.2 Hz, 1H),
7.55 (d, J = 1.6 Hz, 2H), 7.39 (m, 3H), 7.24 (m, 2H) (aromatic CH), 3.46 (s, 3H)
(CHj3), 3.24 (br, 2H) (cage CH). *C{'H} NMR (100 MHz, CD,Cl,): § 130.9, 130.1,
129.5, 129.3, 129.0, 123.1, 122.8, 122.5, 121.3, 120.8, 110.0, 104.1, 56.6 (cage C),
30.7. "'B{'H} NMR (128 MHz, CD,Cl,):  —3.2 (2B), —4.2 (1B) —8.7 (1B), —13.2
(3B), —14.1 (3B). HRMS (EI) caled for C;;H}BI’B,N*: 349.2836. Found
349.2835.

3-(1,3-Benzothiazol-2-yl)-o-carborane VII-3pa: White solid. Yield: 44 %.
"H NMR (400 MHz, CD,Cl,): § 8.02 (d, J = 13.2, 8.0 Hz, 2H), 7.53 (t, J = 8.0 Hz,
1H), 7.46 (t, J = 7.6 Hz, 2H) (aromatic CH), 4.26 (br, 2H) (cage CH). *C{'H}
NMR (100 MHz, CD,CL,): § 147.8, 137.4, 126.9, 126.2, 123.6, 122.3, 58.3 (cage
O). "B{'H} NMR (128 MHz, CD,CL,): 6 —2.8 (2B), —9.7 (1B) —11.2 (1B), —13.2
(3B), —14.3 (3B). HRMS (EI) caled for CoH[iB{’B,NS™: 277.1928. Found
277.1929.

3-(1,3-Benzothiazol-7-yl)-o-carborane VII-3pb: White solid. Yield: 17 %.
"H NMR (400 MHz, CD,Cl,): § 9.00 (s, 1H), 8.08 (dd, J = 12.0, 7.6 Hz, 2H), 7.51
(t, J=7.6 Hz, 1H) (aromatic CH), 4.88 (br, 2H) (cage CH). *C{'H} NMR
(100 MHz, CD,Cl,): ¢ 155.0, 135.1, 135.0, 129.8, 125.8, 123.7, 57.8 (cage C).
"'B{'H} NMR (128 MHz, CD,Cl,): 6 —3.8 (2B), —6.2 (1B) —9.7 (1B), —12.1 (3B),
—13.9 (3B). HRMS (EI) calcd for CgH3 Bi*BoNS™: 277.1928. Found 277.1930.

3-(4-Dimethylaminophenyl)-o-carborane VII-3q: White solid. Yield: 77 %.
"H NMR (400 MHz, CDCl5): § 7.45 (d, J = 8.4 Hz, 2H), 6.70 (d, J = 12.0, 8.4 Hz,
2H) (aromatic CH), 3.65 (br, 2H) (cage CH), 2.98 (s, 6H) (CH5). *C{'H} NMR
(100 MHz, CDCl5): 6 151.6, 134.3, 112.1, 56.8 (cage C), 40.3. ''B{'H} NMR
(128 MHz, CDCl3): § —2.9 (2B), —4.1 (1B) —8.7 (1B), —13.3 (3B), —14.0 (3B).
HRMS (EI) caled for CioHj{Bg’B,N: 263.1881. Found 263.1886.

