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Preface

Chemoselectivity and stereoselectivity have been key factors in the development of
fine organic synthesis. In addition to these selectivities, site-selectivity has recently
been receiving much attention, because site-selective catalysis enables convention-
ally difficult molecular transformations such as late-stage functionalization of
biologically active complex molecules, which provides straightforward access to
structurally diverse compounds with related biological activity. However, methods
for site-selective molecular transformation of complex molecules have not been
well explored. This may be because of the lack of reliable strategy for site-selective
catalysis. Recently, site-selective catalysis has been expanding its scope and sig-
nificance as a new challenge in organic synthesis to realize conventionally difficult,
yet valuable molecular transformations.

During the last few decades, asymmetric synthesis has been extensively devel-
oped. “Steric approach control” is the key principle for the extensive development
of asymmetric synthesis. For example, if one of the two potentially reactive
enantiofaces is effectively shielded by steric interaction, a highly enantioselective
reaction would be expected. On the other hand, this principle seems not to be
effective for achieving site-selective molecular transformation of complex mole-
cules because, to functionalize a desirable reactive site, the remaining many
undesirable potentially reactive sites have to be sterically shielded by the catalyst
or the reagent. One of the promising approaches to achieve site-selective functiona-
lization may be taking advantage of the acceleration of the reaction at the desirable
site based on precise molecular recognition with the properly designed catalyst,
rather than the deceleration of the reactions at many undesirable sites by steric
shielding. Under such catalyst-controlled conditions, selective molecular transfor-
mation is expected to take place at the desirable site independently from the
intrinsic reactivity of the substrate.

From these scientific backgrounds, this book focuses on (1) ligand-controlled
site-selective cross-coupling, (2) iron-catalyzed site-selective oxidation of alkyl C—
H bonds, (3) catalytic site-selective conjugate addition of conjugated dienones and
trienones, (4) site-selective redox-triggered C—C coupling of diols, (5) site-selective
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cleavage of peptides and proteins, (6) catalyst-controlled site-selective molecular
transformations of carbohydrates, (7) site-selective functionalization of complex
natural products by peptide-based catalysts, and (8) site-selective acylation of
carbohydrates and its application to unconventional retrosynthesis of natural
glycosides.

Site-selective molecular transformations can be performed in either a substrate-
controlled or a catalyst-controlled manner, at least in principle. More arbitrary and
diverse molecular transformation is expected, especially by such catalyst-con-
trolled transformations. The molecular recognition process with its dynamic nature
seems to be responsible for the performance of catalyst-controlled site-selective
molecular transformation. Various examples of catalyst-controlled site-selective
functionalization and its application to biological active natural products with
complex structures are described. We know, however, that we are still at the
preliminary stage in this emerging scientific field of site-selective catalysis. I
believe that publication of this book can stimulate extensive development of
methods for these future-oriented molecular transformations.

Uji, Kyoto, Japan Takeo Kawabata
2015
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Ligand-Controlled Site-Selective
Cross-Coupling

Miyuki Yamaguchi and Kei Manabe

Abstract Site-selective mono-cross-coupling reactions involving dichloro- or
dibromo(hetero)aryl substrates are utilized to prepare substituted monochloro- or
monobromo(hetero)arenes, which are used as drug components and synthetic pre-
cursors. In these reactions, selectivity toward the preferred reaction site of a dihalo
(hetero)arene can vary depending on the ancillary ligand of the transition metal
catalyst. This review summarizes the examples of ligand-controlled site-selective
cross-coupling reactions, specifically those mediated by Pd complexes.

Keywords Kumada-Tamao—Corriu coupling ¢ Palladium < Sonogashira
coupling ¢ Suzuki—-Miyaura coupling ¢ Transition metal catalyst
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dba Dibenzylideneacetone
DHTP Dihydroxyterphenylphosphine
DPEPhos  Bis[2-(diphenylphosphino)phenyl] ether

DPPF 1,1’-Bis(diphenylphosphino)ferrocene
HTP Hydroxyterphenylphosphine

LUMO Lowest unoccupied molecular orbital
NMP N-Methylpyrrolidone

PMP 4-Methoxyphenyl

PXPd2 Dichloro(chlorodi-tert-butylphosphine)palladium(IT) dimer
Q-Phos 1,2,3,4,5-Pentaphenyl-1'-(di-tert-butylphosphino)ferrocene
TBAC Tetrabutylammonium chloride

Th Thienyl
Tol 4-Methylphenyl
Ts Tosyl, p-toluenesulfonyl

Xantphos  4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene
XPhos 2-Dicyclohexylphosphino-2',4’,6'-triisopropylbiphenyl

1 Introduction

Cross-coupling reactions between organic halides (or pseudohalides such as
triflates) with organometallic reagents are among the most important transition
metal-catalyzed transformations and have various synthetic applications in acade-
mia and industry [1-3]. Recently, organic dihalides, which are molecules
containing two halo substituents, have attracted considerable interest as cross-
coupling substrates. For example, double-cross-coupling of organic dihalides
affords disubstituted compounds, whereas mono-cross-coupling of dihalides
affords monohalogenated compounds. The latter are versatile synthetic intermedi-
ates exhibiting interesting structural motifs and have therefore inspired efforts to
develop efficient methods for mono-cross-coupling reactions.

Selectivity between the two halo groups in organic dihalide substrates is an
important topic which needs to be considered in the chemistry of mono-cross-
coupling reactions. For instance, chemoselective cross-coupling between two dif-
ferent halo groups is easily achieved through the intrinsic reactivity order of halo
groups (i.e., I > Br > Cl > F) [4-7], but site-selective cross-coupling between two
identical halo groups is more challenging (Scheme 1, X=X'). The latter

Schelpe 1 Chemoselective R catalyst R R

e cletiv eos- o LS N PR
N T S ! S !

dihalides X./ V x-/ 7 R/ &

X, X' = halogen
X # X' : chemoselective cross-coupling
X = X': site-selective cross-coupling
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transformation is highly desired because dihalide substrates with two identical halo
groups can generally be prepared more easily than their counterparts with two
different halo groups [8—11].

Traditionally, the site-selective cross-coupling of organic dihalides has been
based on the “substrate-controlled” strategy, in which the selectivity between the
two halo groups is controlled by the structures of the substrates. Two general rules
exist: the reaction preferentially occurs (1) at the less sterically hindered position,
and (2) at the carbon-halogen bond bearing the less electron-rich carbon
[12]. Detailed studies on the factors influencing site-selectivity in heteroaromatic
dihalides have been reported [13—16]. These factors include the strength of the
carbon-halogen bonds and n* LUMO coefficients.

Recently, another strategy for site-selective cross-coupling has emerged in
which the selectivity can be controlled by the catalyst. This “catalyst-controlled”
strategy has several advantages over the substrate-controlled strategy. For example,
the major product can, in principle, be obtained regardless of the steric and
electronic nature of the substrates. Furthermore, the site-selectivity can be tuned
merely by changing the catalyst; different products can be obtained selectively from
the same dihalide substrate [17].

Most catalyst-controlled site-selective cross-coupling reactions have employed
palladium complexes as catalysts. The key to attaining the desired site-selectivity
lies in the use of the appropriate ancillary ligand in the Pd catalyst. Accordingly,
designing and developing new ligand platforms for “ligand-controlled” site-
selective cross-coupling reactions can make unprecedented site-selectivity
accessible.

Scheme 2 depicts a general cross-coupling catalytic cycle involving organic
dihalides. Although the oxidative addition step is proposed to be reversible in some
cross-coupling reactions [18], it is generally considered to be irreversible in many

X = halogen
L = ligand

Pd---Ln

reductive oxidative
elimination addition

R R R R

i Pl )

p PR X A

X R'—Pd X X-Pd
R'—M

Scheme 2 General catalytic cycle of Pd-catalyzed cross-coupling involving organic dihalides
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cases. Thus, selectivity in the oxidative addition of one of the two carbon—halogen
bonds is essential in ligand-controlled site-selective cross-coupling, and is
influenced by the nature of the supporting ligand in the Pd catalyst.

In this review, examples of the ligand-controlled site-selective cross-coupling
reactions are summarized. This review is not intended to be an exhaustive summary
of the topic, but rather to showcase the concepts of the strategies for selective
reactions. The examples are categorized by the type of cross-coupling reaction:
Suzuki-Miyaura coupling, Kumada—Tamao—Corriu coupling, and Sonogashira
coupling. Examples of enantioselective cross-coupling, in which one of the two
enantiotopic halo groups is selected [19], as well as examples of catalyst-controlled
chemoselectivity between two different (pseudo)halo groups [20-22], are omitted.

2 Suzuki-Miyaura Coupling

In 2003, Yang and coworkers reported the site-selective Suzuki—Miyaura coupling
[23] of 2,6-dichloronicotinic acid derivatives with phenylboronic acid (Table 1)
[24]. When the methyl ester derivative of 2,6-dichloronicotinic acid (R =0OMe)
was employed as the substrate and Pd(PPhj), as the catalyst, C6-arylated 2 was
obtained as the major product (entry 1, Table 1). This selectivity presumably
resulted from a less sterically hindered environment, thereby promoting oxidative
addition of the catalytically active Pd(0) complex to the C6 carbon—chloride bond.
Pd catalysts supported by bidentate ligands also promoted similar C6-selectivity.
On the other hand, a 1:1 ratio of Pd/P(¢-Bu); resulted in C2-arylated 1 as the major
product (entry 2, Table 1). Among the catalysts tested, PXPd2 [25], a 1:1 Pd/chloro-
phosphine complex by formulation, gave the highest regioselectivity (entry 3,

Table 1 Site-selective Suzuki-Miyaura coupling of 2,6-dichloronicotinic acid derivatives

catalyst
2c B(OH), choa (3 equiv) tBuzP |\ e
| N * @ Pd
= / N
6 “ci “Pt-Bu,
cl &
(1-1.2 equiv) PXPd2
Entry |R Catalyst (mol%) Conditions 1:2
1 OMe Pd(PPhs)4 (5) THF, reflux, 16 h 1:5%
2 OMe Pd,(dba); (1.5)/[HP(t-Bu);]BF, THF, reflux, 16 h 1.7:1*
3)
3 OMe PXPd2 (1) MeOH, reflux, 30 min |2.5:1%
4 NHCH,CH,OPh | PXPd2 (2) MeOH, 55°C, 1 h 9:1°

#Yields are not indicated
Yield of 1 is 61%
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Table 1). The observed preference toward the C2 position can be explained by
coordination of the carbonyl oxygen to the catalytically active Pd(0) species. This
coordination is promoted by increase of the Pd/ligand ratio, which makes the Pd
more coordinatively unsaturated. Use of reagent-grade methanol as the solvent
helped achieve a higher yield; in contrast, the reaction became sluggish when
anhydrous methanol was used. From these results, it is reasoned that a trace amount
of water in reagent-grade methanol accelerates the reaction either by solvolysis of
the catalyst to form more active species, or by increasing the solubility of the
inorganic salt. Use of 2,6-dichloronicotinamide, which has enhanced coordinating
ability, largely improved site-selectivity (entry 4, Table 1). This catalyst system
was employed for both electron-rich and electron-deficient boronic acids to afford
C2-arylated product 3 with moderate to good selectivity (Scheme 3). Although the
selectivity could be significantly improved upon and greatly depends on the neigh-
boring group, this early example introduced the possibility of site-selective cross-
coupling of nitrogen-containing heterocycles.

In a more recent example, Houpis and coworkers demonstrated the site-selective
Suzuki—Miyaura coupling of 2,4-dibromobenzoic acid with arylboronic acids
(Scheme 4) [26]. In reactions with Pd,(dba); as the catalyst in the absence of
phosphine ligands, cross-coupling occurred with excellent ortho-selectively to

0. _R 0. _R 0. _R
2 mol% PXPd2
N2l K2COj3 (3 equiv) g e O
| + ABOH); — . I + |
=N MeOH =N =N
6 1 i 55°C, 1h
Cl (1:28qulv) I Ar
R = NHCH,CH,OPh 3 4
Ar = 4-t-Bu-CgH, 60% 4%
Ar = 4-F-CgH, 51% 10%

Scheme 3 Scope of site-selective Suzuki—Miyaura coupling of 2,6-dichloronicotinamide
derivative

0.5-1 mol%
catalyst
CO,H B(OH), LiOH CO,H CO,H
Br (2.2 equiv) Tol Br
2 + "
7 NMP/HO
Br Me 65°C,24h Br Tol
(1.1 equiv) 5 6
catalyst = Pd,(dba)s 80%, 5:6 = 99:1 DPEPhos

catalyst = Pd(OAc),-DPEPhos  68%, 5:6 = 8:92

Scheme 4 Site-selective Suzuki—Miyaura coupling of 2,4-dibromobenzoic acid
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afford C2-arylated product 5. This selectivity was attributed to the coordination of
the carboxylate anion to Pd, which places the ortho bromo group close to Pd, and
therefore promotes oxidative addition at this position. The choice of the base
(LiOH), solvent system (NMP/H,0), and base equivalents (2.2 equiv.) was essen-
tial to achieve such a high yield and selectivity. In contrast, reactions with a Pd
catalyst supported by bulky bidentate phosphines such as DPEPhos preferentially
produced C4-arylated isomer 6. This result is attributed to both the strong chelating
effect of the phosphine, which inhibits coordination of the carboxylate anion to Pd,
and the bulkiness of the catalyst species, which promotes oxidative addition at the
less sterically hindered para-position. In both catalyst systems, less than 3% of
di-coupled product was observed.

Subsequent work by Houpis and coworkers further applied the directing effect of
the carboxylate anion to the site-selective Suzuki-Miyaura coupling of
2,6-dichloronicotinic acid (Table 2) [27]. Reactions that employed Pd,(dba); as
the catalyst, K,COj; as the base, and ethanol as the solvent produced C2-arylated
compound 7 with high selectivity (entry 1, Table 2). The carboxylate moiety
presumably serves as a directing group, which is likewise proposed above in the
reaction involving 2,4-dibromobenzoic acid [26]. Similar to the report by Yang
et al. [24], trace amounts (1-5%) of water in ethanol was crucial for the reaction to
succeed. The particle size of the carbonate base also affected the efficiency of the
reaction; that is, milled K,COj resulted in higher yields. On the other hand, the
opposite site-selectivity was observed in the presence of phosphine ligands: a PPhs-
based catalyst exclusively afforded Cé6-arylated isomer 8 (entry 2, Table 2). It is
noteworthy that a less sterically bulky monodentate phosphine as a supporting
ligand was ineffective in the case of 2,4-dibromobenzoic acid [26], yet exhibited
excellent selectivity in this case. The catalyst systems described here could also be
used to couple successfully a variety of electron-rich and electron-deficient boronic
acids with the same site-selectivities (Scheme 5).

Dai, Chen, and coworkers reported another example of ligand-dependent site-
selectivity switching in the Suzuki—Miyaura coupling of 3,5-dichloropyridazines
[28]. Calculations of bond dissociation energies [15] predicted preferential reaction

Table 2 Site-selective Suzuki-Miyaura coupling of 2,6-dichloronicotinic acid

1.5-3 mol%

cozHCI B(OH), Sttt COH
| -._\N 57 @ base (3 equiv) ir\r @
(6 tesr;?;virg h
Cl Me
(1.1 equiv)
Yield (%)

Entry Catalyst (mol%) Base Solvent Temp (°C) 7 8
1 Pd,(dba); (1.5) K,CO; EtOH 70 86 2
2 Pd(OAc),-PPh; (3)* Na,CO; MeOH 55 0 86

#Pd/PPhj; ratio was 1:2
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. _ 0,
Schelpe 5 Scope of site COH B(OH), ; 65 r:ngl % COH
selective Suzuki—-Miyaura ci 2(dba); PMP
COUpliﬂg of | = i KzCOg (3 ECIUI\.I') | B
2,6-dichloronicotinic acid N EtOH =N
o
cl OMe RO 180 cl
(1.1 equiv) 82%
3 mol% Pd(OAc), COH
6 mol% PPhg 2 al
NasCOj4 (3 equiv) I =
MeOH N
1.5 mol% F
CO,H BOH):  pg (dba). Co.H
| = O K,CO; (3 equiv) | x
+ _——
=N EtOH =N
o,
cl 70°C, 18 h cl
(1.1 equiv) 83%
3 mol% Pd(OAc), CO.H
6 mol% PPhg 2 &
NasCO4 (3 equiv)
MeOH
55°C,18h

¥ .7

72%

at the C3 position. The effect of the ancillary ligands was examined using a model
reaction under the following conditions: 3,5-dichloropyridazine and phenylboronic
acid as substrates, dioxane as the solvent, Pd(OAc), as the catalyst, ligand, and
Cs,CO;5 as the base. In accord with theoretical predictions, electron-deficient
bidentate ligands facilitated the predominant formation of C3-coupled product 10.
In particular, DPPF served as the best ligand for C3-selective coupling and dem-
onstrated complete selectivity (Scheme 6). Additional investigation demonstrated
that reducing the amount of the base and employing dioxane/H,O as the solvent
improved the yields (Scheme 7). Meanwhile, electron-rich monodentate ligands
promoted the formation of C5-coupled product 9, and the use of Q-Phos [29]
resulted in the highest observed site-selectivity (Scheme 6). Further optimization
of reaction conditions revealed that a 1:1 ratio of Pd/Q-Phos with KF as the base
and toluene/H,0 as the solvent provided the best results (Scheme 7). Under these
optimized reactions conditions, various boronic acids were successfully coupled
(Scheme 7), and both C3- and C5-coupled products could be synthesized in good
yields.
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10 mol% Pd(OAc),
ligand

5 B(OH
r:J a | A (OH), Cs,C04 (3 equiv) rlq o | En N= | &
N * @ ——F Nz, * N
3 dioxane
cl 75°C,16h cl Ph
(1 equiv) 9 10

ligand = DPPF (10 mol%) 9:10 = 0:100*

ligand = Q-Phos (20 mol%) 9:10 = 95:5*

@,_PI-BUQ @

Ph_ Fe _Ph Fo ' 1T2
ph)@}ph @‘Pth
Ph
Q-Phos DPPF

Scheme 6 Site-selective Suzuki-Miyaura coupling of 3,5-dichloropyridazine. *Yields are not
indicated

The catalyst systems described above were also employed in the site-selective
Suzuki-Miyaura coupling of 2.4-dichloropyridine with phenylboronic acid
(Table 3) [28]. Reactivity at the C2 position was predicted to be greater than at
the C4 position according to the calculations of bond dissociation energies [15]. In
accord with this theoretical prediction, the use of DPPF as an ancillary ligand
exclusively gave 2-phenylated product 13 (entry 1, Table 3). On the other hand, a
Q-Phos-based catalyst promoted the opposite site-selectivity to give 4-phenylated
product 12 (entry 2, Table 3) with a 2.4:1 ratio of 12:13. It should be noted that the
site-selectivity could be switched in reactions employing a substrate without a
directing substituent.

In another example, Strotman, Chobanian, and coworkers screened a series of
phosphine ligands for the ligand-controlled, site-selective Suzuki—Miyaura cou-
pling of 2,4-diiodooxazole with phenylboronic acid (Scheme 8) [30]. Their results
revealed that the use of highly electron-rich phosphines was selective toward
C2-phenylated product 15, although some exceptions to this electronic trend
exist. Among the electron-rich phosphines examined, 1,3,5-triaza-7-phosphaa-
damantane (16) afforded the highest C2-selectivity to yield product 15. In the
presence of electron-deficient ligands, however, coupling occurred predominantly
at the C4-position. In particular, the use of Xantphos provided the highest selectiv-
ity toward C4-phenylated product 14 in 64% yield. Although the underlying
mechanism is still unclear, the observed site-selectivities are presumably affected
by steric and electronic factors. Other examples that showcase the aforementioned
site-selectivities based on the phosphine ligand employed are shown in Scheme 9,
featuring a variety of electron-deficient and electron-rich arylboronic acids.
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5 mol% Pd(OAc); NZ Cl

cl B(OH), 5 mol% DPPF )
N7 5 _ Me Cs,CO; (2.5 equiv) Ny

+
M 3 \© dioxane/H,0 ~ Me
Cl 70°C,20h
(1 equiv)
92%

5 mol% Pd(OAc),

5 mol% Q-Phos
KF (2.5 equiv) NZ
Vo
toluene/H,0 Nx Me
70°C,20h

Me

Me 5 mol% Pd(OAc), ~_Cl

- Gl 5 mol% DPPF N
N7 | Cs,CO; (2.5 equiv) Ny
1
Na = : -
dioxane/H,0
Cl \ NMe 70°C,20h
, 11
(1 equiv) \ NMe 89%

5 mol% Pd(OAc),

He
5 mol% Q-Phos i p
KF (2.5 equiv) NZ
v
toluene/H,0 Ny
70°C,20h ¢l

60%
(containing <5% of 11)

OMe
OMe 5 mol% Pd(OAc); NZ cl
Cl B(OH), _ 5 mol% DPPF N
= | Me Cs,C0; (2.5 equiv) N
N +
) dioxane/H,0 Me
o 70°C, 20 h
(1 equiv)
57%

5 mol% Pd(OAc),
5 mol% Q-Phos OMe
KF (2.5 equiv)

N
|
toluene/H,0 Nx Me
70°C,20h al

67%

Scheme 7 Examples of site-selective Suzuki-Miyaura coupling of 3,5-dichloropyridazines
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Table 3 Site-selective Suzuki—Miyaura coupling of 2,4-dichloropyridine

5 mol% Pd(OAc),

5 mol% ligand
B(OH
= ‘4 a (OH) base (2.5 equiv) = ‘ Ph — ‘ cl
+
N = e 7 N * N
3 2 @ solvent/H,0 3
Cl 70°C,20h cl Ph
(1 equiv) 12 13
Yield (%)
Entry Ligand Base Solvent 12 13
1 DPPF Cs,CO3 Dioxane 0 90
2 Q-Phos KF Toluene 36 15
Scheme 8 Site-selective
Suzuki—Miyaura coupling | 2.5 mol% Pd(OAc),
of 2,4-diiodooxazole B(OH) ligand
o 2 K4PO, (3 equiv) o/\( ek

2,
A\
N+ — N o+ N
= THF = R‘*\/
|

B0-80°C,5-8h |
(1.1-1.3 equiv)

14 15
ligand = 16 (5 mol%) 4% 55%
ligand = Xantphos (2.5 mol%) 64% 6%
PPh, PPh,
P- o]
(7 [ X
NIl_-N
LN/
Me Me
16 Xantphos

The same report also featured phosphine ligand effects on the site-selectivity in
Suzuki—Miyaura coupling reactions of 2,5-dihalo-1-methylimidazoles [30]. For
example, when 2,5-dibromo-1-methylimidazole was the substrate, the use of phos-
phine 16 promoted cross-coupling at the C2 position to give product 22, whereas
phosphine 23 promoted cross-coupling at the C5 position to give product 21
(Scheme 10). In the case of 2,5-diiodo-1-methylimidazole, phosphine 16 was also
found to be effective in C2-selective cross-coupling. On the other hand, use of
Xantphos afforded the C5-coupled product with high selectivity. C2-selectivity was
also observed when electron-deficient phosphine 26 was employed in the reaction
featuring 2,4-dibromo-1-methylimidazole as the substrate (Scheme 11), as well as
when the Xantphos-based catalyst system was applied in the arylation of 2,4- and
2,5-dibromothiazoles (Scheme 12).
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Scheme 9 Examples of site-selective Suzuki—Miyaura coupling of 2,4-diiodooxazole
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Scheme 10 Site-selective Suzuki—-Miyaura coupling of 2,5-dibromo-1-methylimidazole
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Scheme 11 Site-selective Suzuki—-Miyaura coupling of 2,4-dibromo-1-methylimidazole
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Scheme 12 Site-selective Suzuki—-Miyaura coupling of 2,4- and 2,5-dibromothiazoles

3 Kumada-Tamao-Corriu Coupling

The first example of ligand-controlled site-selective Kumada—Tamao—Corriu cou-
pling was reported by Manabe and Ishikawa [31, 32] and employed dihaloarene
substrates with Grignard reagents [33]. Treatment of 2.4-dibromophenol with
excess Grignard reagent in the presence of Pd,(dba); and hydroxy-substituted
terphenylphosphine (Ph-HTP) [34, 35] promoted coupling ortho to the hydroxy
group to produce 27 with excellent selectivity (Scheme 13). Because electron-
donating hydroxy groups, which are converted to more electron-donating oxido
groups in the presence of a strong base, generally retard oxidative addition of ortho
C—X bonds, it is remarkable that Ph-HTP accelerated this transformation to reach
completion in 2 h. Replacing the Ph-HTP ligand with DPPF reversed the site-
selectivity toward the para C—X bond to generate isomer 28. It should be noted that
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Scheme 13 Site-selective Kumada-Tamao—Corriu coupling of 2,4-dibromophenol with a
Grignard reagent

Br.

MgX + MgX
Ph X BF_Q_O Ph, Bf} 7 :
Ph—P-Pd Mg-0 Ph—pP-Pd” MI~g

Scheme 14 Mechanism to explain the ortho-selectivity in the site-selective cross-coupling using
Ph-HTP

the di-cross-coupled product, in which both bromo groups were substituted with
4-methoxyphenyl groups, was obtained in just less than 5% yield despite the
presence of excess Grignard reagent.

The para-selectivity exhibited in the DPPF-based catalytic system can be attrib-
uted to steric effects; that is, oxidative addition occurs preferentially at the less
sterically hindered position para to the hydroxy group. On the other hand, this
reasoning does not explain the high reactivity and exclusive ortho-selectivity of the
Ph-HTP-based catalytic system. Rather, the key lies in the formation of an inter-
mediate in which the hydroxy groups of the Ph-HTP ligand and the substrate are
bridged, as shown in Scheme 14. A mechanism is proposed in which the Grignard
reagent deprotonates the hydroxy group of palladium-bound Ph-HTP to form
palladium/magnesium bimetallic species A. The magnesium oxido moiety of
A subsequently binds the hydroxy group of the substrate, which also exists as a
magnesium salt, to form magnesium bisphenoxide complex B. Consequently, the
ortho bromo group of the substrate is brought closer to the palladium center, and,
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Scheme 15 Examples of site-selective cross-coupling of dibromophenols with Grignard reagents

therefore, it is more prone to oxidative addition, which is the turnover-limiting and
selectivity-determining step. It is worth mentioning that replacement of these
hydroxy groups with methoxy groups resulted in reactions exhibiting poor yields
and selectivity.

These catalyst systems were successfully applied to site-selective cross-coupling
reactions of other substrates and Grignard reagents (Scheme 15). In the case of
substrate 2,5-dibromophenol, Ph-HTP similarly promoted ortho coupling to give
product 29 in good yields, whereas DPPF promoted meta coupling to give product
30. It should be mentioned that the Ph-HTP-based catalyst enabled the reaction at
the more sterically hindered and less electronically reactive (i.e., more electron-
rich) position. Interestingly, the coupling reaction between 2,4-dibromophenol and
2-thienylmagnesium bromide afforded ortho-coupled product 31 in a very low
yield for unknown reasons in the presence of the Ph-HTP-based catalyst. However,
it was found that the use of the HBF, salt of Cy-HTP, which is the cyclohexyl
analogue of Ph-HTP, dramatically improved the yield.

As demonstrated thus far, the use of hydroxyterphenylphosphines, Cy-HTP and
Ph-HTP, promoted ortho-coupling of dibromophenols. However, catalytic systems
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Scheme 16 Site-selective cross-coupling of 1,6-dibromo-2-naphthol

employing these ligands were only effective on a limited substrate scope. In
subsequent reports by Manabe and Ishikawa, it was found that dihydroxyterphe-
nylphosphines, Cy-DHTP and Ph-DHTP, greatly broadened the substrate scope and
increased the ortho-selectivity of reactions [36, 37]. Representative examples are
shown in Scheme 16. For instance, Cy-HTP hardly promoted any selectivity in the
reaction of 1,6-dibromo-2-naphthol, whereas the use of Cy-DHTP resulted in
exclusive ortho-selectivity to afford product 33 in good yields. Furthermore,
Ph-DHTP effected complete selectivity to afford 33 in high yields. The effective-
ness of DHTP over HTP is attributed to the increased chance for the magnesium
phenoxide moiety to be situated close to the palladium because of the presence of
two hydroxy groups in DHTP vs only one in HTP. Additionally, site-selectivity
switching was observed with the use of DPPF to generate 34 in 94% yield.
Because the DHTP ligands remarkably accelerate the reaction rate at the posi-
tion ortho to the hydroxy group, cross-coupling can be conducted at lower temper-
atures to increase the tolerance of additional functional groups such as esters. In the
presence of Ph-DHTP, the reaction of 2,4-dibromophenol with a fert-
butoxycarbonyl-substituted Grignard reagent, which was prepared from fert-butyl
4-iodobenzoate at —40 °C according to a literature procedure [38], could be
conducted at 15 °C to afford ortho-coupled product 35 in good yields (Scheme 17).
The high ortho-selectivity induced by Ph-DHTP was also demonstrated in the
reaction featuring 4-bromo-2-chlorophenol as the substrate (Scheme 18). Interest-
ingly, the ortho-selectivity of Ph-DHTP predominated over the intrinsic reactivity
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Scheme 17 Site-selective cross-coupling of 2.4-dibromophenol with a tert-butoxycarbonyl-
substituted Grignard reagent

1 mol%
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 hgane PMP cl
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T
ocH, S0%C.2h Br PMP
(4 equiv) 27 36
ligand = Ph-DHTP 80% 0%
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Scheme 18 Site-selective cross-coupling of 4-bromo-2-chlorophenol

order of the halo groups (Br > Cl) to generate product 27 in good yields. In the
presence of a simple phosphine, such as PCyj3, the reaction occurred selectively at
the para-bromo group instead.

The ortho-selectivities of the catalytic systems described above for the reactions
of dihalophenols were also observed in the reactions of the dibromoaniline ana-
logues (Table 4) [36, 37]. That is, Ph-DHTP promoted cross-coupling at the
position ortho to the NH functionality in dibromoaniline derivatives (entries 1,
3, and 5, Table 4) and in dibromoindole (entry 7, Table 4). These reactions are
likely to occur by a mechanism similar to the one proposed for dibromophenol
shown in Scheme 14. On the other hand, the use of DPPF resulted in poor yields and
limited para-selectivity (entries 2, 4, 6, and 8, Table 4), for which the reasons are
unclear.
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Table 4 Site-selective cross-coupling of dibromoaniline analogues

1 mol%
“"NH MgBr  Pda(dba)
Br = 2.42rnol"/3 NH NH
= - | +
7 THF 4 A
Br OCH, 25-50°C Br/ PMP
10-24 h
(3-4 equiv) A B
Yield (%)
Entry Substrate Ligand A B
1 NH; Ph-DHTP 90 0
2 ©/Bf DPPF 9 15
Br
3 NH, Ph-HTP 63 0
4 /@Br DPPF 15 32
Br
5 NHBn Ph-DHTP 70 0
6 <>/Bf DPPF 29 21
Br
7 N,H Ph-DHTP 81 0
8 4 ? Br DPPF 0 37
Br

4 Sonogashira Coupling

Manabe and Wang reported one-pot syntheses of substituted chlorobenzo[b]furan
derivatives via the ortho-selective Sonogashira coupling—cyclization sequence
(Scheme 19) [39, 40] using dichlorophenols and terminal alkynes [41]. In this
sequence, the first step is the ortho-selective Sonogashira coupling of
dichlorophenol and terminal alkynes in the presence of a Pd-bound Cy-HTP
catalyst and #-BuOLi as base to afford 2-alkynylchlorophenol 37, followed by
subsequent cyclization to afford chlorobenzo[b]furans 38 (Scheme 19). Various
dichlorophenols could be successfully employed as substrates in this sequence
(Scheme 20), and only small amounts (<10%) of di-coupled alkynylbenzo[b]
furan were observed in these reactions. It should be noted that the Sonogashira
coupling proceeded preferentially at the sterically hindered 2-position. In addition,
the reaction was possible at a chloro group, which is less reactive than bromo or
iodo groups. The high reactivity and ortho-selectivity are attributed to the forma-
tion of a heteroaggregate similar to the one shown in Scheme 14: the hydroxy
groups of both the 2-dichlorophenol substrate and the Pd-bound Cy-HTP catalyst
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Scheme 19 One-pot syntheses of substituted chlorobenzo[b]furan derivatives via the ortho-
selective Sonogashira coupling—cyclization sequence
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Scheme 20 One-pot syntheses of substituted chlorobenzo[b]furan derivatives using Cy-HTP

are deprotonated by #-BuOLi and the resulting lithium-bridged phenoxides are
arranged such that Pd is within the proximity of the ortho chloro group. Other
phosphine ligands such as P(#-Bu); and XPhos, which have often been used for
cross-coupling of chloroarenes, gave poor results.

Manabe and coworkers further improved this protocol by changing the ligand
from Cy-HTP to Cy-DHTP, which has also shown to be more effective in Kumada—
Tamao—Corriu coupling [36]. For example, the Sonogashira coupling reaction
between 2,4-dichlorophenol and 1-dodecyne in toluene was greatly accelerated in
the presence of Cy-DHTP and reached completion in 45 min. Addition of MeOH as
the cosolvent facilitated the subsequent cyclization step to afford the desired
5-chlorobenzo[b]furan 39 in good yields within 1 h (Scheme 21) [42]. Moreover,
neither C4-alkynylated phenol nor the di-coupled product was observed. Because
the use of ~-BuOLi as a base was also crucial to achieve high reactivity and ortho-
selectivity, the authors propose a mechanism similar to that proposed for Kumada—
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Scheme 21 One-pot syntheses of substituted chlorobenzo[b]furan using Cy-DHTP
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Scheme 22 Examples of substituted chlorobenzo[b]furan synthesis from 2,3- and
2,5-dichlorophenols

Tamao—Corriu coupling; the effectiveness of DHTP over HTP can also be attrib-
uted to the increased probability for the lithium phenoxide moiety to be situated
close to the palladium.

Chlorobenzo[b]furan isomers with chloro groups at different positions were also
synthesized using this protocol (Scheme 22). The reaction employing
2,3-dichlorophenol as the substrate afforded the corresponding 4-chlorobenzo[b]
furan in good yields. However, the reaction employing 2,5-dichlorophenol
exhibited poor reactivity, affording 6-chlorobenzo[b]furan in 37% yield along
with by-products such as di-coupled 6-(1-dodecynyl)-2-decylbenzo[b]furan.

This transformation was applied in the sequential one-pot synthesis of disubsti-
tuted benzo[b]furan from dichlorophenol, terminal alkyne, and boronic acid [42]. In
this case, water was used as the cosolvent to conduct successfully the Suzuki—
Miyaura coupling reaction after chlorobenzo[b]furan formation (Scheme 23). The
use of two ligands, Cy-DHTP and XPhos, was necessary to promote the formation
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Scheme 23 One-pot syntheses of disubstituted benzo[b]furans
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Scheme 24 One-pot syntheses of 4-chloroindole derivatives using Cy-DHTP

of the desired disubstituted product in good yields. The results of the mechanistic
study suggest that the Pd—Cy-DHTP catalyst promotes the ortho-selective
Sonogashira coupling step, whereas the Pd—XPhos catalyst accelerates the Suzuki—
Miyaura coupling step.

According to a report by Manabe and Yamaguchi, the Pd—Cy-DHTP system also
facilitates the one-pot synthesis of chloro-substituted indoles from dichloroaniline
derivatives and terminal alkynes [43]. Under conditions similar to those employed
for benzo[b]furan synthesis, Sonogashira coupling reactions between N-tosylated
2,3-dichloroaniline with terminal alkynes occurred selectively at the 2-chloro
position, which is electronically deactivated and more sterically hindered. The
resulting 2-alkynylaniline derivatives 40 underwent cyclization to afford the
desired 4-chloroindoles 41 in high yields (Scheme 24). Neither 3-alkynylated iso-
mers nor dialkynylated products were observed. The choice of the appropriate
nitrogen-protecting group was also key to the success of the reaction, and the
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Scheme 25 Examples of meta-selective Sonogashira coupling of 2,3-dibromoanilines

tosyl group was found to give the best result. In the case of N-acetylated substrates,
Sonogashira coupling reactions also proceeded selectively at the ortho-position, yet
the subsequent cyclization reaction did not complete.

The ortho-selectivity promoted by Cy-DHTP is the opposite of that promoted by
simple phosphines; Singh and Just previously reported that, in the presence of the
latter, the use of Pd(PPhs), as the catalyst promoted coupling exclusively at the less
electron-rich meta-position in reactions between 2,3-dibromoaniline derivatives
with 1-heptyne (Scheme 25) [12]. It is speculated that the high ortho-selectivity
of Cy-DHTP can also be attributed to heteroaggregate formation between
Cy-DHTP and the substrate, as similarly proposed for chlorobenzo[b]furan
synthesis.

Indoles bearing chloro groups at different positions could also be synthesized by
this method. N-Tosylated 2,4-dichloroaniline and 2,5-dichloroaniline were success-
fully converted into the corresponding 5-chloroindoles and 6-chloroindoles, respec-
tively, in moderate to high yields (Scheme 26).

This protocol was also successfully applied to the one-pot synthesis of
4-substituted indoles, which are known to be challenging synthetic targets
[43]. These reactions first produced 4-chloroindoles via a Sonogashira coupling—
cyclization step, followed by a Suzuki-Miyaura coupling step with boronic acids to
give the desired 4-substituted indoles in moderate to good yields (Scheme 27). In
the Suzuki—Miyaura coupling, the use of a quaternary ammonium salt was crucial
to promote the reaction. Among the quaternary ammonium salts screened, TBAC
was found to be the most effective. The authors speculate that TBAC serves as a
phase-transfer agent that transports boronic acids to the organic phase. It should be
noted that the Pd—Cy-DHTP system catalyzed both the Sonogashira and Suzuki—
Miyaura coupling reactions, whereas a two-ligand system consisting of both
Cy-DHTP and XPhos, which was effective in benzo[b]furan synthesis [42], gave
poor results.
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Scheme 26 One-pot syntheses of 5- and 6-chloroindole derivatives
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Scheme 27 One-pot syntheses of 2,4-disubstituted indole derivatives
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5 Conclusion

Pd-catalyzed site-selective cross-coupling reactions demonstrate the influential role
of ligands in transition metal catalysis. The reactions described in this review
discuss efficient approaches to introduce various substituents at specific halo-
substituted positions on (hetero)aromatic compounds. The commercial availability
of a variety of dihalo-substituted starting materials makes site-selective cross-
coupling reactions practical for the rapid production of diverse (hetero)arenes
with multiple substituents. In all examples described here, the reactions proceeded
successfully only on substrates containing hetero atoms, and this field of chemistry
aims to include substrates without hetero atoms in the substrate scope.

At present, examples of ligand-controlled site-selective cross-coupling reactions
are rather limited, and the origin of the site-selectivity is still unclear in many cases.
However, the high ortho-selectivity of HTP and DHTP ligands, for example, is
encouraging the design of new ligands that can promote different site-selectivities.
Additional progress in the future of this exciting field is highly anticipated.
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Abstract Selective and stereoretentive oxidation of alkyl C—H bonds has been
described over the last decade by employing biologically inspired iron coordination
complexes as catalysts and hydrogen peroxide as oxidant. Examples of catalyst
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1 Importance and Scope of Alkyl C-H Oxidation Reactions

The functionalization of nonactivated alkyl C—H groups is a reaction of general
interest and significance which remains as a challenge for modern chemistry [1—
5]. Alkanes are convenient feedstocks because they are abundant and can be
extracted from crude oil and natural gas. The catalytic oxidation of alkyl C-H
groups is also highly important in organic synthesis because oxidized alkane
frameworks are ubiquitous in organic molecules of industrial and biological rele-
vance. Therefore the construction of such structures is of fundamental interest in
modern organic synthesis. However, selective oxidation of alkyl C-H bonds in an
environmentally sustainable manner remains as one of the main current challenges
in organic synthetic chemistry (Scheme 1).

Although the oxidation of C-H groups is thermodynamically favorable, it also
has large activation barriers that translate into their characteristic inert nature
against most reagents. This lack of reactivity is because C—H bonds are strong,
non-polarized, and localized, with a highly stabilized HOMO and a high lying
LUMO. Therefore highly reactive oxidizing reagents are required to overcome
these barriers, and this most commonly compromises selectivity [6, 7]. The main
difficulties are (1) to control chemoselectivity, i.e., to direct the oxidation toward
C-H groups in the presence of other functionalities in the molecule, usually more
reactive, (2) to stop the functionalization at the desired oxidation state, thus
avoiding undesired over-oxidized products, and (3) to discriminate among the
various C—H groups present in a substrate, because most organic molecules contain
multiple C-H sites with only slight electronic and structural differences. Given
these difficulties, even though oxygenated alkyl frameworks are basic constituents
of the majority of organic molecules, selective C—H oxidation is very rarely
considered in synthetic planning. Instead, already oxygenated small molecules
are employed in the building up of more complex structures, relying on protecting
and deprotecting sequences [6-9]. On top of that, it is becoming increasingly
necessary for chemical transformations to be carried out in a sustainable manner,
using non-toxic and available reagents that could generate minimum waste
(Scheme 1). In this regard, selective C—H oxidation is envisioned as a very powerful
tool in organic synthesis because it converts ubiquitous alkyl moieties into func-
tional groups. This translates into the rapid built-up of molecular complexity from

OH
Green Chemistry
CillRy > C:1IR
~ 1 - 1
Rs ‘RZ Fe catalyst Rs ‘Rz
H202 or O,
Value added products

Scheme 1 Selective Oxidation of alkane hydrocarbons into value added product through
Fe-catalyzed reactions as example of a challenging and environmentally sustainable
transformation
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inert functionalities, limiting the use of protecting groups, and enabling new and
shorter synthetic strategies [10—13].

The development of catalysts for C—H oxidation is regarded as a highly appeal-
ing approach. These catalysts are expected to enable mild reaction conditions and
introduce distinct chemo- and regioselectivities based on their electronic and steric
properties, as well as their ability to engage in weak and reversible noncovalent
interactions with the substrate [14]. Toward this endeavor, nature constitutes an
excellent inspirational source. A number of metalloenzymes exist that perform
selective C—H oxidation with high levels of chemo-, regio-, and stereoselectivity,
and iron constitutes the most common metal source found in these metalloenzymes.
This prominent role of iron in biological C—H oxidative transformations in combi-
nation with the availability and lack of toxicity of this element, has made this metal
very attractive in synthetic catalyst development [15, 16]. Iron porphyrins have
been traditionally regarded as powerful oxidation catalysts but most recently iron
coordination complexes have emerged as promising and convenient alternatives
with improved catalytic performance in terms of product yields and selectivities
[14]. Major findings and challenges of the topic are discussed below.

2 Precedents for Selective C—H Hydroxylations
at Non-Heme Iron-Dependent Enzymes

2.1 Biological Precedents

Iron is the metal ion of choice for many biological oxidations because of its natural
abundance in the geosphere, its inherent electronic properties, and its accessible
redox potentials [17]. It is a ubiquitous element in living systems and its versatility
is unique. The high availability of this metal and its various attainable oxidation
states has led to the evolutionary selection of iron in many life processes. Iron-
containing biological molecules play important roles in biologically essential trans-
formations, such as biological oxidations and oxygen transport [18]. There is a
myriad of remarkable transition-metal-dependent oxidative enzymes capable of
activating dioxygen and catalyzing the selective oxidation of C—H bonds (alkane
hydroxylation) or C=C groups (olefin epoxidation or cis-dihydroxylation) [19-24].

2.1.1 Rieske Oxygenases

In the past 15-20 years, several studies have been performed on mononuclear
non-heme iron(Il) enzymes. Among them, Rieske oxygenases constitute a relevant
and paradigmatic example of mononuclear non-heme iron(II) proteins involved in
O, activation reactions. Their efficiency and versatility are even greater than those
of the related heme-containing Cyt P450, being able to catalyze stereoselective
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Scheme 2 Benzylic hydroxylation and aromatic cis-dihydroxylation reactions catalyzed by
Rieske oxygenases (toluene monooxygenase and naphthalene-1,2-dioxygenase, respectively)

benzylic hydroxylation and cis-dihydroxylation reactions (Scheme 2), among other
reactions. They are also the only enzymes among both heme and non-heme iron
enzymes capable of stereospecific and enantioselective cis-dihydroxylation of
arene and olefin double bonds, which are reactions of high biotechnological interest
as they initiate the biodegradation of aromatics in the soil [24-31].

Rieske oxygenases are part of a superfamily of enzymes that share a character-
istic structure consisting of an oxygenase component (a mononuclear non-heme
iron(Il) high spin center containing a 2-His-1-carboxylate facial triad motif in the
active site) [31-33]. Besides, the active site contains a reductase component
(an Fe,-S, Rieske center) that delivers electrons from NAD(P)H to the oxygenase
center [34].

Naphthalene-1,2-dioxygenase (NDO) is one of the best studied examples of the
Rieske dioxygenases family, and a catalytic cycle has been proposed [26, 34]. Stud-
ies on crystals of NDO exposed to O, indicate that a side-on-bound peroxo (or -
hydroperoxo)-iron(IIl) species is the last detectable intermediate before substrate
oxidation occurs [35]. In this reaction, both O, atoms are incorporated in the syn-
diol product. Interestingly, labeling studies also show H,"'®O incorporation into the
syn-diol product, suggesting that the O—O bond heterolytic cleavage can generate a
putative Fe¥ = O species before substrate attack, although direct evidence for this
high-valent oxo species has yet to be obtained [26, 34, 36]. Moreover, phthalate
dioxygenase, an enzyme of the Rieske oxygenase family, can elicit catalytic
chemistry when H,0, is used as oxidant thus resembling the peroxide shunt of
Cyt P450 [37].