3-Phenyl-o-carborane VII-3r: White solid. Yield: 33 %. '"H NMR (400 MHz,
CDCl;): ¢ 8.01-7.31 (m, 5H) (aromatic CH), 3.71 (br, 2H) (cage CH). The
chemical shifts are in accordance with reported data.'®**

3-(2,5-Dimethylphenyl)-o-carborane VII-3s: Yield: 47 %. White solid. '"H NMR
(400 MHz, CDCl5): d 7.15 (s, 1H), 7.12 (m, 2H) (aromatic CH), 3.84 (br, 2H)
(cage CH), 2.62 (s, 3H), 2.32 (s, 3H) (CH;3). ">*C{'H} NMR (100 MHz, CDCl;):
0 140.7, 135.0, 134.7, 131.6, 130.5, 57.0 (cage C), 23.2, 21.1, the aromatic
C connected to the cage B atom was not observed ''"B{'H} NMR (128 MHz,
CDCl5): 6 —3.1 (2B), —5.7(1B), —9.0 (1B), —12.4 (1B), —13.1 (2B), —14.0 (2B),
—14.9 (1B). HRMS (EI) calcd for CsHaO''BL'B, ™ 248.2568, Found 248.2564.
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3-(2,3-Dimethylphenyl)-o-carborane VII-3ta: Yield: 17 %. White solid.
'H NMR (400 MHz, CDCl5): 6 7.19 (m, 2H), 7.08 (t, J = 7.6 Hz, 1H) (aromatic
CH), 3.82 (br, 2H) (cage CH), 2.61 (s, 3H), 2.32 (s, 3H) (CH5). *C{'H} NMR
(100 MHz, CDCl5): ¢ 143.0, 137.9, 131.7, 131.4, 125.5, 57.3 (cage C), 21.3, 19.1,
the aromatic C connected to the cage B atom was not observed UB{H} NMR
(128 MHz, CDCl5): § —2.8 (2B), —5.2 (1B), —8.7 (1B), —12.1 (1B), —12.8 (2B),
-13.8 (2B), —14.7 (1B). HRMS (EI) calcd for C;oH)\B{’B, " 248.2568, Found
248.2560.

3-(3,4-Dimethylphenyl)-o-carborane VII-3tb: Yield: 35 %. 'H NMR (400 MHz,
CDCls): 6 7.01 (m, 2H), 7.00 (s, 1H) (aromatic CH), 3.81 (br, 2H) (cage CH), 2.63
(s, 3H), 2.33 (s, 3H) (CH;). *C{'H} NMR (100 MHz, CDCls): § 143.8, 139.9,
132.5, 130.6, 126.6, 57.0 (cage C), 23.6, 21.2. ""B{'H} NMR (128 MHz, CDCl5):
6-2.8 (2B), =5.2 (1B), —8.7 (1B), —12.1 (1B), —12.8 (2B), —13.8 (2B), —14.7 (1B).
HRMS (EI) caled for CjoHA BL"B,*: 248.2568, Found 248.2559.

3-(2,4,6-Trimethylphenyl)-o-carborane VII-3u: Yield: 69 %. Colorless crystals.
'"H NMR (400 MHz, CDCl;): § 6.94 (s, 2H), (aromatic CH), 4.01 (br, 2H)
(cage CH), 2.67 (s, 6H), 2.31 (s, 3H) (CH5). *C{'H} NMR (100 MHz, CDCls):
0 144.2,139.1, 131.6, 125.0, 56.3 (cage C), 25.8, 20.8. "'B{'H} NMR (128 MHz,
CDCls): 6 —3.2 (3B), —4.7 (1B), =7.6 (1B), —11.2 (1B), —12.8 (2B), —13.9 (2B).
HRMS (EI) caled for C;HAB’B,* 262.2725, found 262.2726.

3-Ferrocenyl-o-carborane VII-3v: Yield: 100 %. Colorless crystals. '"H NMR
(400 MHz, CD,Cl,): ¢ 4.51 (m, 4H), 4.22 (s, SH) (ferrocenyl CH), 3.68 (br, 2H)
(cage CH). >C{'H} NMR (100 MHz, CD,Cl,):  73.7, 80.8, 69.5, 58.7 (cage C).
UB{'H} NMR (128 MHz, CD,CL,): § —3.2 (2B), —4.2 (1B), —8.7 (1B), —13.2
(2B), —14.1 (3B). HRMS (EI) caled for C;p,H) B’ByFet: 328.1918, found
328.1917.
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