Rieske oxygenases can be naively taken as a precedent that simple non-heme
iron sites, bound to nitrogen and oxygen based ligands, can form oxidizing species
that attack oxidatively robust functionalities via mechanisms that depart from
Fenton transformations, and, because of that, this family of enzymes serves to
inspire development of oxidation catalysts based on simple iron coordination
complexes associated with nitrogen and oxygen ligands.

Convincing evidence for a metal-based mechanism in non-heme catalyzed C-H
oxidation reactions with a synthetic catalyst appeared in 1997 in work by Que and
co-workers [38] where a family of tpa-based (tpa = tris-(2-pyridylmethyl)amine)
iron(Il) complexes were investigated as stereospecific C—H oxidation catalysts
using H,O, as oxidant. Beyond their mechanistic significance, these findings
were key for the future development of this chemistry with a synthetic aim, because
a metal-based mechanism bears implicitly the possibility of modulating the
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reactivity and thus the selectivity of the iron-based species that attack the C—H bond
by means of ligand design. Instead, C—H breaking reactions initiated by hydroxyl or
alkoxyl radicals are devoid of this control. Therefore, the bona fide settling on an
iron-based C—H functionalization mechanism is the basis of the following past and
present efforts to develop non-heme iron complexes as selective C—H oxidation
catalysts [14, 17, 39].

3 Iron Coordination Complexes as Catalysts for Selective
C-H Bond Oxidation

Mononuclear non-heme iron(II) complexes containing N-based ligands, especially
those containing pyridine heterocycles, have been extensively explored in metal-
catalyzed transformations over the last decade [14, 17, 39, 40]. A particularly
relevant aspect of the use of N-based ligands is that they led to the discovery of
very selective C—H and C=C oxidation iron catalysts, and synthetically useful
methodologies have also emerged from the use of these complexes. A very chal-
lenging aspect of this chemistry is that the catalytic activity of a complex is
dramatically dependent on its ligand structure; therefore accurate design of the
ligand is necessary yet not obvious [41]. The vast majority of iron complexes that
can mediate stereospecific hydroxylation of alkanes contain an Fe" center and
tetradentate N-based ligands that leave two coordination positions vacant in a cis
relative position that are occupied by weakly bound ligands (Scheme 3). The
lability of these positions is a key aspect to ensure a fast reaction with the oxidant.
Tripodal and linear families of complexes bearing tetradentate ligands have mostly
been studied in the oxidation of alkanes employing H,O, as oxidant.

An illustrative example of tripodal ligand is tpa. As mentioned above, the
combination of [Fe(tpa)(CH3;CN),](ClO,), with H,O, proved to oxidize alkanes
effectively. The oxidation is highly stereospecific (>99% retention of configuration
for the oxidation of cis- and trans-1,2-dimethylcyclohexane (DMCH)), this being
the first example of non-heme iron catalysts capable of stereospecific alkane
oxidation [42, 43]. Studies with [Fe(OTf),(tpa)] (OTf = trifluoromethylsulfonate
anion) and derivatives where pyridine heterocycles were later systematically
replaced by aliphatic amines (Scheme 4) were performed by Britovsek and
coworkers [44]. These studies showed that at least two pyridine donors were needed

I
NIH ..\‘\\\X
""Fe
N7 | vx
N

Scheme 3 Representation of Ny-tetradentate iron complexes with two cis coordination positions
occupied by labile ligands (X)



32 M. Canta et al.

A N N A A N X
N ~/ D
~
| ™ ™

Scheme 4 Tpa-based ligands introducing aliphatic amines used for the preparation of Fel
complexes

4

A 4@ “1(sbry), l
N N

7
/I §
=N,/ /.; / W = \
[N > Fe‘OSOZCFI‘l LN "Fl wNCCH, m\ IS:LFQ 0S0,CF,

e
= | “0s0,cF, N”| NCCH, = | ~050,CF,
N N N
|: \tj B
% 2

Scheme 5 Structure of [Fe(OTf),(mep)], [Fe(pdp)(CH3;CN),](SbFe),, and [Fe(OTf),(mcp)]
catalysts

in the ligand to show reactivity distinct from Fenton-type chemistry, and are
essential for high catalytic activity and selectivity in these systems.

An arguably more interesting catalyst is [Fe(OTf),(mep)] (mep=N,N'-
dimethyl-N,N’-bis(2-pyridylmethyl)-ethane-1,2-diamine, Scheme 5) [43, 45, 46],
which proved to be more efficient in stereospecific alkane hydroxylation than its tpa
analogue but still worked under conditions of large excess of substrate [42—44, 47,
48]. Interestingly, Bermejo and coworkers recently reported the selective oxidation
of steroids and terpenoids using [Fe(OTf,)(mep)] [49, 50]. In this case, substrate
limiting conditions were employed, and synthetically useful yields (up to 70%)
were achieved.

Another interesting ligand platform which has been extensively studied is the
Pytacn (Pytacn = N-methyl-2-pyridyl N’,N”-dialkylsubstituted triazacyclononane)
family (Scheme 6) [51]. [Fe(OTf)z(Me’HPytacn)] proved to be capable of mediating
the hydroxylation of alkanes with retention of configuration [51-53]. Substitution
on the N atoms of the triazamacrocycle and on the pyridine 6th position were
studied in order to explore steric effects in catalytic oxidations. The 6-methyl
pyridine substituted [Fe(OTf),(M*M*Pytacn)] showed unusually high efficiency in
the stereospecific oxidation of alkanes and alkenes with H,O,. This catalyst was
also described to mediate the oxidation of alkyl C—H bonds with product yields that
may be amenable for synthetic purposes [54]. Besides its high activity, this catalyst
also exhibits enhanced selectivity toward methylene sites.

A major breakthrough in the field was introduced by White and Chen [55] in
2007, reporting the predictably selective oxidation of C—H bonds for the synthesis
of complex molecules employing H,O, as oxidant and a non-heme iron catalyst. In
this case the catalyst employed was [Fe(pdp)(CH3CN),](SbFe), (pdp =N,N’-bis
(2-pyridylmethyl)-2,2’-bipyrrolidine), a coordination complex that bears a rela-
tively bulky tetradentate ligand framework (Scheme 5). The C—H site of oxidation
with this system could be predicted in complex organic molecules on the basis of
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Scheme 7 Selectivity for methylenic sites of [Fe(OTf),(pdp)] and [Fe(OTf),(mcp)] in the oxi-
dation of frans-decaline

the electronic and steric environment of the C—H bonds. Additionally, when a
carboxylic acid functionality was present, this group could direct oxidations toward
five-membered ring lactone formation. Three years later, these authors used the
same catalyst to study the effect of the combination of different effects on dictating
selectivity in methylene oxidations [56]. The authors reported the site-selective
oxidation of nonactivated secondary C—H bonds to afford monooxygenated prod-
ucts in preparative useful yields without the use of directing or activating groups.
For natural products, useful levels of chemo-, site-, and diastereoselective methy-
lene oxidations were obtained.

More recent work showed that [Fe(OTf),(mcp)] (Scheme 5), based on the
cyclohexyldiamine backbone is a convenient catalyst for preparative C—H oxida-
tion reactions [57]. Use of the cyclohexyldiamine instead of the bipyrrolidine
makes the iron catalyst more easily obtained in large amounts. C—H site selectivity
with this catalyst responds to electronic and stereoelectronic effects as [Fe(pdp)
(CH3CN),](SbFg),, but the former appears to be more selective for discriminating
among multiple methylenic sites. For example, [Fe(OTf),(mep)] and [Fe(pdp)
(CH;3CN),](SbF), oxidize the two distinct methylenic sites of trans-decaline, the
second complex yields a roughly 1:1 ratio, whereas [Fe(OTf),(mcp)] yields a 2:1
ratio in favor of the sterically less demanding methylene site (Scheme 7).

Comba and coworkers [58] described a set of rigid pentadentate iron complexes
based on bispidine derivatives (Scheme 8) for the catalytic oxidation of cyclohex-
ane, obtaining reasonably good turnover numbers (TON) (up to 34 TON).
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Scheme 8 Bispidine-based catalysts, where X is solvent molecule or oxo group
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Scheme 10 Structure of [FeIH(dpaq)(H20)]2Jr catalyst

A different approach was proposed by Che and coworkers [59], who used [Fe
(qpy)I(CI0y), (qpy =2,2' : 6/, 2" : 6",2" : 6", 2""-quinquepyridine, Scheme 9) in
combination with Oxone for the oxidation of cyclohexane, obtaining modest TON
of products. Activated substrates were tested affording up to 85% yield for the
oxidation of xanthene.

Finally, Hitomi et al. recently presented a catalytic system based on the
pentadentate H-dpaq ligand (dpaq = 2-[bis-(pyridine)-2-ylmethyl)Jamino-N-
quinolin-8-yl-acetamidate, Scheme 10) [60]. The complex [Fem(dpaq)(HZO)]2+
was used in combination with various oxidants to show a metal-based oxidation
mechanism suggested by the high alcohol/ketone (A/K) ratios obtained in the
oxidation of cyclohexane, regardless of the oxidant employed. This catalyst
presented a performance virtually identical to that of [Fe(pdp)(CH;CN),](SbFg),
in the oxidation of cis-4-methylcyclohexyl-1-pivalate and 1-substituted
3,7-dimethyl-octane without the addition of acetic acid.
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4 Tuning the Selectivity in Alkane Oxidation Reactions

One of the major subjects of interest over the last decade in metal-catalyzed alkane
oxidation reactions has been the understanding of the factors determining the C—H
site selectivity of such processes [61]. This knowledge is necessary to face the
challenge of devising chemical tools for overcoming the innate reactivity of C-H
bonds, introducing novel selectivities in these reactions.

4.1 Predictably Selective Oxidations and Selectivity Patterns

A major breakthrough in predictable selectivity on aliphatic C—H oxidation reac-
tions was introduced by White and Chen in 2007 [55]. In this landmark work,
predictable selectivity when using the [Fe(pdp)(CH3CN),](SbFg), catalyst was
achieved on the basis of the electronic and steric properties of the C—H bonds,
without the need for directing groups. The iron catalyst [Fe(pdp)(CH;CN),](SbFg),
(15 mol%), together with H,O, as oxidant and acetic acid as additive, was capable
of performing selective oxidations of nonactivated C—H bonds for a broad range of
substrates. Very interestingly, this predictability could also be used to oxidize
selectively complex natural products at specific C—H bonds in preparative useful
yields. Selectivity can be achieved by introducing directing groups (see below), or
can be predicted by considering the steric and electronic properties of the different
C-H bonds of the substrate. Hydroxylation occurred preferentially at the most
electron-rich tertiary C—H bond, with complete retention of stereochemistry (pro-
vided that the tertiary site was part of a stereogenic center). To test the site
selectivity among different tertiary C—H bonds, small molecules with two tertiary
sites were oxidized, always obtaining preferential oxidation at the tertiary C—H
bond more remote from electron-withdrawing groups (EWGs). The selectivity
between the two tertiary sites ranges from 5:1 (remote:proximal, R:P) to 99:1
(R:P), depending on the substrate. However, when no EWGs were present in the
molecule, no selectivity was obtained, affording ratios of 1:1 (R:P) (Scheme 11).
Regarding the steric effects, (—)-menthyl acetate was chosen as substrate, in
which two of the three tertiary sites are virtually equivalent in terms of electronics.

remote C-H  proximal C-H

R o R

H,0
22 R:P

Ry = CH,CH, Ry= 1:1
R, = CH,CH,0Ac Ry= 5:1
Ry= 99:1

Ry=OAc

Scheme 11 Oxidation of substrates with electronically different groups by [Fe(pdp)(CH3CN),]
(SbFe),
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Scheme 13 Oxidation of complex molecules by [Fe(pdp)(CH;CN),](SbFe),

Oxidation occurred preferentially at the less hindered tertiary C—H bond, with 11:1
(accessible:hindered) selectivity and 55% combined yield (Scheme 12).

When steric and electronic effects were interplaying in a single substrate,
experiments showed that the steric effects could override the electronic ones in
site selectivities. The oxidation of the complex molecule (+)-artemisinin took place
preferentially at the more electron-rich and less encumbered tertiary site with
moderate yield (34%) which could be increased to 54% by recycling the starting
material twice (Scheme 13a). More recent work showed that this oxidation also
produced 22% of product arising from oxidation at a methylenic site [62]. On the
other hand, in the highly hindered environment of (—)-a-dihydropicrotoxinin, no
oxidation was attained, and 92% of the starting material was recovered after the
oxidation process (Scheme 13b).

A study on methylene oxidation was presented by the same authors in 2010,
using the [Fe(pdp)(CH5CN),](SbFg), catalyst again [56]. Secondary C—H bonds
have intermediate electronic and steric properties between tertiary and primary
sites. Primary C—H bonds are stronger but sterically more accessible. On the other
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hand, tertiary C—H bonds are weaker but sterically more encumbered. Nonactivated
secondary C-H bonds could be site-selectively oxidized to afford mono-
oxygenated products in preparative useful yields. In substrates with no electronic
biasing elements, such as n-hexane, no site selectivity was attained. However, when
EWGs were present in the substrate (inductive effects), the oxidation is biased
towards the more remote site of the EWG, with selectivities ranging from 1.2:1
(R:P) to 26:1 (R:P), depending on the substrate (Scheme 14). Substrates where all
protons are close to the EWG, such as cyclopentanone, showed almost no
conversion.

Interestingly, it was pointed out that stereoelectronic parameters based on
conformational effects are also strong contributing factors to the product distribu-
tion in six-membered ring oxidations. Methylene sites adjacent to bulky groups
were disfavored. However, the catalyst allows for subtle steric influence to have
significant effects on the chemoselectivity of secondary vs tertiary C—H bonds. In
the oxidation of cis-1,2-DMCH, the tertiary:secondary (3 ary:2 ary) ratio of prod-
ucts is 4:1, although for trans-1,2-DMCH the 3 ary:2 ary ratio is reversed to 1:2,
favoring the oxidation at secondary sites (Scheme 15). The latter case might be
explained because of the axial disposition of the tertiary C—H bonds, which are
sterically more encumbered, and stronger than equatorial C—H sites. The reason is
that breakage of the latter liberates strain and minimize 1,3-diaxial interactions of
the methyl groups. As a result, predominantly secondary site oxidation was attained
in the oxidation of trans-1,2-DMCH.

CH,OPiv CH,0Piv CH,0Piv | CO,Me Co,Me  CO,Me
O [Fe(pdp)(CH;CN),](SbFg), Q + Q 6[Fe(pdp)(CH3CN)2](SbFS)2 . b(o
o o o
12 : 1 % 1

Scheme 14 Electronic effects on secondary C—H group oxidation by [Fe(pdp)(CH3CN),](SbFs),

ﬁ [Fe(pdp) (CH3CN); (SbFg); HOW ?‘j N

cis-1,2-DMCH

~ 4 : 1

o 0
T [Fe(pdp) (CH3CN),](SbF), W +$jj + ﬂ
(o) b /

trans-1,2-DMCH

~1 : 2

Scheme 15 Chemoselectivity of secondary vs tertiary C—H bonds in cis- and trans-1,2-DMCH
oxidation by [Fe(pdp)(CH3CN),](SbFg)»
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[Fe(pdp)(CH;CN),](SbFg), [Fe(pdp)(CH5CN),](SbFg),

ambroxide sclareolide 3-oxo-sclareolide 4-oxo-sclareolide

Scheme 16 Combination of stereoelectronic factors in the oxidation of terpenes by [Fe(pdp)
(CH;CN).1(SbFe), [56]

On the other hand, electronic activating groups (EAGs) were used to achieve
orthogonal site selectivity to inductive or steric effects by means of hypercon-
jugation. For example, when a cyclopropane ring was fused to a cyclohexane ring,
oxidation occurred preferentially at the position more proximal to the cyclopropane
ring (1:5.2 R:P). Moreover, steric, electronic, and stereoelectronic factors can be
synergistically combined in the oxidation of complex natural products, resulting in
useful levels of chemo-, site-, and even diastereoselective methylene oxidations.
For the oxidation of complex natural products, terpenoids were chosen as appro-
priate substrate platforms to study the predictability of the oxidations. An interest-
ing example of hyperconjugative effects was the oxidation of (—)-ambroxide,
which selectively afforded (+)-sclareolide in high yield (80%). (+)-Sclareolide
contains a lactone deactivating group, and further oxidation of this molecule
yielded a mixture of (+)-3-oxo-sclareolide and (+)-4-oxo-sclareolide (1.4:1), thus
oxidizing the more distal secondary sites from the EWG (Scheme 16). More recent
work questions this selectivity, showing that oxidation of this substrate with [Fe
(OTf),(pdp)] also produces (+)-4-oxo-sclareolide in amounts comparable to the
(4+)-2-o0xo and (+)-3-oxo-sclareolide isomers [63].

Inspired by the well-established principles in oxidation catalysis with heme
complexes, Gomez et al. designed a new catalyst platform based on modifications
at the well-known mep and mcp ligands (mcp=N,N'-dimethyl-N,N'-bis
(2-pyridylmethyl)-cyclohexane-1,2-diamine) by introducing bulky pinene groups
at positions 4 and 5 of the pyridine rings [64]. By doing so, [Fe(OTf),((S,S,R)-
mcpp)], [Fe(OTf),((R,R,R)-mcpp)], and [Fe(OTf),((R)-mepp)] complexes were
synthesized (Scheme 17).

The catalyst [Fe(OTf),((S,S,R)-mcpp)] stood as the most efficient of the series
using very low catalyst loadings (1 mol%), even more efficient than [Fe(pdp)
(CH3CN),](SbF¢), under these catalytic conditions, for the oxidation of cis-1,2-
DMCH. Using a low loading of this catalyst (2 mol%), cyclohexane oxidation
yields the corresponding ketone in 70% yield. Under these conditions, electronic
effects were studied with 2,7-dimethyl-octane derivatives (Scheme 18), affording
yields and selectivities very similar to those previously reported by White and
coworkers (compare with Scheme 11) [55].

Furthermore, (—)-menthyl acetate was also tested using 3 mol% catalyst,
obtaining 62% combined yield of oxidation at the tertiary sites with 17:1 selectivity
(accessible:hindered) (Scheme 19). This efficiency selectivity was even more
remarkable than that obtained with 15 mol% [Fe(pdp)(CH3CN),](SbF¢), [55]
(compare with Scheme 12), most likely because of the well-defined chiral cavity
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Scheme 17 Structure of pinene-based iron catalysts reported by Gémez et al.
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Scheme 19 Selective oxidation of (—)-menthyl acetate with [Fe(OTf),((S,S,R)-mcpp)] as catalyst

around the metal center in [Fe(OTf),((S,S,R)-mcpp)], which provides robustness by
protecting the iron site against catalyst deactivation, and enhances the selectivity of
the catalyst. The effect of the pinene ring in terms of catalyst efficiency and stability
was demonstrated by performing a time-profile analysis of the oxidation of (—)-
menthyl acetate catalyzed by [Fe(OTf),((S,S,R)-mcpp)] and [Fe(OTf),((S,S)-
mcp)]. These results indicated that H,O, was more rapidly and efficiently con-
sumed by the pinene-containing catalyst, which was not substantially deactivated
during the course of the reaction. After a second addition of oxidant and substrate,
[Fe(OTf),((S,S,R)-mcpp)] was the only catalyst still active and still capable of
efficiently oxidizing the substrate into the desired alcohol product.

A different approach was presented by Che and coworkers using [Fe(qpy)]
(CIOy4)> (5 mol%) with Oxone [59]. High temperatures (80 °C) were required in
this methodology. First of all, simple cyclic alkanes with no electronic effects
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Scheme 20 Chemoselectivity of secondary vs tertiary C—H bond oxidation by [Fe(qpy)](ClOy),

interplaying were tested. Oxidation of cyclohexane yielded 15.6 TON and 3.3 A/K
ratio (A/K=[alcohol]/[ketone], [cyclohexanol]/[cyclohexanone]), whereas
cyclooctane afforded 50% combined yield and 3.6 A/K ratio (Scheme 20). On the
other hand, in the oxidation of adamantane, 42% yield was obtained with a 3°/2°
ratio of 9.5. Hyperconjugation effects were used to direct the oxidation to the most
proximal position to the EAGs. Interestingly, this catalyst supports aromatic groups
on the substrate, and fluorene and xanthene were the most effectively and selec-
tively oxidized, obtaining up to 85% yield of the ketone product (the sole product
observed for these two substrates). Ester moieties were also employed as EAGs, as
in the case of 3-methylpentyl benzoate, where the tertiary alcohol was obtained in
33% yield, and 18% of oxidation at the secondary most remote site (3°/2° = 1.8).

Oxidations proved to be stereospecific, as shown in the oxidation of cis- and
trans-4-methylcyclohexyl benzoate, which occurred with retention of the configu-
ration. In terms of yields, the former was more efficiently oxidized to the
corresponding tertiary alcohol (45% yield) than the latter (19% yield). Finally,
millimole scale oxidations of xanthene and tetrahydronaphthalene were performed,
showing the practicability of this methodology. Xanthone was obtained as sole
product in 83% yield in the oxidation of xanthene, whereas the products of
tetrahydronaphthalene oxidation were a mixture of ketone (49%), secondary alco-
hol (12%), and overoxidized product (26%).

4.2 Novel Selectivity for Alkane Oxidation Reactions

It is now currently accepted that the factors governing selectivity in C—H oxidation
reactions by traditional organic reagents are determined by the innate nature of the
C-H bonds of the substrates [61]. Oxidations with iron catalysts such as [Fe
(OTf)(mep)] or [Fe(pdp)(CH3CN),](SbF¢), mainly appear to obey the same
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rules. Reagents that could override the intrinsic bias imposed by the general
reactivity of the substrate are particularly valuable because they complement
current methodologies and open novel synthetic pathways. To this end, two differ-
ent approaches can be taken: the introduction of directing groups on the substrate
and modifications on the catalyst architecture introducing structural aspects that
condition substrate access to the catalyst active site, achieving novel selectivities
differing from those dictated by the innate properties of the C—H bonds in the
substrate. Both strategies are described in the following.

4.2.1 Novel Selectivity Induced by Directing Groups on the Substrate

The use of directing groups on the substrate has been the most successful strategy to
divert C—H regioselectivity in alkane oxidations [65—69]. In the particular case of
non-heme iron-catalyzed oxidations, White and Chen presented the directed oxi-
dation of carboxylic acid-containing substrates [55]. The authors postulated that a
carboxylate group on the substrate could be used to direct the site of C—H oxidation,
based on the role of carboxylates as ligands for non-heme iron complexes and the
beneficial role of acetic acid on the catalytic activity of [Fe(pdp)(CH;CN),](SbFg)s.
Diastereoselective lactonizations at secondary C—H sites were achieved with this
methodology. For example, (+)-2,4-dimethyl-hexanoic acid was oxidized using [Fe
(pdp)(CH3CN),](SbF¢), (15 mol%) and H,0,, furnishing a five-membered ring
lactone in 70% yield, whereas the oxidation of the analogous methyl ester gave a
methyl ketone as the major product (Scheme 21).

On the other hand, this methodology was evaluated with a tetrahydrogibberellic
acid analog, which yielded the corresponding five-membered ring lactone as a
single diastereoisomer in 52% yield (recycling the substrate once) (Scheme 22).
In contrast, oxidation of the corresponding methyl ester resulted in mostly recov-
ered starting material and mixtures of undefined oxidation products.

The same authors presented a more thorough study on the evaluation of the
selectivity rules governing C—H oxidation of carboxylic acid-containing substrates
in 2012 [70]. In this work it was shown that carboxylic acids not only controlled the
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Scheme 21 Directed oxidation of a carboxylic acid-containing substrate with [Fe(pdp)
(CH3CN),I(SbFe)>
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Scheme 22 Oxidation of a tetrahydrogibberellic acid analog with [Fe(pdp)(CH3CN),](SbFg),
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Scheme 23 Lactonization reactions of ester- and carboxylic acid-based substrates with [Fe(pdp)
(CH5CN)|(SbFe)>

site selectivity but they were also capable of overcoming unfavorable electronic,
steric, and stereoelectronic effects within the substrate by rendering the oxidation
reaction intramolecular. Linear methyl esters with EWGs were tested, showing that
the substrate became more reactive as the EWGs were shifted away from the
tertiary center, but poor yields were obtained. However, analogous carboxylic
acid substrates were significantly more reactive, affording moderate yields of the
corresponding lactones (Scheme 23).

Moreover, matched/mismatched behavior with the chiral [Fe(pdp)(CH;CN),]
(SbFg), catalyst was detected when a chiral carboxylic acid was employed,
although this behavior was not detected with analogous chiral methyl esters. This
observation supported the proposal of carboxylic acid acting as ligand for the metal
center. Enantiomeric enrichment of racemic carboxylic acid and lactone product
was possible upon reaction with the chiral catalyst. In terms of steric effects, it was
shown that yields of lactone products arising from oxidation of cyclohexane-
derivatized carboxylic acids were virtually unaffected by the axial or equatorial
disposition of the C—H bond to be oxidized, but instead methyl ester substrates were
sensitive. From a mechanistic point of view, it is proposed that, analogous to C—H
hydroxylation, the iron catalyst reacts with H,O, and carboxylic acid substrate to
generate an iron-oxo carboxylate as the active oxidant species, capable of intramo-
lecular hydrogen atom abstraction to afford a short-lived carbon-centered substrate
radical. This radical can proceed via two different rebound pathways to furnish the
lactone product: (1) carboxylate rebound to form lactone directly or (2) hydroxyl
rebound followed by lactonization (Scheme 24). The latter pathway is favored
according to labeling studies, which showed that doubly '®O-labeled carboxylic
acid led to predominantly singly labeled lactone. Alternatively, the carbon-centered
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Scheme 25 Directed oxidation of a taxane-based substrate to its lactone product with [Fe(pdp)
(CH5CN),|(SbFe)>

radical can undergo a second hydrogen abstraction to furnish an olefin intermediate,
and further oxidation to yield hydroxylactones. Very interestingly, this strategy was
employed in the site-directed oxidation of a taxane, obtaining moderate yield (49%)
of the desired lactone (Scheme 25).

4.2.2 Novel Selectivity Induced by Steric Modifications on the Catalyst
Architecture

A more subtle and elaborated approach exploited by enzymes relies on employing
highly spatially structured oxidizing sites that could regulate selectivity by control-
ling access and orientation of the substrate in its approach toward the oxidizing unit.
Pursuing this strategy, new bioinspired iron catalysts have been designed introduc-
ing steric modifications on the catalyst architecture to overcome the innate reactiv-
ity of C—H bonds and achieve novel selectivities in C—H bond oxidations.

In an attempt to alter the regioselectivity of non-heme iron catalysis, Goldsmith
and coworkers [71] described a new mcp-modified ligand framework, where they
replaced the methyl groups on the amine nitrogens with benzyl groups. Three iron
complexes were synthesized — [FeCl,(bbpc)], [Fe(OTf),(bbpc),], and [Fe(bbpc)
(CH3CN),](SbFg),  (bbpc = N,N'-di(phenylmethyl)-N,N’-bis(2-pyridinylmethyl)-
1,2-cyclohexanediamine) (Scheme 26) — and appeared to catalyze the oxidation
of alkanes by H,O,, being the hexafluoroantimoniate complex the most active and
selective for alkane hydroxylation.

Interestingly, the bulk installed on the ligand architecture directs the oxidation
toward the less sterically hindered positions of substrates. Reaction of [Fe(bbpc)
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Scheme 26 Benzyl-modified mcp iron catalysts for efficient alkane oxidation reactions

(CH3CN),](SbF¢), (15 mol%) with cis- and trans-1,2-DMCH showed preferential
oxidation for tertiary and secondary sites, respectively. As previously mentioned,
this can be explained in terms of strain release of 1,3-diaxial interactions. Interest-
ingly, when comparing these results with previously described catalysts under the
same catalytic conditions, a clear preference for oxidation at the secondary position
was observed for both substrates when the [Fe(bbpc)] catalysts were employed.
Despite the high catalyst loading employed, yields obtained are modest (~30%).
This effect might be attributed to the steric hindrance offered by the N-benzyl
group.

In recent work by Prat et al. [54], [Fe(OTf),(MMPytacn)] (M*MPytacn = 1-
(6-methyl-2-pyridylmethyl)-4,7-dimethyl-1,4,7-triazacylononane) was described
as an efficient catalyst with enhanced preference for oxidizing methylenic sites.
Interestingly, low catalyst loadings (3 mol%) were used in this protocol, and the
addition of acetic acid appeared not to be strictly required for efficient catalysis,
indicating the remarkably facile O-O lysis for this catalyst.

Following the same trend as the previously mentioned catalysts, oxidation with
[Fe(OTf),(M*MPytacn)] occurred preferentially at the tertiary position more
remote from EWGs, indicating its electrophilic nature (Scheme 27a). The remote/
proximal ratios obtained were virtually the same as those attained with catalysts [Fe
(pdp)(CH3CN),](SbFg), and [Fe(OTf),((S,S,R)-mcpp)] (for comparison see
Schemes 11 and 18, respectively). However, using [Fe(OTf),
(Me’MePytacn)], a significant amount of secondary site oxidation (ketone formation)
was observed. Moreover, methylene oxidation was also sensitive to the electronic
properties of the C—H bonds, as shown in the oxidation of methyl hexanoate
(Scheme 27b).

Steric effects on the substrate also appeared to play a role in the oxidation
reactions. An interesting example is 1,1-DMCH, where oxidation at adjacent
position to the methyl groups was disfavored because of steric encumbrance, and
the other two methylenic sites were thus favored. The enhanced selectivity for
secondary sites was best illustrated in the oxidation of (—)-menthyl acetate, which
furnished a ~2:1 mixture of tertiary alcohol:ketone after selective oxidation at the
methylenic site. This behavior was in stark contrast with that offered by [Fe(pdp)
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Scheme 28 Oxidation of (—)-menthyl acetate with various catalysts described in the literature

(CH3CN),](SbF¢), [55, 56] and [Fe(S,S,R)-mcpp)(OTf),] [64] under analogous
conditions, which fairly selectively hydroxylate the most sterically exposed tertiary
C-H bond (5:1 A/K and 19:1 A/K, respectively, Scheme 28).

On the other hand, in the oxidation of frans-cyclohexane-based substrates,
oxidation at methylenic positions was found to be in competition with that of
tertiary C—H bonds. trans-1,2-DMCH yielded a normalized 24:76 3°/2° ratio, and
this trend was even more significant in the oxidation of trans-decaline (4:96),
indicating that products arising from methylene oxidation are largely dominant.
The rationale for this behavior lies on the steric demand exerted by the methyl
group in the a-position of the pyridine, which remains in close proximity to the iron
site. This fact favors preferential oxidation at the spatially more accessible
methylenic sites in contrast to the more embedded tertiary C—H bonds. More
importantly, this could be applied to divert regioselectivity in the C—H oxidation
of (+)-neomenthyl esters (Scheme 29). Whereas [Fe(OTf),(pdp)] offered poor
discrimination between secondary and tertiary C—H bonds, [Fe(OTf),((S,S,R)-
mcpp)] and [Fe(OTf)z(Me’MePytacn)] were found to be complementary, the former
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Scheme 30 Resorcinarene-based cavitands used as catalysts for fluorene oxidation

yielding the tertiary alcohol as the major product (up to 80:20 normalized 3°/2°
ratio) and the latter affording preferential oxidation at the methylenic site (up to
27:73 normalized 3°/2° ratio).

A different approach was proposed by Hooley and coworkers [72]. In this study
resorcinarene-based cavitands were used as catalysts, which allow for binding of
iron(IT) by bidentate ligands, leaving empty sites for further reactivity at the metal
sites. The iron-coordinated cavitands 7bFe, and 12bFe (Scheme 30) bore free
coordination sites, and thus they were envisioned to perform C-H oxidation
reactions under mild conditions, inspired by the mode of action of the Rieske
oxygenases. However, these catalysts proved inactive towards cyclohexane and
methylcyclohexane oxidations. In contrast, they were able to convert fluorene
smoothly to fluorenone using TBHP as oxidant.
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Scheme 31 Regioselectivity in the oxidation of cis- and trans-decaline by 6Fex and structure of
the catalyst

In a later study [73], the authors showed that 6Fex (Scheme 31) was capable of
efficiently oxidizing cis-decaline to the tertiary alcohol (cis-2-decalol) and the
ketone product (cis-2-decalone) (up to 69% yield) using TBHP. Interestingly, the
addition of acetic acid was not strictly required for the outcome of the reaction,
although long reaction times (24 h) and high temperatures (60 °C) were needed.
Good selectivity for the tertiary alcohol was obtained (up to 75% normalized
regioselectivity). On the other hand, trans-decaline afforded trans-2-decalone and
trans-3-decalone as oxidized products in a 2.8:1 ratio with an overall yield of 46%.
Interestingly, these catalysts were also able to oxidize benzylic methylenic sites
very efficiently (up to 88% yield for the oxidation of 1-ethyl-4-methyl benzene).

Very recently White and coworkers [62] designed a new catalyst [Fe(CF3-pdp)
(CH3CN),](SbFg), (CF5-pdp = N,N'-bis(5-(2,6-di-(trifluoro)-methyl-phenyl)-2-
pyridylmethyl)-2,2'-bipyrrolidine) that used a trajectory restriction strategy to
achieve predictable, catalyst-controlled site-selectivity (Scheme 32).

In the oxidation of trans-1,2-DMCH, this catalyst exhibited enhanced selectivity
towards secondary sites (10:1 2°/3° ratio), whereas the structurally related [Fe(pdp)
(CH3CN),](SbFg), catalyst provided a 2:1 2°/3° ratio (Scheme 33). On the other



48 M. Canta et al.

“1(SbFe)2

Scheme 32 Structure of trajectory restrictive catalyst [Fe(CF;-pdp)(CH;CN),](SbFg), for
catalyst-controlled site-selectivity

%, O (LTS

[Fe(pdp)(CH CN)Z](SbFs)2

[Fe(CF4-pdp)(CH,CN),](SbF), 1 : 10
o\ o\ ‘\\\\\
et o OH ,
AcO G 1.0 AcO o
cat AcO
[Fe(pdp)(CH5CN),](SbFg), 2 : 1
__ [Fe(CFypdp)(CHCN),I(SbFg), Y 2
OH
cat + Y
oM H,0 Me OMe
NsHN ¢ T NsHN NsHN
o]
cat
[Fe(pdp)(CH3CN),](SbFg), 1 : 2
[Fe(CF5-pdp)(CH5CN),](SbF), 4 : 1

Scheme 33 Difference in regioselectivity attained with catalysts [Fe(pdp)(CH3;CN),](SbFs), and
[Fe(CF3-pdp)(CH3CN),1(SbFe),

hand, this catalyst was able to overturn the inherent reactivity of the substrates. This
was the case of trans-4-methylcyclohexyl acetate, which gave the tertiary alcohol
as major product when [Fe(pdp)(CH5CN),](SbFg), was used (1:2 2°/3° ratio) but
the Cs-ketone was the major product when [Fe(CF;-pdp)(CH5CN),](SbFg), was
employed (2:1 2°/3° ratio). The protected (+)-isoleucine changed from 1:2 to 4:1
2°/3° ratio when the sterically encumbered catalyst was used to oxidize this
substrate.



Recent Advances in the Selective Oxidation of Alkyl C—H Bonds Catalyzed by. .. 49

H

alll

+
(+)-artemisinin
cat
[Fe(pdp)(CH5CN),](SbFg), 13 : 1
[Fe(CF;-pdp)(CH5CN),](SbFg), 1 : 11
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This strategy was further investigated in the oxidation of complex molecules
such as (+)-artemisinin, where two products result: (+)-10p-hydroxy-artemisinin
(3° site) and (+)-9-oxo-artemisinin (2° site). Whereas [Fe(pdp)(CH3CN),](SbFe),
catalyst afforded 2:1 2°/3° ratio, [Fe(CF;-pdp)(CH;CN),](SbFg), yielded 10:1 2°/
3° ratio, the latter able to override strong electronic substrate bias (Scheme 34).

Modulation of selectivity among multiple methylene sites has been rarely
observed and constitutes a major challenge. Nevertheless, changes in site selectivity
in the functionalization of structurally rich natural product substrates using iron
catalysts have been documented. For example, site selectivity in the oxidation of
(+)-sclareolide was achieved by using highly structured non-heme iron catalysts
containing pinene rings attached to pyridine moieties (Scheme 35). Hence, (+)-1-
oxo-sclareolide, (+)-2-oxo-sclareolide, and (+)-3-oxo-sclareolide can be obtained
as the main product in 36% (61% selectivity), 40% (55% selectivity), and 34%
(47% selectivity) yield, respectively, by choosing the appropriate experimental
conditions and catalyst. Although those yields may seem modest, they are compet-
itive with enzymatic oxidations. For example, (+)-2-oxo-sclareolide is obtained
enzymatically with reduced yields and longer reaction times.
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5 Novel Reactivity on C-H Oxidation

In addition to the most common C—H oxygenation reactions of alkanes employing
peroxides as oxidants, novel reactivity for these substrates has emerged in the past
few years. Remarkable examples of this emerging reactivity involves the
a-oxygenation of electron-rich substrates employing O, as terminal oxidant, and
desaturation of alkane C—H bonds.

5.1 a-Oxygenation

An original work in the field of C—H oxidation was reported by Xiao and coworkers
[74] in 2014, when they developed novel iron catalysts with tridentate pyridine
bissulfonylimidazolidine ligands for the a-oxidation of ethers under 1 atm of O,
and additive-free conditions. This system relies on environmentally friendly con-
ditions to oxidize electron-rich substrates selectively using O, as oxidant, with
excellent mass balance and high turnover numbers. Most remarkably, H, is formed
as the only side-product. The conditions mentioned provide the oxidation of
important motifs for natural products as isochromans and phthalans. In case of
isochromans (Scheme 36), the reaction proceeds with high chemoselectivity, with
no alcohol byproduct formation and with good mass balance, with no degradation
of the substrate. The presence of substituents in the alkyl ring does not affect the
reaction yield. However, substituents in the aromatic ring show electronic effects
because the electron-withdrawing groups induce higher TONs, whereas electron-
donating substituents give the opposite effect. Moreover, very electron-rich
isochromans can also be oxidized, but with lower TONs. This is the first reported
iron system able to oxidize such electron-rich substrates.

5.2 Desaturation

Nature has developed enzymes that have the ability to catalyze different type of
reactions. An example is those enzymes that can perform hydroxylation or

g Fe(OTf ),-L1 qf’
NH

Z N/
) —— O
R

Scheme 36 Oxidation of electron-rich isochromans using iron catalyst

HN

L1
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desaturation activity depending on the substrate. Hydroxylation reactions have been
described for a good number of iron oxidation catalysts, but it was in 2011 when
White and coworkers [75] described that [Fe(pdp)(CH3CN),](SbFg), is able to
disclose substrate-dependent hydroxylase/desaturase activity in aliphatic C-H
bonds in substrates containing carboxylic acids. This ability was demonstrated
when the 4-methylpentanoic acid was exposed to oxidizing conditions in the
presence of [Fe(pdp)(CH3CN),](SbF), catalyst (Scheme 37). The product is pro-
posed to result from a desaturation reaction that rapidly oxidizes to an epoxide and
finally an intramolecular lactonization takes place to give the final product. This
proposal was demonstrated by exposing the supposed alkene product from the
desaturation reaction to the same reaction conditions that finally give the same
product. Moreover, with the use of the chiral [Fe(pdp)(CH3CN),](SbF), catalyst,
both reactions gave the same enantioenriched hydroxylactone product and also
favored the same enantiomer.

This enzyme-like reactivity enables the synthesis of highly complex molecules
from substrates containing carboxylic acids, such as picrotoxinin derivatives which,
when exposed to the same oxidizing conditions, yield lactone and hydroxylactone
products (Scheme 38).

(6]
© Cat o 13% e.e.
HO)‘\/\’/H M0 | 11% yield
OH
(6]

0] Cat
O 0,
HO H,0, 13% e.e.
E—— 73% yield
OH
Scheme 37 Desaturation/hydroxylation reaction of 4-methylpentanoic acid using [Fe((R,R)-pdp)
(CH3CN),](SbFg), as catalyst

Cat

272

38% 39%

Scheme 38 Synthesis of highly complex lactone molecules using [Fe((S,S)-pdp)(CH3CN),]
(SbFg)z
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Site-Selective Conjugate Addition Through
Catalytic Generation of Ion-Pairing
Intermediates

Daisuke Uraguchi and Takashi Ooi

Abstract Site-selectivity in conjugate addition reactions is tightly associated with
the principle of vinylogy. Various vinylogous nucleophiles and electrophiles have
been applied to stereoselective conjugate additions directed by chiral small-
molecule catalysts. This chapter focuses on the systems that control site- and
stereoselectivity via chiral ion-pairing intermediates under organocatalytic condi-
tions and describes individual vinylogous substrates in a separate section. Although
site-selectivity originates largely from the intrinsic stereoelectronic nature of indi-
vidual substrates, catalyst-controlled site-selectivity can be attained in certain
cases.

Keywords Asymmetric catalysis » Ion-pairing * Organocatalysis * Vinylogy
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1 Introduction

The development of chemical transformations with the desired chemo-, site-, and/or
stereoselectivity by exploiting reaction partners that embody several reactive and
pro-stereogenic functionalities represents one of the main challenges at the fore-
front of organic synthesis. Among the requisite selectivity issues that should be
addressed in the pursuit of this goal, control of the site-selectivity (regioselectivity)
in conjugate addition poses a unique challenge which is tightly associated with the
principle of vinylogy formulated by Reynold C. Fuson in 1935 for both electro-
philes and nucleophiles [1]. According to this principle, when a double bond
(s) is/are interposed between a functional group and the parent reactive site of a
substrate, the influence of (that) functional group might sometimes be propagated
along the chain and make itself apparent at some remote point in the molecule.
Therefore, in addition reactions to the extended electron-deficient conjugate
n-systems, discrimination of reaction sites is often required to afford defined,
non-randomized products. Various useful protocols have been reported for
vinylogous conjugate additions, such as copper-catalyzed asymmetric reactions of
alkylmetals, and remarkable progress has been made in the field of enantioselective
organocatalysis during the last 10 years [2—4]. Considering the critical importance
of non-bonding interactions for achieving selectivity control by chiral organic
molecules, this chapter focuses on a series of site-selective conjugate additions
with vinylogous electrophiles/nucleophiles, which feature the involvement of ionic
intermediates.

2 Vinylogous Electrophiles
2.1 a,p,y,0-Unsaturated Carbonyl Compounds

Conjugate addition to o,f,y,0-unsaturated carbonyl compounds is one of the sim-
plest reactions involving site-selectivity. Because two reactive sites, the - and
d-positions relative to the carbonyl group, often have similar reactivity, nucleo-
philes can frequently attack both sites. Several catalysts effectively discriminate
between two such sites, although it is generally difficult to understand the origin of
the observed selectivity.
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Scheme 2 1,6- and 1,8-Selective conjugate addition to polyenyl N-acyl pyrroles

The first highly site- and enantioselective conjugate addition of carbanionic
nucleophiles to a,fB,y,5-unsaturated carbonyl compounds was reported in 2007.
The dihydrocinchoninium salt 1 was used as a phase-transfer catalyst in this reaction
(Scheme 1) [5]. Under mild liquid-liquid biphasic conditions, various cyclic
1,3-dicarbonyl compounds were introduced into the d-position of electron-poor
O-unsubstituted o,B,y,0-unsaturated ketones, esters, and sulfones with excellent
site- and enantioselectivities. In addition, cinchonidinium salt 2 appeared to be an
effective catalyst for the 1,6-selective conjugate addition of a tert-butyl glycinate-
derived Schiff base, allowing the synthesis of a series of highly enantioenriched,
a-tertiary chiral a-amino acid derivatives possessing the p,y-unsaturated carbonyl
moiety as a side chain in good yield with high enantioselectivity.

In 2012, the site-, diastereo-, and enantioselective 1,6-conjugate addition to
&-substituted dienyl N-acyl pyrroles was reported for the first time (Scheme 2)
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Scheme 3 1,4-Selective 0 4 (10 mol%) O  SBn
sulfa-Michael addition to ph)J\/\/\n/OEt + BnSH oo b A A~ OFEt
1,6-keto ester o _25°C. 20h 1 desolective O

82%, 56% ee

ChelpG (DFT/B3LYP/CC-pVDZ)
Q +065 -316

NF OMe
-.329 -.002
(¢}

9 _o73

= OMe
-.075
o

[6]. Natural r-leucine-derived P-spiro chiral triaminoiminophosphorane
3 deprotonated the acidic a-proton of oxazol-5(4H )-one (azlactone) to form the
chiral phosphonium enolate, which underwent selective carbon—carbon bond for-
mation at the 3-position of the vinylogous acceptor. Despite the similar steric nature
of the &-carbon to that of the P-carbon, virtually complete site-selectivity was
attained concurrently with rigorous diastereo- and enantiocontrol. Considering the
known ambident character of azlactones (see Sect. 3.1), it was also remarkable that
bond formation took place exclusively at the a-carbon of the enolate, illustrating
perfect site-selectivity with respect to the nucleophile. This catalytic system was
successfully extended to the more challenging 1,8-selective conjugate addition to
{-substituted electron-deficient trienes. Use of 4-A molecular sieves (MS4A) was
crucial for achieving high site- and stereoselectivity in a firmly reproducible
manner under the catalysis of iminophosphorane 3.

Site-selectivity in the sulfa-Michael reaction of aliphatic thiols to divergently
activated electron-deficient dienes has been studied (Scheme 3) [7]. Although
(2E 4E)-6-0x0-2,4-dienoates possess four potentially reactive and electrophilic
sp>-carbons, benzylthiol predominantly attacked the p-position to the ketone car-
bonyl, affording the corresponding 1,4-addition product with moderate enantios-
electivity with the aid of the cinchona alkaloid-derived dimeric catalyst 4. To
elucidate the origin of this selectivity profile, calculation of the electronic param-
eters, such as the ChelpG (i.e., Charges from Electrostatic Potentials using a Grid-
based method), was attempted, revealing that the observed addition site was indeed
the most electrophilic carbon having a positive ChelpG charge. However, this
information relies only on the structure of the acceptor and thus provides no insight
into the possible reaction mechanism.

Formal a-diarylmethylation of malonates was achieved through the develop-
ment of a 1,6-selective conjugate addition—aromatization sequence with para-
quinone methides as vinylogous electrophiles (Scheme 4) [8]. The driving force
toward aromatization would make nucleophilic addition to the d-position more
thermodynamically favorable than addition to the B-position. Under solid—liquid
biphasic conditions, the N-spiro chiral ammonium salt 5 appeared to be the most
active and selective promoter. The electronic character of the aryl ester substituents
on the malonate was linked to the stereochemical outcome, and introduction of a
para-halophenyl group led to a significant decrease in the enantioselectivity. Based
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Scheme 4 1,6-Selective conjugate addition/aromatization of para-quinone methides
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Scheme 5 Intramolecular Stetter reaction with a 1,6-acceptor

on this finding, cooperative action of the ionic bonding and n—r interaction between
the 3,5-bis(trifluoromethyl)phenyl group [3,5-(CF5),CcH;3] of catalyst 5 and the
aryloxy group of the nucleophile was proposed to be important in a plausible
transition-state model.

Intramolecular reactions represent an attractive platform for achieving complete
site-selectivity, as demonstrated in the Stetter reaction catalyzed by chiral
tetracyclic carbene generated in situ from 1,2,4-triazolium salt 6 (Scheme 5)
[9]. Subsequent to addition of the carbene to a formyl group of the substrate, the
resulting Breslow intermediate smoothly reacted with the dienoate component in a
1,6-selective manner to form a six-membered ring. Because formation of an eight-
membered ring incorporating a trans-alkene moiety through 1,4-addition is unfa-
vorable, substrate-controlled complete site-selectivity was readily established.

2.2 ap,y,0-Unsaturated Nitro Compounds

In contrast to the extensive use of nitroolefins in asymmetric Michael additions
[10], the vinylogous analogues, nitrodienes and nitroenynes, are less frequently
utilized in the conjugate addition of enolate equivalents, despite the significant
synthetic utility of the resulting products which possess carbonyl, nitro, and olefin
functionalities. Likewise, studies on the hetero-Michael reaction with these accep-
tors have been very limited, possibly because of apprehension of the site-selectivity
issue [11].
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Scheme 6 Conjugate addition of 1,3-dicarbonyl compounds to nitrodienes and nitroenynes

In 2009, bifunctional guanidine 7 was found to be an effective catalyst for the
1,4-selective conjugate addition of cyclic B-ketoesters to nitrodienes to furnish
unsaturated nitrocarbonyl compounds with vicinal quaternary-tertiary stereogenic
carbon centers (Scheme 6) [12]. The products were subsequently derivatized into
B-ramipril-type amino acid esters, which clearly demonstrated the synthetic utility
of the site-selective adducts with the remaining olefinic moiety. This disclosure
stimulated further research on this topic, and cinchona alkaloid-derived bifunc-
tional amines such as 8 and 9 were discovered to be highly efficient catalysts for
1,4-selective conjugate addition of various 1,3-dicarbonyl compounds to
nitrodienes [13, 14]. A proposed key element for achieving high selectivities is
the simultaneous recognition of the electrophile and the nucleophile by the acidic
group, arylhydroxide or thiourea, and a protonated bridgehead amino group of these
catalysts through hydrogen-bonding interactions, although detailed experimental
and theoretical mechanistic evaluation remain to be performed. These results
suggest the intrinsic preference of nitrodienes to accept a nucleophile at the
B-position. Moreover, the catalytic performance of amino-thiourea 10 was demon-
strated in a similar conjugate addition to nitroenynes, giving rise to non-conjugated
nitroalkynes with moderate to high enantioselectivity [15]. The observed complete
site-selectivity is partially derived from the general preference of nitroenynes
toward attack at the B-position.

When heteronucleophiles react with nitroolefins possessing extended conjuga-
tion at the P-position, the heteroatoms are appended to a stereogenic allylic or
propargylic carbon, providing synthetically valuable nitro compounds. For exam-
ple, aza-Michael addition to nitroenynes under catalysis of the ionic Brgnsted acid,
chiral tetraarylaminophosphonium barfate 11, produced the propargylic amine
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Scheme 8 1,4-Selective sulfa-Michael addition to nitrodienes

possessing a nitro group with high enantioselectivity (Scheme 7) [16]. Considering
the rich chemistry associated with the transformation of the triple bond and the nitro
group, this protocol could serve as a useful tool for accessing chiral amines, which
was in fact demonstrated by derivatization of the product to chiral 1,2-diamine in
three steps.

During study of the chiral thiourea 12-catalyzed sulfa-Michael addition of
aliphatic thiols to nitroolefins, benzylic mercaptans were subjected to the reaction
with nitrodienes (Scheme 8) [17]. Exclusive formation of 1,4-adducts was observed
in moderate to good chemical yield with moderate to fair enantioselectivity.

2.3 Iminium Activation of a,f-Unsaturated Ketones
and Aldehydes

Since the seminal report by MacMillan in 2000 [18], LUMO-lowering activation
via reversible formation of an iminium with chiral amines has been recognized as
one of the most reliable and powerful strategies for catalyzing asymmetric conju-
gate addition to o,p-unsaturated aldehydes and ketones with rigorous stereocontrol
[19]. However, the marriage of this activation mode with the concept of vinylogy
remained uninvestigated for over 10 years. Recently, the iminium activation has
been extended to vinylogous acceptors and the effectiveness of this strategy has
been demonstrated using various nucleophiles [20].

By exploiting the experiential development of vinylogous enamine catalysis, the
first systematic study of iminium activation in conjunction with vinylogous accep-
tors was reported in 2012, which focused on sulfa-Michael addition to p-vinylic
cyclohexenones as a model reaction (Scheme 9) [21]. The vinylogous iminium
intermediate generated from the dienone and primary amine catalyst 13 having a
tertiary amino group reacted with thiols at the &-position selectively and the
corresponding d-thio enone was predominantly formed in moderate yield with
high enantioselectivity. Configurational control of the extended iminium system
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Scheme 9 1,6-Selective sulfa-Michael addition via vinylogous iminium activation

and m-facial discrimination at the remote position by the single chiral catalyst are
essential for realizing high levels of enantiocontrol. Interestingly, the structure of
the acid co-catalyst had a slight effect on the enantioselectivity, and N-Boc-
protected L-valine was identified to be optimal. The remaining enone moiety of
the 1,6-adducts was amenable to subsequent functionalization, as demonstrated in
the cascade reaction involving both 1,6- and 1,4-addition of benzylic mercaptans.
Nearly enantiomerically pure products were isolated with moderate diastereos-
electivity under slightly forcing conditions.

The merger of iminium activation with vinylogy in conjugate additions has been
achieved with acyclic electrophiles such as 2,4-dienals. A 1,6-selective conjugate
addition/standard oxy-Michael cascade with 3-hydroxyoxindoles and 2.4-dienals
was catalyzed by diarylprolinol trimethylsilyl ether 14 to afford tetrahydrofuran
spirooxindole derivatives (Scheme 10) [22]. The p-substituent R' of the 2,4-dienal
was revealed to have a critical impact on the site-selectivity as well as the stereose-
lectivity. When simple 2.4-hexadienal (R'=H, Ar'=Me) was treated with
N-methyl 3-hydroxyoxindole in the presence of 14 and benzoic acid, 1,4-selective
conjugate addition followed by intramolecular acetalization was the predominant
pathway. In the reaction with 3,5-diphenyl 2,4-pentadienal (R'=Ph, Ar' =Ph)
under otherwise similar conditions, complete switching of the reaction pathway
to 1,6-selective conjugate addition-initiated spirocyclization was observed, albeit
with moderate stereoselectivity (dr=28:1, 46% ee). The enantioselectivity was
markedly improved to 88% ee (dr=15.5:1) by introduction of the bulky tert-butyl
group (R' ='Bu, Ar' =Ph), which was accounted for by the configurational stabil-
ity of the vinylogous iminium intermediate possessing a sterically demanding
substituent at the 3-position. Although this requirement could negate the synthetic
utility of this protocol, it was secured by the use of the removable trimethylsilyl
group which provided a similar effect.

Utilization of a vinylogous enamine generated via 1,6-selective addition to
a,p,y,0-unsaturated iminium intermediate could potentially provide an intriguing
synthetic handle for achieving greater molecular complexity. Experimental dem-
onstration of the feasibility of this approach was provided in the development of a
1,6-selective conjugate addition/vinylogous aldol sequence catalyzed by the
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cinchona alkaloid-derived primary amine 15 bearing arylhydroxide and tertiary
amine moieties (Scheme 11) [23]. The efficiency of this transformation was greatly
affected by the acidity of the co-catalyst. Although the reaction was sluggish in the
absence of an additional acid or in the presence of a strong acid such as CF;CO,H,
addition of 2,6-bis(trifluoromethyl)benzoic acid [2,6-(CF3),C¢H3;CO,H] acceler-
ated this cascade-type transformation with high stereoselectivity. This study reveals
the power of the catalyst 15 to propagate not only iminium activation but also
enamine activation through the conjugated m-system and to transmit the stereo-
chemical information to remote positions.

Similarly, the combined use of LUMO-lowering and HOMO-raising strategies
facilitated formation of aziridines at the y,5-olefinic moiety of conformationally
restricted cyclic 2,4-dienals (Scheme 12) [24]. The appropriately modified
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diarylprolinol trimethylsilyl ether 16 promoted remote aziridination in moderate to
good yield with high stereoselectivity.

As illustrated in Scheme 10, conjugate addition to 8-monosubstituted 2,4-dienals
under iminium catalysis preferentially afforded 1,4-adducts. This phenomenon was
further investigated in the addition to unbiased dienal acceptors (Scheme 13), and
ab initio calculations were carried out to probe the electronic profile of the
vinylogous iminium intermediates [25]. The nitronate of nitromethane exclusively
attacked the P-position of 2,4-dienals activated by diarylprolinol silyl ether 17 to
furnish  y-nitro aldehydes with high enantioselectivity. Interestingly,
cyclopentadiene could be employed as a nucleophile in the reaction, where com-
plete 1,4-selectivity was also observed. A rational explanation of this site-
selectivity was sought by theoretical analysis of the m-orbital coefficient of the
LUMO and the atomic charge (Mulliken and ChelpG) of the vinylogous iminium
ion derived from Me,NH and 5-unsubstituted- or 5-phenyl-2,4-pentadienal. This
quantum study suggested that the LUMO of the vinylogous iminium cation and the
positive charge on the carbon atoms decrease in the order; C2 > C4 > C6, which
facilitated comprehension of the origin of site-selectivity in this system.

Within the context of chiral secondary amine-catalyzed conjugate reduction, the
polyethylene glycol grafted polystyrene resin-supported peptide 18 was developed
as an effective catalyst for the 1,6-selective transfer hydrogenation of 3-methyl-2,4-
dienals with Hantzsch ester, followed by enantioselective 1,4-reduction
(Scheme 14) [26]. The combination of the five terminal residues of the catalyst,
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including the turn motif and polyleucine unit, was essential to attain high site- and
enantioselectivity. The importance of the catalyst structure for achieving site-
selectivity was also demonstrated by the attempted use of simple cyclic secondary
amines such as pyrrolidine and morpholine as catalysts, where 1,4-reduction of the
dienal was predominant. This study was further extended to consecutive 1,6- and
1,4-conjugate additions of thiols by using a similar resin-supported peptide catalyst,
namely Pro-p-Pro-Aib-(Trip),-(Leu-Leu-Aib),-(resin) [27].

3 Vinylogous Nucleophiles

3.1 Azlactones

Azlactone is commonly utilized as a precursor of a-quaternary a-amino acids and
various heterocyclic compounds [28-30]. Because the enol form of azlactone has
aromatic character, facile deprotonation from the C4-position affords the
corresponding enolate under the influence of various bases. Interestingly, the
enolate ion shows ambident reactivity and attacks the electrophile at either the
C4-position (a-addition) or the C2-position (y-addition), thus acting as an a-amino
enolate or an acyl anion equivalent, respectively (Fig. 1). The site-selectivity
associated with this enolate seems to be heavily dependent on its stereoelectronic
characteristics, and introduction of a bulky substituent into the C2- or C4-position
suppresses the nucleophilicity at the particular position.

The effects of substituents on the oxazoline core on the site-selectivity have been
empirically determined by investigation of the conjugate addition of azlactones to
nitroolefins catalyzed by cinchona alkaloid-derived thioureas 19 (Scheme 15)
[31]. Whereas phenylglycine-derived azlactone bearing a phenyl group at the
C4-position reacted with nitroolefins selectively at the C4-position (a-selective),
C4-alkyl azlactones exhibited y-selectivity under similar reaction conditions. In
both cases, generally high diastereoselectivity and moderate to good enantios-
electivity were attained with appropriately modified catalysts.

2 OH Of? o R
oJ»‘;/R — )§/R _base O@-addmL o )% EWG
— _— L _
)N =N JE IS
R R R . R o
azlactone S N .
(oxazol-5(4H)-one) v-addition s o>\\“/

Fig. 1 General addition mode of azlactones



66 D. Uraguchi and T. Ooi

o Rd

R'=Ph
o ( ) O)S*(,K, NO,
Y=N Ph
R2  g-selective
54~91%, dr = 4.3~>20:1
66~83% ee

19 (5 mol%)

toluene
Ral\/ NO, —24°C

»\(RW 19¢  Ar
o) h (Ar = 3,5-(CF3),CgH3) (Ar = 3,5-(CF3),CeHa)

O
(R'=akyny R i/
R3F NO,

r-selective
61~95%, dr = 4~>20:1
64~92% ee

Scheme 15 Ambident reactivity of azlactones

[o]

o 0 A
By 20 (10 mol%) HE  N-Ar2
Q O N-A2 ———— N\e\(
=N toluene By— C:)Ar1 0
Arl o) 4°C,14h
o [Y-selective

Nive
62~99%, dr = >25:1
92~99% ee
Scheme 16 y-Selective conjugate addition of azlactones to N-aryl maleimides
e o
OJl»/w v M _ome _19e(10mo%) g Nu-H = MeOH, EtOH
R2 PLOMe taiors o0 o BnOH, BnNH,
=N I toluene, —20 °C O Ar! y
Ari o then DBU Morpholine

o y-selective, single diastereomer

Nucleophile (Nu-H)
30~79%, 82~95% ee

Me O L
i N = NaBH, . sat. NaHCOzaq a1 =
Pr—z \;(\)J\OMe - P \(\)J\OMe TR A OMe
o Art THF/MeOH S A EtOH 0
H rt 55°C
75%, dr = 5:1 (Ar1 2-BrCgH,) 40%, 84% ee
(R? = Me, 92% ee) (R? ="Pr, 95% ee)

Scheme 17 y-Selective conjugate addition to a,f-unsaturated acyl phosphonates
3.1.1 y-Addition

Increasing the steric hindrance at the C4-position is a general strategy for realizing
complete y-selectivity in the addition of azlactone enolates. In fact, fert-leucine-
derived azlactone reacted with N-aryl maleimides predominantly at the C2-position
with excellent diastereo- and enantiocontrol by use of amino thiourea 20 as a
bifunctional catalyst (Scheme 16) [32].

In a similar manner, conjugate addition of azlactones possessing isopropyl or
isobutyl groups at the C4-position to a series of acyl phosphonates proceeded with
y-selectivity and high stereoselectivity under the catalysis of quinine-derived thio-
urea 19¢. The phosphonate moiety of the resulting adducts was readily replaced
with various heteronucleophiles such as alcohols and amines in situ under the
influence of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) (Scheme 17) [33]. The
synthetic utility of azlactones as an acyl anion equivalent in this y-selective addition
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was also demonstrated by the single-step derivatization of the adduct into the
corresponding 1,4-ketoester. Although performing this transformation with weak
base under gentle heating for 14 h led to almost complete racemization, the
enantiomeric excess of 84% was conserved by quenching the reaction after 2 h.

y-Selective conjugate addition of C2-unsubstituted azlactone was utilized as a
platform for the development of the supramolecular ion-pair catalysis of the chiral
aminophosphonium aryloxide-arylhydroxide complex 21 (Scheme 18)
[34, 35]. Nearly complete diastereo- and enantioselectivity were uniformly
observed with a variety of P-aryl- and alkyl-substituted o,f-unsaturated acyl
benzotriazole acceptors. Intriguingly, in the proposed catalytic cycle, the enolate
of the azlactone was recognized as a phenol equivalent by the aminophosphonium
ion in the spontaneous formation of a nucleophilic supramolecular assembly.

The asymmetric catalysis of the phosphonium aryloxide-arylhydroxide assem-
bly 21 was also applicable to the y-selective conjugate addition of C2-unsubstituted
azlactone to nitroolefins, where use of a polar solvent system was crucial for
sufficient reaction efficiency and stereoselectivity (Scheme 19) [36]. Various
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aromatic nitroolefins were tolerated, providing the conjugate adducts with excellent
stereocontrol, although moderate diastereoselectivity was observed with a single
aliphatic example (Ar' = cyclohexyl, dr = 4:1). The oxazolone moiety of the adduct
(Ar' =Ph) was converted into a formyl group with minimal loss of enantiopurity,
which could serve as a versatile precursor of useful chiral building blocks. Indeed,
Wittig olefination of the resulting N-Boc amino aldehyde furnished the o,-
B-unsaturated d-amino acid derivative in quantitative yield, whereas Pinnick oxi-
dation followed by methyl ester formation afforded protected p*-
homophenylglycine, one of the most synthetically challenging classes of p*-
amino acids.

3.1.2 «-Addition

Selective a-addition of C4-substituted azlactones was observed in the Michael
addition-[1,2]-sulfone rearrangement sequence, which proceeded with moderate
to good enantioselectivity (Scheme 20) [37]. Although 5% of the y-addition product
was detected in the reaction with triethylamine as a base, the use of bifunctional
amino-thiourea 20 was pivotal for achieving complete site-selectivity and high
enantioselectivity.

In the conjugate addition of C4-substituted azlactones to electron-deficient
terminal alkynes, the azlactones exhibited exclusive a-preference, and chiral
iminophosphorane catalysis enabled geometrically divergent addition of the
azlactone to methyl propiolate (Scheme 21, middle) [38]. The geometrical selec-
tivity of the adducts sharply reversed with a change in the spiro-chirality of the
catalyst; the M- and P-isomers of the iminophosphoranes (22 and 23) provided Z-
and E-diastereomers, respectively. This unique E/Z-selectivity switching was pro-
posed to originate from differences in the protonation pathway. In contrast with the
kinetically controlled Z-selectivity achieved via C-protonation by the phosphonium
ion 22-H, uncommon O-protonation of the intermediary allenic enolate followed by
1,3-proton shift was postulated to rationalize the E-selectivity observed in the
reaction with the sterically demanding iminophosphorane 23. The validity of this
hypothesis was verified through the development of a protocol for highly Z- and
enantioselective conjugate addition of azlactones to cyanoacetylene using 23 as a
catalyst (Scheme 21, bottom). Because the intermediate of this reaction, a-cyano
vinylic anion, has substantial carbanionic character, only C-protonation should take
place, even with the hindered proton source 23-H. The substrate scope with respect
to azlactones was extensive, and simple heating of the product with an a-amino acid

o O SO,Ph [1,2}-sulfore @

O)S/W . (\SOZPh 20 (10 mol%) OJS/K!SOZPh shift OJS'/\(SOZPh
V= SO,Ph toluene V=N R ¥=NTR' S0,Ph

R2 rt R2 R2  g-selective

50~97%, 54~95% ee

Scheme 20 o-Selective conjugate addition of azlactone to bis(phenylsulfonyl)ethene
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ester (L-Leu-O'Bu) gave rise to a non-natural dipeptide without any loss of the
enantiopurity.

Complete a-selectivity was observed in the isosteviol-derived amino-thiourea
24-catalyzed conjugate addition-aromatization reaction of azlactone with o,-
B-unsaturated pyrazolones (Scheme 22) [39]. Although generally good to excellent
chemical yield and stereoselectivity were obtained with C2-aryl azlactones, the
reaction failed with C2-alkyl azlactone (Ar' ='Bu, R' =Pr) even at room temper-
ature with 30 mol% catalyst loading.

Because azlactone enolates can be generated under very mild conditions, these
species were applied to chiral secondary amine ent-16-catalyzed conjugate addition
to enals, which proceeded via iminium activation (Scheme 23) [40]. Variable
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combinations of azlactones and enals were possible in this system and the
corresponding adducts were obtained in moderate yield with high enantios-
electivity. Notably, the «,f,y,0-unsaturated aldehyde (R3:(E)—prop—1—eny1)
reacted at the f-position. The utility of this protocol was highlighted by
methanolysis of the oxazolone ring of the products to afford a series of protected
a-quaternary o-amino acids. Diphenylprolinol fert-butyldimethylsilylether was
subsequently found to be a superior catalyst for similar conjugate addition of
C2-phenyl- and C2-(4-methoxyphenyl)-substituted azlactones to enals [41].

3.2 y-Butenolides

Upon treatment of y-butenolides with an appropriate base, aromatization-driven
enol formation takes place as observed with azlactones. Although the steric envi-
ronment of the a- and y-positions bears a close resemblance, only y-selective
reactions have been reported in the literature. Because the y-butyrolactone struc-
tural motif is frequently found in biologically relevant molecules, development of
catalysts for asymmetric introduction of y-butenolides into organic frameworks in a
stereoselective fashion is highly desirable. For conjugate addition of y-butenolides,
bifunctional catalysts seem to be a uniquely effective class of promoters.

In the conjugate addition of bare y-butenolide to chalcone derivatives, the use of
Takemoto’s catalyst 20 and lithium acetate was an optimal combination for achiev-
ing excellent diastereoselectivity and moderate enantioselectivity (Scheme 24)
[42]. The proposed transition-state model suggested the importance of simulta-
neous recognition of both substrates via hydrogen-bonding interaction between the
tert-amine moiety of 20 and the enol form of the butenolide, and hydrogen bonding
of the thiourea subunit and an enone carbonyl group.

The strong preference of y-butenolides to react at the y-position in conjugate
addition was demonstrated in the reaction of y-substituted y-butenolides with
nitroolefins (Scheme 25) [43]. Under the catalysis of aminothiourea 2§, bond
formation occurred at the sterically encumbered y-position with high site- and
stereoselectivity. The sense of stereoinduction was dictated by the tert-leucine



Site-Selective Conjugate Addition Through Catalytic Generation of Ion. .. 71

O,
o) 20 (20 mol%)
o . /\)Cj)\ LiOAc (20 mol%)
/ Ar! Ar2 (CH,Cl), R
rt Ar' Ar2

Y-selective
26~95%, dr = 20~>30:1
54~84% ee

CF3

o L0
PO TN TN
O O o M

proposed transition state model

CF,4
X
FiC
3 H
0

%
N~
N“N H
L H /D
) << o

Scheme 24 y-Selective addition of butenolides catalyzed by bifunctional organocatalyst

o R2

25 (10 mol%) NO
o) * RENNO, —— 7N 2
= CHQ,I3 O R! ¥selective
R —36°C d 59~99%, dr = >20:1

80~98% ee

NO,
=
(0) (0)
24 h, 99% 34 h, 92% 96 h, 59%
98% ee 89% ee 91% ee
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segment of 25, implying the importance of the thiourea moiety in the stereo-
determining step. The resulting nitrocarbonyl compound possessing contiguous
quaternary-tertiary stereocenters might serve as synthetically versatile chiral build-
ing blocks.

Simultaneous control of the site-selectivity with respect to nucleophiles and
electrophiles was pursued in the conjugate addition of y-substituted y-butenolides
to (E)-4-oxo-4-arylbutenamides (Scheme 26, top) [44]. Extensive survey of the
catalytic potential of a series of bifunctional chiral amines revealed that the amino
thiourea 26 bearing a tert-butyl group was the best promoter for attaining high
stereoselectivity. Although the aryl ketone component in the electrophiles was the
primary activating group of the olefinic moiety to dictate the site-selective intro-
duction of the nucleophiles at the a-position of the imide carbonyl (B-position
relative to the ketone), the presence of the oxazolidinone carbonyl was crucial in
terms of enantiocontrol. Interestingly, the simple yet y-selective conjugate addition
of y-butenolides to oxazolidinone enoates was also promoted by 26 with high
stereoselectivity, although the carbonyl group responsible for the reacting site of
the electrophile differed from that in the doubly site-selective reaction (Scheme 26,
bottom). The efficacy of the amino thiourea 26 in a similar reaction with
(Z)-p-trifluoromethyl oxazolidinone enoate demonstrated the potential for devel-
opment of a diastereodivergent catalyst system.
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Scheme 27 vy-Selective addition of butenolides catalyzed by organic superbase

Axially chiral guanidine 27 was introduced as a highly efficient stereocontroller
for the reactions with y-butenolide enolates, especially 2-thio-substituted deriva-
tives [45]. The characteristic feature of 27 as a chiral organic base catalyst enabled
establishment of a highly diastereo- and enantioselective protocol for conjugate
addition to nitroolefins, where the structure of the thioether moiety was very
important for attaining high enantioselectivity, and zerz-butylsulfide was an optimal
substituent (Scheme 27) [46]. Removability of the sulfide group via an oxidative
sequence was demonstrated in the product derivatization process.

Although the pK, of the simple y-butenolide seems to be rather high,
multifunctional iminium-activation catalysts bearing an additional amino group
can force adoption of the enol form in the keto-enol equilibrium and induce
carbon—carbon bond formation with transient iminium species. For example, the
in situ-generated salt of the trifunctional primary amine 28 and N-Boc-L-phenylal-
anine catalyzed y-selective conjugate addition of y-butenolide to o,p-unsaturated
ketones in a highly stereoselective manner (Scheme 28, top) [47]. The acidic
additive exerted a profound effect on the stereoselectivity, and the steric bulkiness
of the acid was proposed to be a critical element. Importantly, the chirality of the
amino acid derivative had a negligible impact on the stereoselectivity.
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Scheme 28 y-Selective addition of y-butenolides via iminium activation

A similar strategy was applied to the conjugate addition of a-angelicalactone to
enals (Scheme 28, bottom) [48]. Because the pK, of a-angelicalactone at the
a-position is relatively low, the chiral secondary amine 29 possessing an aminal
moiety could promote a moderately diastereoselective but highly enantioselective
reaction. The skipped enoate structure of a-angelicalactone was crucial for this
transformation and, indeed, treatment of the conjugated isomer ($-angelicalactone)
with 29 under otherwise identical conditions produced only a trace amount of the
corresponding product (<5% conversion).

3.3 y-Butyrolactam

In the conjugate addition of N-Boc y-butyrolactam, the site-selectivity and the
efficacy of the catalysts followed almost the same trends with those observed in
the reactions with y-butenolides. Complete y-selectivity was generally observed
under various reaction conditions and highly stereoselective systems were reported,
which were mainly based on the use of multifunctional catalysts. However, the
effect of nitrogen-protecting groups other than Boc and introduction of substituents
at the 3-, 4-, and 5-positions has not been extensively evaluated to date.

Cinchona alkaloid-derived thiourea 19a was an effective catalyst for the conju-
gate addition of N-Boc y-butyrolactam to various chalcone derivatives; the
corresponding adducts were obtained in good yield with high diastereo- and
enantioselectivities, although a relatively long reaction time was required (48—
84 h) (Scheme 29) [49]. Chloroform proved to be the best reaction medium;
nevertheless, this protocol tolerated other standard organic solvents such as toluene,
MeCN, THF, and CH,Cl, in terms of stereoselectivity but not catalytic efficiency.
The aromatic substituent at the 1-position of the enone (Arz) was essential for
attaining sufficient reactivity, and only a trace amount of the products was detected
in the reactions with aliphatic analogues (Ar” = alkyl).

Alkylidene malonates are good candidates as highly electrophilic acceptors in
the y-selective conjugate addition of y-butyrolactam under the catalysis of
multifunctional chiral guanidine 30a (Scheme 30) [50]. Nearly complete



74 D. Uraguchi and T. Ooi

Are

Q NH
2 o] 19a (10 mol%) \
a (10 mol%)  BocN,
+ B " o]
BocN ) Ar1/\)J\Ar2 P
3
50 °C Ar' Ar? N

1-selective
73~95%, dr = 10~>40:1 19a
94~00% ee (Ar = 3,5-(CF5),CoHs)
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Scheme 30 vy-Selective addition catalyzed by guanidine possessing a secondary amine subunit

diastereoselectivity and excellent enantioselectivity were observed with aromatic
acceptors (R' = aryl), but a slight decrease in stereoselectivity was inevitable in the
reaction with acceptors bearing cinnamyl and cyclohexyl substituents at the
B-position. The presence of guanidine and secondary amine subunits in the catalyst
was indispensable for promotion of the conjugate addition. The N-Me analogue 30b
provided the product in only 15% yield with diminished enantioselectivity (71% ee)
after 18 h of stirring under the optimized conditions.

In the y-selective conjugate addition of the y-butyrolactam to 3-methyl-4-nitro-
5-alkenyl isoxazoles, the importance of a hydrogen-bonding site in the bifunctional
amine catalysts was argued (Scheme 31, top) [51]. Specifically, the squaramide
group of the optimal quinine-derived catalyst 31 had a prominent effect on the
reaction efficiency, diastereoselectivity, and enantioselectivity. Various aromatic
and heteroaromatic acceptors were amenable to the asymmetric catalysis of 31.
However, introduction of strongly electron-deficient aromatic substituents onto the
Vinyl terminus (Arl = 4-CF3C6H4, 4-CNC6H4, 4-N02C6H4, 3,4-C12C6H3)
decreased the diastereomeric ratio (dr=4-7:1). The high performance of the
catalyst 31 allowed the accommodation of simple p-aryl o,p-unsaturated ketones,
including a,o,a-trichloromethyl enones, as an acceptor and excellent stereose-
lectivity was obtained under very mild conditions (Scheme 31, bottom).

The iminium activation strategy with the trifunctional chiral primary amine 28,
which was used in the y-selective conjugate addition of y-butenolides (Scheme 28),
also proved highly effective for promoting reaction with the 7y-butyrolactam
(Scheme 32, first line) [52]. Although various chiral diamines, amino thioureas,
and amino sulfonamides were evaluated during the optimization study, none of
these catalysts gave rise to impressive levels of diastereoselectivity. Eventually, a
bulky acid additive, such as the protected tryptophan derivative (N-Boc-L-Trp-OH),
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Scheme 32 Synthesis of PDE IV inhibitor through y-selective addition of y-butyrolactam

was identified as a requisite co-catalyst for enhancing the diastereoselectivity,
which mirrors the observation in the y-butenolide addition. With the optimal
catalyst combination, the y-butyrolactam underwent y-selective addition to the
B-carbon of a wide variety of methyl enones (R*=Me) with excellent
stereoselectivity.

Conjugate addition of the y-butyrolactam to enals was promoted by diphenyl-
prolinol trimethylsilyl ether 12 via the iminium activation process (Scheme 32,
second line) [53]. A satisfactory level of enantioselectivity was generally observed
irrespective of the solvent polarity, although the use of aqueous acetonitrile was
superior for optimizing the chemical yield and enantioselectivity. In addition,
acidic additives had apparent effects on the reaction profile and the highest
diastereoselectivity was attained with 2-fluorobenzoic acid. The synthetic utility
of this site- and stereoselective transformation was demonstrated in a series of
product derivatizations, including the three-step synthesis of a cAMP-specific
phosphodiesterase (PDE IV) inhibitor (Scheme 32, third line).
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3.4 Alkylidene Malononitriles

f,B-Disubstituted alkylidene malononitriles serve as useful precursors of acyclic
vinylogous nucleophiles. Facile deprotonation of the alkylidene malononitriles
under very mild conditions allows the generation of vinylogous carbanions because
of the extremely strong electron-withdrawing character of the dicyanovinylidene
moiety (Hammett constant: ¢, = 0.84 [cf: 6,=0.78 for NO,]) [54]. In contrast to
the a-selective alkylation under strongly basic conditions [55], this unique class of
vinylogous nucleophiles preferentially undergoes y-addition in conjugate addition
reactions.

Site- and stereoselective conjugate addition of the alkylidene malononitriles to
nitroolefins was reported by three independent groups, and moderate to high
enantioselectivity was obtained by using either the dimeric quinine 32 or amino
thiourea 33 as a catalyst (Scheme 33, top) [56-58]. In each case, nearly perfect
diastereoselectivity was observed regardless of the structure of the alkylidene
malononitriles employed, but the benzoannulated framework appeared to be impor-
tant for rigorous enantiocontrol. Because the olefinic moiety of the products can be
oxidatively cleaved to give the corresponding ketone, the alkylidene malononitrile
component can be regarded as an activated carbonyl group. That is, Knoevenagel
condensation of a ketone with malononitrile followed by y-selective transformation
would give the y-functionalized alkylidene malononitrile; the parent carbonyl
functionality could subsequently be regenerated upon treatment with KMnO,
(Scheme 33, bottom). This three-step sequence enables site- and stereoselective
modification at the o-position of relatively less acidic ketones under mild
conditions.

Doubly carbonylated cyclic olefins are reactive candidates as acceptors
for y-selective conjugate addition of alkylidene malononitriles. The highly

Scheme 33 Conjugate o 320r33 :rrf“:»: CN

addition of alkylidene o N . (5or10mol%) 3 2 CN
. ESN —_—

malononitriles as ‘y/\\/%\CN RN T e X o NO
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CH,Cl,: 85~95%, 66~94% ee CH,Cl,: 21~89%, 57~95% ee
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MgSO4

acetone/H,0

i, 1h NO,
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stereoselective coupling between the y-carbon of the nitriles and the a-carbon
(or p-carbon) of the carbonyl provides adjacent tertiary—tertiary stereogenic carbons
having unique synthetic handles. For example, conjugate addition to quinones was
catalyzed by dimeric cinchona alkaloid 34 with variable stereoselectivity, and the
resulting 1,4-cyclohexanedione motif was converted into the 1,4-diacyloxyphenyl
group (Scheme 34, top) [59]. Similarly, cinchona alkaloid-derived amine 35
exerted high stereoselectivity in the conjugate addition to maleimides, where an
enantiomeric excess of over 80% was achieved, even with non-benzoannulated
alkylidene malononitrile (Scheme 34, bottom) [60].

The stereoselective vinylogous Michael addition-cyclization cascade of
alkylidene malononitriles and 3-alkylideneoxindoles was effectively catalyzed by
rosin-derived thiourea 36 to give spirocyclic oxindoles with excellent stereose-
lectivity (Scheme 35) [61]. Although simple thiourea 20 (see Scheme 16) provided
low stereoselectivity (dr=3:1, 29% ee), introduction of the rosin unit into the
thiourea core significantly improved the diastereoselectivity to >20:1; the
pyrrolidine structure was essential for high enantioselectivity. The effect of the
chirality of the rosin component on the absolute stereocontrol was negligible and,
thus, the major proposed role of this structural unit was to increase the steric
hindrance of the catalyst. One of the salient features of this protocol is the

(20 mol%)

_ =

CHCl,/acetone

-20°C
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Scheme 34 Conjugate addition of alkylidene malononitriles to doubly activated electrophiles
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Scheme 37 Site-selective carbocycloaddition sequence of alkylidene malononitriles

remarkably broad substrate scope. Acyclic, cyclic, and non-benzoannulated
alkylidene malononitriles could all be employed and substituents on the 5- and
6-positions of the oxindoles were also tolerated.

The iminium activation strategy is applicable to the y-selective conjugate addi-
tion of alkylidene malononitriles with o,f-unsaturated aldehydes as an acceptor.
Readily available diphenylprolinol 37a and sterically congested bicyclic secondary
amine 38 were found to be suitable catalysts in separate screening studies.
4-Nitrobenzoic acid was effective for increasing the turnover frequency
(Scheme 36) [62, 63]. It should be noted that the free hydroxy group of the catalyst
did not interfere with the catalytic performance, although plausible hemiaminal
formation was sometimes problematic in the conjugate addition to enals catalyzed
by diarylprolinols. In an analogous manner, prolinol 37b possessing linear aliphatic
chains was found to be an effective catalyst for promoting the same reaction with
brine as a solvent [64].

The anion-stabilizing effect of the vinylidene malononitrile unit allows for
extended vinylogous reactions. The vinylogous reactivity of cyclohexenylidene
malononitriles in the conjugate addition to enals was modulated by using an
appropriate set of catalysts for selective production of spiro[4.5]decanones and
bicyclo[2.2.2]octane, respectively (Scheme 37) [65]. The former spiro compound
was constructed in a stepwise sequence via g,0-regioselective bis-vinylogous con-
jugate addition/intramolecular 1,6-Stetter [3 + 2] spiroannulation through sequen-
tial treatment with diphenylprolinol silyl ether 39 and N-heterocyclic carbene 40.
The initial step was catalyzed by 39 without any additives in relatively less polar
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solvents in a highly enantioselective fashion. The second step proceeded via the
Breslow intermediate generated from the transient aldehyde and 40 with complete
site- and diastereoselectivity. In sharp contrast, catalysis with similar secondary
amines in the presence of acidic additives such as carboxylic acids and electron-
deficient phenol derivatives selectively generated a bicyclic cage molecule via
one-step domino y',8-vinylogous conjugate addition/1,6-Michael [4 +2] cycload-
dition. The optimal catalyst combination, prolinol silyl ether 14 and 4-nitrophenol
41, provided the desired product in good chemical yield with high stereoselectivity.
The same formal [4 + 2] cycloaddition was also effected under prolinol catalysis
with basic (iPrzEtN) or acidic (benzoic acid) additives in a polar aprotic solvent
(acetonitrile) [66].

3.5 a-Alkylidene Oxindoles and Lactones

B,B-Disubstituted alkylidene derivatives of oxindole, azlactone, and
y-butyrolactone are used as precursors of vinylogous enolates, which are highly
stabilized owing to the heteroaromatic nature of the enolate components. Although
these o,p-unsaturated carbonyl systems can act as electrophilic Michael acceptors,
the presence of two p-substituents seems to suppress nucleophilic attack on the
[-carbon.

The utility of the alkylidene oxindole-derived vinylogous enolates was demon-
strated in the y-selective asymmetric conjugate addition to nitroolefins (Scheme 38)
[67, 68]. Dihydroquinine-derived thiourea 10 earned distinction as the most effec-
tive catalyst in terms of catalytic efficiency and stereocontrolling ability. The
tertiary amine and the thiourea functionalities both appeared to be essential for
ensuring catalytic activity. It should be noted that not only perfect y-selectivity but
also very high E/Z-selectivity were observed under the optimal conditions. A wide
variety of nitroolefins and substituted alkylidene oxindoles were amenable to this
protocol.

A quaternary stereogenic carbon center was effectively constructed by the
y-selective conjugate addition of this class of nucleophile to highly electrophilic,
pB-trifluoromethyl nitroolefins using cinchona alkaloid-derived thiourea 19¢ as a

R2 R R2 R R
10 (5 mol%) 3 NO.
M + NOy ———— 2
© RITNT2 toluene
N 15 °Crt N
MeO,C [¢] - MeO,C o
y-selective, E/Z = 10~>20:1
72~98%, 97~>99% ee (Ar = 3,5-(CF3),CH3)

Scheme 38 vy-Selective addition of f,B-disubstituted alkylidene oxindoles
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requisite catalyst (Scheme 39) [69]. Nearly complete £/Z- and enantioselectivities
were attained with a broad range of substrate sets, leading to the generation of
almost enantiomerically pure trifluoromethylated quaternary carbon. In the reaction
with the ethylidene analogue (R'=H), the product was formed in less than 10%
yield, verifying the importance of two substituents in the B-position of the
alkylidene oxindoles.

The potential utility of f,p-disubstituted alkylidene azlactones and
y-butyrolactones as precursors of vinylogous nucleophiles was substantiated in
the development of highly site-, diastereo-, and enantioselective conjugate addi-
tions to a,B-unsaturated aldehydes with diphenylprolinol silyl ether 39 as a catalyst
(Scheme 40, first line) [70]. In contrast with the reactions with alkylidene
malononitriles, the presence of a catalytic amount of organic base was indispens-
able for facilitating y-deprotonation of these pronucleophiles to generate the
corresponding vinylogous enolate probably because of the lower acidity of the
v-proton of the alkylidene lactones. In addition, the use of water as co-solvent was
effective for not only improving the chemical yield but also increasing the E/Z- and
enantioselectivities. Replacement of the water with brine further ameliorated the
reaction profiles. This protocol was successfully extended to a doubly vinylogous
conjugate addition to 2,4-dienals, where greater than 99% site-selectivity was
uniformly observed with dienals bearing a primary alkyl substituent at the
o-position (Scheme 40, second line). However, total loss of site-selectivity was
observed in the addition to 8-phenyl-substituted 2,4-dienal (R' = Ph) under other-
wise similar reaction conditions.

o S R RS
R*T— 19¢ (15 mol%)
7
Me + ~.No, — " "7,
N Fsc)\/ 2 toluene
/ —15 °C~rt
Boc (¢} !
y-selective, E/IZ = 15~>20:1 19¢  Ar
60~93%, 98~99% ee (Ar = 3,5-(CF3)2CgH3)

Scheme 39 vy-Selective addition of alkylidene oxindoles to p-trifluoromethyl nitroolefins
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Scheme 40 1,4- and 1,6-Selective y-addition of alkylidene lactones
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3.6 Miscellaneous

Friedel-Crafts-type vinylogous conjugate addition of 2-vinyl pyrroles to enals was
achieved site-selectively with the use of diphenylprolinol trimethylsilyl ether 14 as
an iminium-enamine activation catalyst (Scheme 41) [71]. Stepwise, formal [2 + 2]
cycloaddition would be a plausible outcome of the reaction for constructing
stereochemically enriched cyclobutanes. The polarity of the solvent had a critical
impact on the catalytic efficiency. Trace amounts or none of the desired product
was formed when less polar toluene or dichloromethane was used. Increasing the
polarity of the solvent led to enhancement of the turnover frequency of 14; the polar
protic solvent, ethanol, was optimal.

4 Outlook

As outlined in this chapter, significant development of protocols for organocatalytic
site- and enantioselective conjugate addition via ionic intermediates has been
accomplished over the past decade and this arena continues to be an actively
growing field. Various vinylogous electrophiles and nucleophiles have been elab-
orated for this type of selective bond-forming system, greatly expanding its utility.
Notwithstanding, these advances also highlight the dearth of highly stereoselective
protocols for controlling the site-selectivity, largely because the intrinsic reactivity
of multifunctional substrates governs the reaction site. Therefore, development of
novel strategies or catalysts for circumventing the site-selectivity constraints
imposed by the inherent attributes of the substrates remains an elusive goal.
Synergistic catalysis such as that demonstrated by the system illustrated in
Scheme 37 is one potential platform for developing truly catalyst-controlled site-
selective transformations.
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Redox-Triggered Carbonyl Addition
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Abstract Cyclometalated n-allyliridium C,0-benzoate complexes modified by
axially chiral chelating phosphine ligands display a pronounced kinetic preference
for primary alcohol dehydrogenation, enabling highly site-selective redox-triggered
carbonyl additions of chiral primary-secondary 1,3-diols with exceptional levels of
catalyst-directed diastereoselectivity. Unlike conventional methods for carbonyl
allylation, the present redox-triggered alcohol C-H functionalizations bypass the
use of protecting groups, premetalated reagents, and discrete alcohol-to-aldehyde
redox reactions.
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1 Introduction

As stated by Hendrickson, “The ideal synthesis creates a complex skeleton. . .in a
sequence only of successive construction reactions involving no intermediary
refunctionalizations, and leading directly to the structure of the target, not only its
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skeleton but also its correctly placed functionality” [1]. This perspective elegantly
captures many core aspects of synthetic efficiency, including the importance of
merged redox-construction events (“redox-economy’) [2], regio-, chemo-, and
stereoselectivity [3, 4], as well as protecting group-free chemical synthesis [5—
7]. A modernistic revision of this statement would also encompass considerations
of atom-efficiency [8, 9] and waste generation [10—12], overall process relevance
[13-16], and the minimization of preactivation: the degree of separation between
reagent and feedstock [17]. Considerable progress toward these ideals has been
made, especially in terms of controlling regio- and stereoselectivity. Indeed, 40
years have elapsed since the first industrial catalytic asymmetric synthesis was
reported by Monsanto for the synthesis of L-DOPA, which utilizes a byproduct-free
enantioselective hydrogenation [18, 19]. The design of chemoselective catalysts
capable of discriminating between like functional groups, so as to transform organic
molecules in a “site-selective” manner, poses a more formidable challenge, but
offers the benefit of removing steps from a synthetic route otherwise required for
the installation and removal of protecting groups. As demonstrated in the work of
Kawabata [20-26], Miller [27-35], and Taylor [36—41], the site-selective modifi-
cation of carbohydrates and other natural polyols directly delivers compounds that
would normally require lengthy stepwise preparations, or may be entirely inacces-
sible by other means.

By exploiting the native reducing ability of alcohols, we have developed a broad,
new family of redox-triggered carbonyl additions where hydrogen transfer from
alcohols to m-unsaturated reactants results in the formation of electrophile-nucle-
ophile pairs, which combine to give products of formal alcohol C-H functiona-
lization [42-48]. These processes are redox efficient as they merge alcohol
oxidation and C—C bond construction events, bypassing discrete alcohol-to-alde-
hyde redox reactions, and manipulations required for the stoichiometric formation
of premetalated reagents. One of the most useful processes based on this pattern of
reactivity is the enantioselective iridium-catalyzed coupling of primary alcohols
with allyl acetate to form secondary homoallylic alcohols (Scheme 1) [49-
53]. Such primary alcohol C-allylations have been applied to the syntheses of

Cl
’I
MeO F’
Ph /\/Y\
Redox Pair 2 OTBDPS
1

Me
(S)- CI MeO-BIPHEP
H O
i [ﬂ] O,N (S)-Cl,MeO-BIPHEP
79% Yield, 32:1 dr

wo

?;/\ (5 mol%) NO,
OH
A OTBDPS 3,4-(NO,),-BzOH (10 mol%) /\/H/\
OAc Me Cs,CO; (100 mol%) Z OTBDPS
(200 mol%) (100 mol%) THF-H,O (14:1,0.4 M) Me
100 °C, 24 h (R)-Cl,MeO-BIPHEP
80% Yield, 16:1 dr

Scheme 1 Iridium-catalyzed coupling of primary alcohols with allyl acetate to form secondary
homoallylic alcohols
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Me
MeﬁMe
Me | ~Me

I~

HN™ "0
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_ (eq. 1)
\ OH butanone, reflux \ o} Q:(\O
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Ir.
HN" O
Me Ph
Ph
(3 mol%)
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Scheme 2 Examples of site-selective diol oxidation involving discrimination between two pri-
mary alcohols (eq. 1) and discrimination between benzylic primary vs secondary alcohols (eq. 2)

diverse polyketide natural products, resulting in the most concise routes reported to
date [54-64].

As documented in the review literature [65], iridium catalysts are remarkably
sensitive to the steric environment of reactants and, in the context of diol oxidation,
display a pronounced kinetic preference for dehydrogenation of the more accessible
alcohol [66—74]. As illustrated in the context of oxidative lactonization, nearly
complete levels of discrimination between two primary alcohols are achieved on
the basis of remote steric effects: beta- versus gamma-branching (Scheme 2 (eq. 1))
[71]. In the case of benzylic diols, the energetic barrier to dehydrogenation should
be lower, potentially diminishing selectivity in the dehydrogenation event. Yet as
illustrated in the oxidative lactonization of the enantiomerically-enriched 1,4-diol,
oxidation at the primary benzylic alcohol occurs with complete levels of selectivity
even though it is more endothermic than oxidation of the secondary benzylic
alcohol (Scheme 2 (eq.2)) [73].

The exceptional levels of chemoselectivity displayed in iridium catalyzed diol
oxidation led us to explore the feasibility of redox-triggered diol C-allylations
which are both asymmetric and site-selective [75, 76]. Such transformations
would represent a significant departure from classical protocols for carbonyl
allylation [77-83], as they would forego the requirement of protecting groups,
premetalated reagents, chiral auxiliaries, and discrete alcohol-to-aldehyde oxida-
tion, thus representing an additional step toward fulfillment of the “Hendricksonian
ideal.” In this review we summarize our progress on chiral diol C-H functiona-
lization via asymmetric redox-triggered carbonyl addition.
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2 Redox-Triggered Allylation of Diols

The redox-triggered carbonyl allylations developed in our laboratory are catalyzed
by cyclometalated m-allyliridium C,0-benzoate complexes bearing chiral phos-
phine ligands. These reactions proceed in accordance with the indicated general
catalytic mechanism (Scheme 3). Entry into the catalytic cycles occurs upon
protonolytic cleavage of the m-allyliridium complex by the primary alcohol reac-
tant. The resulting iridium alkoxide suffers p-hydride elimination to furnish an
aldehyde and an iridium hydride. Competition experiments demonstrate rapid and
reversible f-hydride elimination, that is, alcohol hydrogenation-dehydrogenation,

NO, Me™ X

O@X ‘_\ Preformed
o) HO. R Catalyst
o)

;U/_g \
.0,
A}
\/
xm'
Y,

N H H NO,
(0]
| ||| _| |||
“ o <P rl R

L

Ffon
_
et

<P—Ir”' <p_|rm
“ H-Base T Base
NO, OAc NO,
o I Q
< x
0.
AT o =l
<E/Ir\J OAc <P Ir
C
,/ R Ir-a-X R! = R? = -OCH,0- (SEGPHOS)
f\ Ph, = é Ir-b-X R' = OMe, R2 = Cl (C|,MeO-BIPHEP)
P N e n‘P 1
a O/lr Ir-Complex Bond a (A) Bond b (A) Bond c (A)
hz N (R)Ir-a-OMe  2.107 2.068 2.260
o (S)-Ir-a-H 2.112 2.074 2.262
(R)-Ir-a-NO, ~ 2.121 2.072 2.277
NOz (R-Ib-NO,  2.131 2.088 2.329

Scheme 3 General catalytic mechanism for redox-triggered carbonyl allylation and survey of
selected bond lengths from a series of n-allyliridium C,0-benzoate complexes
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in advance of carbonyl addition [50]. Deprotonation of the iridium hydride provides
an anionic iridium(I) intermediate, which undergoes oxidative addition with allyl

SO Ph, N\
0] Ql P"'Z"'I./
P" \O
<O O Ph;
N o
(S)-SEGPHOS
OH OH NC OH OH
= 5 mol% NO. = 2
_~_OAc (5 mol%) 2 =
(200 mol%) 4-CN-3-NO,-BzOH (10 mol%)
1a Cs,CO3 (100 mol%) 2a, 67% Yield
(100 mol%) THF-HZO (14:1, 0.4 M) > 20:1dr
100 °C, 24 h
OH OH OH OH
/\/OAC X (R)-Ir-Cat. (5 mol%) = X
(200 mol%) As Above
1a 3a, 59% Yield
(100 mol%) >20:1dr
OH OH OH OH
OA S)--Ir-Cat. (5 mol% PN
ANUAC OBn (S) (5 mol%) = OBn
(200 mol%) As Above
1b 2b, 73% Yield
(100 mol%) 10:1 dr
OH OH OH OH
OA R)-Ir-Cat. (5 mol% A~
AR OBn (R (5 mol%) = OBn
(200 mol%) As Above
1b 3b, 66% Yield
(100 mol%) 10:1 dr
OH OH OH OH
_~_OAc o8n (S)-Ir-Cat. (5 mol%) WOB”
(200 mol%) Me Me As Above Me Me
1c 2c, 69% vyield
(100 mol%) 9:1dr
OH OH OH OH
A R)-Ir-Cat. (5 mol%
P Ohc OBn (R) ( ) = OBn
(200 mol%) Me Me As Above ME Me
1c 3c, 67% yield
(100 mol%) 18:1dr
Scheme 4 Catalyst-directed diastereo- and site-selectivity in
y y
unprotected 1,3-diols 1la—1c

the asymmetric C-allylation of
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acetate to regenerate the starting w-allyliridium C,0-benzoate complex. Now, with
aldehyde present, carbonyl addition occurs, resulting in the formation of a
homoallylic iridium alkoxide that exchanges with the primary alcohol reactant to
close the catalytic cycle. By the use of isotopically labeled allyl acetate with
deuterium at the allylic position, intervention of symmetric iridium w-allyl inter-
mediate was corroborated [50]. Interestingly, both catalytic efficiency and stereose-
lectivity is dramatically influenced by remote substituents at the 4-position of the C,
O-benzoate moiety. As suggested by single crystal X-ray diffraction data of a series
of m-allyliridium C,0-benzoate complexes (Scheme 3) [53], more electron-deficient
C,0O-benzoate ligands enhance Lewis acidity at iridium, which may accelerate
turnover limiting carbonyl addition with respect to protonolytic cleavage of the
n-allyl and other competing processes.

Our initial studies focused on the catalyst-directed diastereo- and site-selective
allylation of chiral 1,3-diols 1a—1c. The feasibility of these processes was rendered

80 Ph, 2\
0= P/fi.,l ,
p—’ \o
LOTJZ 3 Phy
o o
(S)-SEGPHOS
OH OH NC OH OH
X 5 mol% NO : :
/\/OAC (5 mol%) 2 NS
(200 mol%) 4-CN-3-NO,-BzOH (10 mol%)
1d CSZCO3 (100 mol%) 2d, 74% Yield
(100 mol%) THF-H,0 (14:1, 0.4 M) 16:1 dr
100 °C, 24 h

OH OH
/\/OAC (R)-Ir-Cat. (5 mol%) = Pz X
(200 mol%) As Above
3d, 74% Yield
19:1dr
/\/OAC (S)-Ir-Cat. (5 mol%)
(200 mol%) As Above
2e, 70% yield
(100 mol%) >20:1dr
Me Mey " Me mey "
/\/OAC (R)-Ir-Cat. (5 mol%)
(200 mol%) Me As Above Me
1e 3e, 74% yield
(100 mol%) >20:1dr

Scheme 5 Catalyst-directed diastereo- and site-selectivity in the asymmetric C-allylation of
unprotected 1,5-diol 1d and 1,5-triol 1e
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uncertain by the well-documented instability of the p-hydroxy aldehyde interme-
diates, which under equilibrium conditions exist predominantly as dimers [84—
86]. Nevertheless, the chromatographically isolated m-allyliridium C,0-benzoate
complex derived from [Ir(cod)Cl],, (S)- or (R)-SEGPHOS, 4-cyano-3-nitro-
benzoic acid, and allyl acetate proved to be effective in these transformations
(Scheme 4) [75]. Specifically, in aqueous THF solvent at 100 °C, 1,3-diols 1la—1c
(100 mol%) were exposed to the (S)- or (R)-SEGPHOS modified catalyst (5 mol%),
allyl acetate (200 mol%), cesium carbonate (100 mol%), and 4-cyano-3-nitro-
benzoic acid (10 mol%) to furnish diastereomers 2a—2c¢ and 3a—3c, respectively.
In each case, the homoallylic alcohols were obtained in good to excellent yields
with high levels of catalyst-directed diastereoselectivity. Oxidation of the unpro-
tected secondary alcohol of the reaction products 2a—2¢ and 3a—3c (or reactants la—
1c¢) was not observed. Notably, the synthesis of 3b, which is accomplished in four
steps through iterative redox-triggered allylation, was previously achieved through

Cl
Meo- S0 £ A

I
P= ™o
MeOTZ _S'pn,
Cl fo)
(S)-SEGPHOS
OH OH OoN OH OH
- 5 mol% NO R z
O WOBn Gmot) Mo A" 0mn
(200 mol%) Me 3,4-(NO,),-BzOH (10 mol%) Ve
1f 052003 (100 mol%) 2fY 75% Yield
(100 mol%) THF-H,0 (14:1, 0.4 M) 91 dr
100 °C, 24 h
OH OH OH OH
: - |- 0, <
/\/OAC . oBn (R)-Ir-Cat. (5 mol%) P y OBn
(200 mol%) Me As Above Me
1f 3f, 62% Yield
(100 mol%) 3:1dr
OH OH OH OH
= S)-Ir-Cat. (5 mol% : c
/\/OAC K_/\/OBn (S)-Ir-Cat. (5 mol%) MOBn
(200 mol%) Me As Above Me
1g 2g, 76% Yield
(100 mol%) 5:1dr
OH OH OH OH
: R)-Ir-Cat. (5 mol% /\/k/\/
/\/OAC K_/\/OBn (R)-Ir-Cat. (5 mol%) _ _ OBn
(200 mol%) Me As Above Me
1 39, 80% Yield
(100 mol%) 3:1dr

Scheme 6 Catalyst-directed diastereo- and site-selectivity in the asymmetric C-allylation of
unprotected chiral f,y-stereogenic diols 1f and 1g
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a seven-step sequence from the same starting material [87], illustrating the inherent
step-economy of protecting group-free chemical synthesis.

To assess scope further and determine whether a 1,3-relationship between
hydroxyl moieties is required to suppress over-oxidation, the 1,5-diol 1d and
1,5-triol 1e were exposed to the chromatographically isolated m-allyliridium C,0-
benzoate modified by (S)- or (R)-SEGPHOS and 4-cyano-3-nitro-benzoic acid
under the aforesaid conditions (Scheme 5) [75]. The corresponding homoallylic
alcohols 2d, 2e and 3d, 3e were obtained in good to excellent yields with high levels
of catalyst-directed diastereoselectivity. The site-selective C—C coupling of 1e to
form either 2e or 3e, where one of three unprotected alcohols undergoes modifica-
tion, suggests this technology is applicable to the late stage modification of even
more complex polyhydroxylated compounds, such as type I polyketides.

The unprotected chiral B,y-stereogenic alcohols 1f and 1g represent an especially
challenging class of reactant, as branching adjacent to the transient chiral aldehyde
is expected to retard the rate of carbonyl addition with respect to racemization
(Scheme 6). For 1f and 1g, the chromatographically isolated m-allyliridium C,0-
benzoate complex derived from [Ir(cod)Cl],, (S)- or (R)-Cl,MeO-BIPHEP,
3,4-dinitro-benzoic acid, and allyl acetate provided the best results [75]. Although
site-selectivity proved uniformly high, good levels of diastereocontrol were
observed only in cases where the diastereofacial bias of the catalyst matched the
intrinsic diastereofacial bias of the transient aldehydes for Felkin-Anh addition
[88], as in the formation of 2f and 2g. In the mismatched case, represented by the
formation of 3f and 3g, epimerization of the transient aldehydes erodes
diastereoselectivity.

Although use of an isolable, single component catalyst offers certain advantages,
generation of the catalyst in situ from commercial precursors is expedient and
enables rapid evaluation of structurally diverse complexes. Using the commercially
available chiral diol 1h, a screening of catalysts generated in situ quickly leads to
the identification of the w-allyliridium C,0-benzoate complex derived from [Ir(cod)

O

Ph, ,
[Ir(cod)Cl], (2.5 mol%) OH OH P' gt
Ligand (5 mol%) X 2h th
= Me
Cﬁi/?\H 4-X-3-NO2-BzOH (10 mol%) ©=©
Me Cs,CO3 (20 mol%) OH OH (S)-Ir-la, X =H X
allyl acetate (10 eq.) = 3h (S)-Ir-Ib, X =CI NO.
1h THF (0.2 M), 100°C R™(s) Me
o, Cl
(100 mol%) (S)r-la 61% Yield, 10:1 (2h : 3h) MeO F;hz
(S)-Ir-Ib 58% Yield, >20:1 (2h : 3h) M o — '"‘o
(S)-Ir-lc 65% Yield, 11:1 (2h : 3h) e Ph2
(S)-Ir-1d 79% Yield, >20:1 (2h : 3h)
(S)-Ir-le, X=H X

(SHr1d, X=Cl  NO,

Scheme 7 Generation of structurally diverse catalysts in situ enables screening and identification
of a highly efficient and selective system for C-allylation of unprotected diol 1h
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Cl]», (S)- or (R)-C1,MeO-BIPHEP, 4-chloro-3-nitro-benzoic acid, and allyl acetate
as a highly efficient and selective system for diol C-allylation [76]. Under these
conditions, diol 1h is converted to the homoallylic alcohol 2h in 79% isolated yield
as a single diastereomer, as determined by '"H NMR analysis of the crude reaction

mixture (Scheme 7).

OAc
(10 eq.)

/\/OAC
(10 eq.)

OAc
(10 eq.)

/\/OAC

(10 eq.)

Scheme 8 Catalyst-directed diastereo- and site-selectivity in the asymmetric C-allylation of
unprotected 1,3-diols 1h—1j using in situ generation of catalyst

OH OH

K/'\Me

1h
(100 mol%)

OH OH

K/LMe

1h
(100 mol%)

OH OH Me
Me
1i
(100 mol%)

OH OH Me
Me
1i
(100 mol%)

OH OH

1j
(100 mol%)

OH OH

1j
(100 mol%)

[Ir(cod)Cl], (2.5 mol%)

- - | 0, =
(S)-CI,MeO-BIPHEP (5 mol%) WMe

4-CI-3-NO,-BzOH (10 mol%)

Cs,CO3 (20 mol%)
THF (0.2 M), 100 °C

(R)-Ir-Cat. (5 mol%)
As Above

(S)-Ir-Cat. (5 mol%)
As Above

(R)-Ir-Cat. (5 mol%)
As Above

(S)-Ir-Cat. (5 mol%)
As Above

(R)-Ir-Cat. (5 mol%)
As Above

=

OH OH

2h, 79% Yield
>20:1dr

OH OH
Me

3h, 70% Yield
>20:1dr

OH OH Me

/\/-\/k)\Me

A

A

2i, 81% Yield
>20:1dr

OH OH Me

Me

3i, 70% Yield
> 20:1dr

OH OH

2j, 65% yield
> 20:1dr

OH OH

3j, 68% vyield
>20:1dr



94 1. Shin and M.J. Krische

ToI ,

/Ir\

I2
(S)-Tol-BINAP
OH OH OH OH
o 5

5 moI"/
/\P K/'\Me ( ) 2 Me

Me K3PO4 (5 mol%) HO Me
1h THF (1.0 M) 4h, 70% Yield
400 mol? ° ’
(400 mol%) (100 mol%) 60°C,48h 18:1dr
o OH OH QH oH
(R)-Ir-Cat. (5 mol%)
/\|> K/'\Me JE— =z R Me
Me As Above HO—" Me
1h 5h, 63% Yield
400 mol% ’
( % (100 mol) >20:1 dr

Scheme 9 Catalyst-directed diastereo- and site-selectivity in the asymmetric tert-(hydroxy)-
prenylation of unprotected diol 1h

These conditions for in situ generation of the enantiomeric catalysts (S)- or (R)-
Ir-Id were applied to chiral 1,3-diols 1h—1j (Scheme 8) [76]. The respective
diastereomeric products of C-allylation 2h—2j and 3h—3j were generated in good
isolated yields with complete levels of catalyst-directed diastereoselectivity and
high levels of site-selectivity. The catalytic C—C coupling of the benzylic diol 1j is
especially noteworthy, as dehydrogenation to form the acetophenone should be
far less endothermic than aldehyde formation, yet only trace quantities of the
over-oxidized ketone product were observed. Notably, the diastereoselectivities
observed in connection with the protocol for in situ catalyst generation were
consistently better than those observed previously using the chromatographically
purified catalysts [75, 76].

Having established the feasibility of diastereo- and site-selectivity in redox-
triggered allylations of unprotected diols, we have begun to explore site-selectivity
in related catalytic asymmetric C—C couplings. For example, using the chromato-
graphically purified m-allyliridium C,0-benzoate complex derived from [Ir(cod)
Cl],, (S)- or (R)-Tol-BINAP, 4-cyano-3-nitro-benzoic acid, and allyl acetate, pri-
mary alcohols react with isoprene oxide to form aldehyde-allyliridium pairs en
route to products of fert-(hydroxy)-prenylation [89]. To evaluate the feasibility of
site-selective coupling, the unprotected chiral diol 1h, was reacted with isoprene
oxide using enantiomeric Tol-BINAP-modified iridium catalysts. The diastereo-
meric products of fert-(hydroxy)-prenylation 4h and Sh were formed with excellent
levels of diastereo- and site-selectivity. A remarkable feature of this transformation
lies in the ability to form an all-carbon quaternary center with control of relative and
absolute stereochemistry (Scheme 9).
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Scheme 11 Direct conversion of 6h, 6i, and 6k and 7h, 7i, and 7k to trisubstituted piperidines 8h,
8i, and 8k and 9h, 9i, and 9Kk, respectively

More recently, related redox-triggered C—C couplings of primary alcohols and
vinyl aziridines were developed, which furnish products of carbonyl
(a-aminomethyl)allylation [90]. This transformation was applied to the unprotected
1,3-diols 1h, 1i, and 1k using the enantiomeric cyclometalated iridium C,0-ben-
zoate catalysts derived from 4-cyano-3-nitro-benzoic acid and either CI,MeO-
BIPHEP or BINAP (Scheme 10). The respective diastereomeric products of C-
allylation 6h, 6i, and 6k and 7h, 7i, and 7k were generated in good isolated yields
with good levels of catalyst-directed diastereoselectivity and site selectivity. As
illustrated in the conversion of diol 1k to adducts 6k and 7k, the iridium catalyst is
tolerant of Lewis basic pyridyl substituents. To illustrate the utility of this meth-
odology, the diol coupling products 6h, 6i, and 6k and 7h, 7i, and 7k were exposed
to Mitsunobu reaction conditions, directly providing the diastereomeric trisubsti-
tuted piperidines 8h, 8i, and 8k and 9h, 9i, and 9k, respectively (Scheme 11).

3 Summary and Outlook

Stereo- and site-selective methods for the assembly of organic molecules that occur
with addition, acceptorless removal, or redistribution of hydrogen are natural
endpoints in the evolution of methods for process-relevant chemical synthesis.
With this objective, we have merged the chemistry of transfer hydrogenation and
carbonyl addition by harnessing the native reducing ability of alcohols for the
redox-triggered generation of transient organometal—aldehyde pairs. Using chiral
cyclometalated m-allyliridium C,0-benzoate complexes, primary alcohols dehydro-
genate faster than secondary alcohols, enabling site-selective modification of chiral
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1,3-diols with exceptional levels of catalyst-directed diastereoselectivity. This and
related technologies for the direct, stereo- and site-selective C—C coupling of polyol
streamlines de novo chemical synthesis, and offer new possibilities for late-stage
modification of natural products, such as type I polyketides.
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Site-Selective Peptide/Protein Cleavage

Jizhi Ni and Motomu Kanai

Abstract Site-selective peptide/protein degradation through chemical cleavage
methods is an important modification of biologically relevant macromolecules
which complements enzymatic hydrolysis. In this review, recent progress in chem-
ical, site-selective peptide bond cleavage is overviewed, with an emphasis on
postulated mechanisms and their implications on reactivity, selectivity, and sub-
strate scope.
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1 Introduction

Amide bonds are among the most fundamental and important chemical bonds in
nature because of their existence in peptide and protein structures. Amide bonds are
stable because of delocalization of the lone pair electrons on the nitrogen atom over
the amide functionality (Fig. 1). The half-life of amide bonds in spontaneous
hydrolysis is estimated to be 350-600 years in a neutral pH solution at room
temperature [1]. Traditional methods for amide hydrolysis generally require harsh
reaction conditions, such as strong acids or bases at high temperatures [2].

Protein modifications through chemical methods [3—16] are of great importance
in a broad range of research fields, such as chemical biology [17], chemical genetics
[18], protein engineering [19, 20], proteomics [21, 22], and drug discovery [23,
24]. Site-specific peptide bond cleavage reactions are valuable chemical tools
among such important chemical modifications. Examples include structural deter-
mination of peptides and proteins in proteomics, chemical biology, and structural
biology studies [25-28].

Despite enzymatic (peptidase) hydrolysis of peptide bonds proceeds at specific
sites under mild conditions with high fidelity [29, 30], the scope of the scissile
substrates is restricted in principle to genetically encoded amino acid sequences.
Chemical methods are applicable to substrates containing unnatural or structurally
modified amino acids that are not recognized by peptidases. Therefore, the devel-
opment of artificial peptidases enabling practical and general protein/peptide cleav-
age is challenging, but of significant utility in a variety of applications ranging from
structure determination of chemically modified proteins/peptides to therapeutics.

In this chapter, we survey recent (during the past 10 years) progress in site-
selective peptide/protein degradation through chemical cleavage methods that
complement enzymatic hydrolysis.

2 Metal-Promoted Peptide Hydrolysis/Solvolysis

Hydrolysis (or solvolysis) of peptides and proteins involves addition of a water
(or solvent) molecule across an amide bond in peptide backbones without modify-
ing side chain structures (Fig. 2). The hydrolytic approach generates native
C-terminal carboxy and N-terminal amino groups. Hence, it is particularly useful
and straightforward in protein sequencing, proteomics, and protein engineering
applications.

Four representative roles are conceivable for metals in metal-promoted peptide
bond hydrolysis (Fig. 3) [31, 32]. First, metals act as a Lewis acid, and activate
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carbonyl groups toward nucleophilic attack of hydroxide ions or water molecules
(Fig. 3a). Second, metals enhance nucleophilicity of water molecules as a Bronsted
base through generation of metal hydroxides (Fig. 3b). Third, metals can both
activate carbonyl groups as a Lewis acid and deliver hydroxide ions to carbonyl
carbons as a counterion (Fig. 3c). These three modes of action facilitate the initial
tetrahedral intermediate (TI)-formation step. Elimination of the poor leaving group,
RNH, from the generated TI, however, is another difficult step in peptide bond
hydrolysis, especially at neutral pH [31, 33]. Because the poor leaving group RNH
must be protonated either prior to or in concert with C-N bond cleavage [31], the TI
breakdown step at a neutral pH can be accelerated by the fourth mechanism: after
forming TI, a metal-bound water molecule works as a proton source for the leaving
RNH (Fig. 3d). This M—OH, species, serving as a general acid, efficiently facili-
tates the C—N bond cleavage.

Numerous examples of peptide hydrolysis have been achieved with the assis-
tance of metal ions/metal complexes, including Zn, Co, Zr, Cu, Ni, Mo, Pd, and
Pt. Detailed information can be found in a number of excellent and comprehensive
review articles written on this subject [32-48]. According to the recognition mode,
the site-selective peptide/protein degradation can be achieved in two ways: a direct
metal-peptide side chain interaction or a promoter’s recognition site-peptide side
chain interaction.
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2.1 Using Interaction Between Metal Ions and Specific Side
Chain Functional Groups of Peptides

After metal ions interact with specific peptide side chain functional groups, they act
as a Lewis acid to enhance the reactivity of proximal peptide bonds through
coordination and polarization of carbonyl groups [49]. Meanwhile, metal ions can
also increase the concentration of nucleophilic hydroxide ions by forming metal
hydroxides (M—OH). In this way, peptide bond cleavage can be facilitated at
specific residues bearing high affinity with metal ions.

Using [Pd(H,0)4]** (1), cis-[Pd(en)(H,0),]** (2: en = ethylenediamine), and
other Pd" complexes as catalysts, various polypeptides and proteins containing
coordinating residues, such as His, S-methyl cysteine (CysMe), and Met, were
cleaved (Fig. 4) [44, 50-56]. The cleavage site-selectivity depended on the inter-
action between the nitrogen or sulfur atom of peptide side chains and the Pd" ions.
For dipeptides Ac—His—Xaa, cleavage occurred at the His—Xaa peptide bond with
moderate catalytic activity (turnover~4) by using 2 [55], whereas a turnover of
14 was achieved at 50°C in acetone-dg containing 2.2% D,O for cleavage of Ac—
Met—Xaa at the Met—Xaa bond using a dinuclear [szw-SPh)z(sol)‘;]2+ complex
(sol =H,0 or acetone, 3, Fig. 4) [57].

For Met- or His-containing oligopeptides and proteins, however, cleavage using
2 [58] or 1 [59, 60] proceeded at a different site from the above dipeptides, the
second peptide bond to the N-terminal side from the anchoring residue (Fig. 5a). In
an acidic solution (pH < 2.0), the side chain sulfur atom of Met coordinated to the
Pd" complexes to produce 4 (Fig. 5b). Then the Pd" ion preferentially formed a
six-membered bidentate chelate complex 5 through covalent bond-formation with
the amide nitrogen atom of the Met residue. Generation of a Pd—N bond increased
the electron density of this amide bond, thus protecting the amide carbonyl carbon
from nucleophilic attack by a water molecule or a hydroxide ion [61]. The bidentate
chelate complex 5 was, however, hydrolytically active at the peptide bond adjacent
to the N-terminal side because of proximity to the metal. This selective binding
mode explained the distinct site-selectivity from the dipeptide substrates Ac—His
(Met)-Xaa in [44, 50-57]. At pH 2.3, tridentate chelate complex 6 formed as a
major species. When the pH reached 4.5, tetradentate chelate complex 7 was the
major species. Both 6 and 7 proved to be hydrolytically inactive.

H 0] R : 2+ 2+ Ph 2+
| |
y ! H !
ACN\E)J‘,*H/H(OH ! |H0.  OH, N\Z\ _OH, sol._ s sol
L 0 i Pd [ .Pd Pd_ Pd
| . N ‘ N , N N
' |[H,O©  OH, H OH, sol S sol
T “l(): i : P
= N (\e |
L \[ /> or SMe ! 1 2 3
N n=1or2 i [Pd(H,0),]** cis-[Pd(en)(H,0),]* [Pdy(u-SPh),(sol) %"

Fig. 4 Hydrolytic cleavage of dipeptides Ac—His(Met or CysMe)—Xaa by Pd" complexes
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The cleavage site using cis-[Pt(en)(H,0),]*" differed from that using cis-[Pd(en)
(H,0),]** (2). The Pt complex cleaved the C-terminal side peptide bond of the
anchoring residue; for example, the Met—Zaa bond in Xaa—Yaa—Met—Zaa was
cleaved [62]. The stark difference between the Pt and Pd complexes in site-
selectivity was because of the stability of metal-en complexes. Complex 2 was
not stable in water, and the ethylene diamine ligand (en) was rapidly displaced by
water. The cis-[Pt(en)(H20)2]2+ complex was stable, however, and the en ligand
remained coordinated to Pt ion throu ghout the reaction [63]. Because of the lack of
the coordination site, the Pt" ion in a chelate complex 8 did not act as a Lewis acid
to activate the proximal peptide bond (Fig. 6), in contrast to the corresponding Pd""
complex 5 (Fig. 5). However, Pt'"' complex 9 was hydrolytically active because of
the coordination lability of an aqua ligand (L), leading to cleavage at the indicated
site [62].

A Cp,MoCl, complex bound with the thiol group of Cys through chloride/
thiolate ligand exchange, and mediated regioselective hydrolysis of the Cys—Xaa
peptide bond in dipeptides and tripeptides by intramolecular metal hydroxide
(Mo-OH) transfer (Fig. 7) [64]. A stoichiometric amount of Cp,MoCl, was required
because of the very slow ligand exchange of Mo-thiolates.

An imidazole group of a histidine residue is a good ligand for Cu"" [65-67] and
Ni"' [40, 66-70] ions. Hydrolysis using CuCl, was specific for the Xaa—Ser(Thr)
bond in Xaa—Ser(Thr)-His sequences (at 62°C and pH 8) [65]. Allen proposed that
strong binding of the released amino group to Cu" ion prevented the reverse O-to-N
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acyl migration reaction, which would otherwise be thermodynamically favored in
the absence of the metal (Fig. 8) [41]. Using Ni'l, the Xaa—Ser bond in a Xaa—Ser—
Yaa—His—Lys sequence was cleaved at 37°C and pH 7.4 [69] or 10.8 [66]. A stable
complex between square planar Ni' ion and the Ser—Yaa—His—Lys sequence was
formed prior to cleavage (Fig. 9) [67]. In both cases of Cu"- and Ni"-mediated
peptide cleavage, the peptide bond cleavage proceeded through N-to-O acyl migra-
tion by participation of the Ser (or Thr) hydroxy group, followed by hydrolysis of
the resulting esters.
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In many metal ion-assisted hydrolytic peptide bond cleavage reactions, the metal
ions, such as Pd, Pt, Cu, Mo, and Ni, are trapped by hydrolyzed products. Because
free metal ions that are reactive for peptide bond hydrolysis hardly regenerate,
examples for metal ion-catalyzed peptide bond cleavage are limited.

Zn" ion possesses several special properties in promoting peptide hydrolysis
[71]. First, because 7Zn" ion has a filled d shell, there is no gain in ligand field
stabilization energy when it is coordinated by ligands in any geometry. Therefore,
Zn" may form a variety of ligand geometries without any energy costs. Second,
according hard-soft acid-base theory, Zn" is regarded as a borderline acid. It can
interact strongly with a variety of ligand types including a sulfur atom of Cys, a
nitrogen atom of His, and oxygen atoms of Glu, Asp, and water [72]. Third, ligand
exchange on Zn" ion is fast, allowing for facile catalyst turnover [39]. Fourth, Zn"
oxidation state is stable, and thus oxidative side reactions are not conceivable. With
these advantages, Zn" ions are often found as cofactors in the active sites of
proteases (e.g., carboxypeptidase A [73, 74], carboxypeptidase B, and thermolysin
[75D).

Early in 1961, Bamann and coworkers reported hydrolysis of Gly-Leu by
treatment with stoichiometric Zn" for 24 h at pH 8.6 and 70°C [76]. In 2003,
Yashiro presented hydrolysis of dipeptides in the presence of stoichiometric ZnCl,
at pH 7.0 [77]. Hydrolysis of dipeptide sequences containing either a Ser or a Thr
residue at the C-terminal position was significantly faster than peptides without
these residues. The hydroxy group of the Ser or Thr side chain facilitated peptide
bond hydrolysis via promoting N-to-O acyl rearrangement. In Xaa—Ser(Thr)
sequences (e.g., Gly—Ser), intramolecular attack of the side chain hydroxy group
to the amide carbonyl carbon proceeded through favorable five-membered ring
formation (10, Fig. 10). In the case of Ser(Thr)-Xaa sequences (e.g., Ser—Gly),
however, yield of hydrolysis was low because formation of an unfavorable four-
membered ring was required (11, Fig. 10).

In 2012, Mashima and co-workers reported that Zn(OTf), acted as a catalyst for
Ser-selective scission of peptides (Fig. 11a) [78]. This was the first Zn-catalyzed
peptide cleavage. Addition of diethylcarbonate (DEC) as a trapping reagent for the
resulting Ser methyl ester (16), which was generated after amide bond alcoholysis,
was necessary to ensure the cleavage in high yield. On replacing the Ser residue
with a Gly residue, only a trace amount of peptide cleavage product was obtained
from Cbz-Gly—-Gly-OMe, indicating the importance of the Ser hydroxy group
participation. With Cbz-Ser—Gly-OMe, no scission occurred, because of the
requirement of unfavorable 4-exo-trig attack of the Ser hydroxy group. In the

Fig. 10 Hydrolysis of Gly— ! ho Zn!',
Ser and Ser—Gly [ 9
HZN\)L‘/ o HN_A o
’ Y
H o ;\}” H o
OH
10 11
Gly-Ser Ser-Gly

5-exo-trig attack 4-exo-trig attack
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proposed mechanism (Fig. 11b), the ester intermediate 15 was first generated after
Zn"-catalyzed N-to-O acyl rearrangement [79]. Then, subsequent Zn"-catalyzed
trans-esterification (15) [80-82] released 16, which was captured by DEC, forming
the corresponding carbamate 14.

2.2 Using Metal Complexes Bearing Recognition Motifs

To facilitate site-selectivity and to avoid strong binding of hydrolysis products to
metal ions, a reactive metal ion complex site and a recognition motif for a specific
functional group of peptide side chains were separated and conjugated in one
molecule. In this way, the metal ion complex moiety positioned itself proximal to
a scissile peptide bond, and promoted selective hydrolytic cleavage.
Cyclodextrins (CDs) have affinity for hydrophobic organic moieties. Kosti¢’s
group developed a new enzyme-like reagent by conjugating B-CD and a reactive
Pd" complex moiety (Fig. 12) [83]. On one hand, the B-CD moiety weakly bound to
the aromatic Phe side chain of substrate peptides. On the other hand, Pd" ion
selectively activated the peptide bond of the X—Pro group for hydrolysis. Using
Ac-Lys—Gly—Gly—Phe—Ser—Pro—Phe—Ala—Ala—Arg—Ala as a substrate, the Ser—Pro
bond was selectively cleaved by the Pd—B-CD conjugate (10 equiv. of Pd" complex
was used to enhance host-guest binding) (Fig. 12). The Gly—Gly bond was not
cleaved, however, despite its relative position to another Phe residue being the same
as the cleaved Ser—Pro bond to Phe (i.e., the second peptide bond to the N-terminal
side from Phe). The difference was because of the coordination ability of the amide
carbonyl oxygen atom to Pd; the amide oxygen atom of the Xaa—Pro group
possesses the greatest Lewis basicity in proteins [34], thus facilitating coordination
and activation of the peptide bond of the Xaa—Pro—Phe sequence. In bradykinin
(Arg—Pro—Pro—Gly—Phe—Ser-Pro-Phe—Arg), the Pd—f3-CD conjugate selectively
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cleaved the Ser—Pro peptide bond, whereas an unconjugated [Pd(H,0)4]** cleaved
all three Xaa—Pro bonds.

To achieve high site-selectivity, great reaction rate, and broad substrate gener-
ality, peptide cleavage promoter molecules containing a metal complex moiety
conjugated with a formyl group were synthesized, in which the formyl group was a
recognition motif for Lys residues through imine formation (17 and 18, racemic
compounds, Fig. 13) [84—87]. With enhanced affinity between the promoter mol-
ecules and substrates by reversible imine (covalent bond)-formation, 17 and 18
(100 equiv.) promoted selective cleavage of myoglobin containing 19 Lys residues
at the GIn91-Ser92 and Ala94-Thr95 sites. The site-selectivity was attributed to
general acid assistance by proximal Tyr146. On replacing the formyl groups of 17
and 18 by hydrogen atoms, protein cleavage was much slower.

Prior to 2000, utility of Co™ complexes in peptide bond cleavage was limited
only to hydrolysis of the N-terminal peptide bond through coordination of the
terminal amino group to the Co™ ion [37, 38, 42, 88-90]. This limitation was
overcome by Kumar and coworkers, who reported [Co(H,0)(NH3)s]**- and [Co
(H,0),(NH3)4]*"-promoted hydrolysis of hen egg lysozyme at the internal Alal10—
Trp111 bond under extremely mild conditions (at neutral pH and 37°C) [91]. The
Trp108 residue anchored the Co™ jon in proximity to the scissile Alal10-Trpl111
peptide bond. In this sense, this work is categorized in Sect. 2.1. Based on Kumar’s
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work, Suh developed a Co™ catalyst that selectively hydrolyzed the backbone of a

target protein [92, 93]. Designed catalysts comprised a cyclen ligand moiety
covalently attached to a peptide nucleic acid (PNA) oligomer that selectively
bound to myoglobin (Fig. 14). Using the Co™ complex (10 mol%), myoglobin
was hydrolyzed at internal Leu72—Gly73 and Leu89-Ala90 bonds under extremely
mild conditions (at pH 7.5 and 37°C) with ~50% yield after 30 h. When Co™ was
replaced by other metals, Cu' was found to be less reactive, whereas Fe'", Hf'",
Pt"Y, Zzr'V, Pd", and Ce'V failed to exhibit any catalyst activity.

In 2005, using a combinatorial library prepared by Ugi condensation, the same
group reported an artificial metalloprotease-type catalyst (19 mol%) that selectively
hydrolyzed a disease-related enzyme, peptide deformylase (PDF), at the GIn152—
Argl53 bond (Fig. 15) [94]. This enzyme is involved in deformylation of proteins in
prokaryotic translational systems. The optimal proteolytic activity was produced at
pH 7.5. A docking simulation study predicted preferential interaction of PDF with
the (S)-enantiomer complex, and hydrogen bonding and van der Waals interactions
between the complex with specific amino acid residues near the scissile peptide
bond.

Suh’s group also developed several [Co™ (cyclen)]-based complexes for cleav-
age of B-amyloid 1-42 (Af4,) oligomers, a possible etiology of Alzheimer disease,
and human islet amyloid polypeptide (h-IAPP, also known as amylin), a cause of
type 2 diabetes, typically at pH 7.5 and 37°C [95-99]. The stable Co™' complexes

s
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could ensure that the metal ion would not be released, even in clinical applications.
Li et al. and Jeong et al. reported that exchange-labile [CuH(cyclen)]—based com-
plexes also worked as artificial proteases for cleavage of AP, oligomers and
h-TIAPP [100-104]. It was expected that the ligand-conjugated apocyclens them-
selves could be used, instead of Cu" complexes, because the cyclens would capture
Cu" ions bound to amyloids and generate catalytically active ligand-conjugated
Cu" complexes. These results indicate that ligand-conjugated peptide-cleavage
catalysts might be useful drugs for targeting particular amyloid diseases (e.g.,
Alzheimer’s disease, type 2 diabetes, and Parkinson’s disease).

3 Hydrazinolysis

In 2012, Ohshima and co-workers reported microwave-assisted transamidative
deacylation of unactivated amides with a combination of an ammonium salt and
ethylene diamine at 50-90°C [105]. In 2014, the same group realized
hydrazinolysis of unactivated amide bonds [106]. The reaction proceeded at mod-
erate temperature (50-70°C) to provide N-acyl hydrazines and amines in good
yield. They applied the reaction conditions to cleave peptides (Fig. 16). Selective
cleavage of the Gly—Phe bonds in two peptides was realized. No epimerization at
the a-position of the Phe residue was observed. The site-selectivity was likely
caused by both steric and electronic factors.

4 Site-Specific Peptide Cleavage Through Side Chain
Modifications

Selective activation of peptide side chain functional groups is an important
approach in site-selective cleavage of peptide bonds. In 1950, Edman reported a
stepwise peptide cleavage from the N-terminal using phenyl isothiocyanate
[107]. Thereafter, selective peptide bond cleavage methods at specific residues
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have been reported for protein sequencing. Cys and Met are among the most studied
cleavage sites because of the high nucleophilicity of sulfur atoms. Thus, Cys- and
Met-selective peptide cleavage reactions were developed initiated by S-cyanylation
of a Met [108, 109] or a Cys [110, 111] residue and S-acylation of a Cys [112, 113]
residue (Fig. 17a). In these methods, an electrophilic auxiliary group (X) was
introduced to the sulfur atom of a Met or a Cys side chain, which induced activation
of the peptide bond through N-acylation and subsequent hydrolysis.

In 2012, Kajihara and Okamoto reported a method for cleavage of the
N-terminus side peptide bond of a Cys residue and generation of a thioester
(Fig. 17b) [114]. This method involved three steps: (1) selective thiocarbonylation
of the thiol group of Cys by using O-phenyl chlorothionoformate [PhOC(S)Cl],
(2) cyclization to generate thiazolidine-2-thione moiety, followed by amidolysis
with N-acetylguanidine, and (3) thiolysis of the obtained peptidyl-N-
acetylguanidine to give the peptide thioester. Product thioesters are the key com-
ponents for chemical ligation, such as native chemical ligation.

A similar concept for site-selective thiolysis of peptide bonds via backbone
peptide bond activation can be found in Jensen’s work (Fig. 18) [115]. The key
step involves activation of the carboxy group of a Glu side chain by PyBrOP (19),
resulting in the on-resin formation of the pyroglutamyl imide moiety. The activa-
tion renders the imide C-N bond susceptible to thiolysis, after which protected
peptide thioesters were released from the solid support.
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S Oxidative Peptide Bond Cleavage

5.1 Oxidative Cleavage Assisted by Metal Ions/Metal
Complexes

The oxidative peptide cleavage can be classified into two main types (Fig. 19): a)
hydroxylation at the a-carbon (Ca) followed by cleavage of the Ca—N bond, and b)
oxidative cleavage of the Coa—C(O) bond [116-123].

Redox active metal ions/metal complexes (e.g., Cu" [123-127], cr™” [118], crY
[128], Fe' [129-138], Fe'™ [126, 138-144], Ni"' [145, 146], and V" [147-150])
were employed to promote site-selective oxidative degradation of folded proteins
under non-denaturing conditions. In the presence of oxidants (e.g., O, or H,0,),
hydroxy radicals or in situ-generated metal-oxo species abstracted an H atom at Ca.
This event was followed by oxidation at Ca and cleavage of the Ca—N or Co—C
(O) bond [118, 126, 141, 142]. In those methods, backbone cleavage sites were
determined by the affinity to metal complexes [127].

Nature uses heme- [151] and non-heme [152—156] iron-containing enzymes for
oxidation of small molecules as an important metabolic transformation. High-
valent iron(IV)—oxo species are postulated as the key reactive intermediates. Que
reported that a non-heme iron(IV)—oxo complex, [(N4Py)FeIV =0 (the structure
is shown in Fig. 20), oxidatively cleaved aliphatic C—H bonds (e.g., C—H bonds of
cyclohexane) at room temperature [157]. In 2007, Kodanko reported oxidative
amide cleavage of protected amino acids using an iron catalyst [Fe"(N4Py)
(MeCN)](CIOy4), (1 mol%) in the presence of 5 equiv. KHSOs as an oxidant
through pattern b) in Fig 19 (Fig. 20) [158, 159]. Oxidation of Ac-Xaa-NH'Bu,
where Xaa = Gly, produced N-acetylformamide as the major product through Co—C
(O) bond cleavage. a-Alkyl-substituted amino acid derivatives (Xaa = Ala or Val)
did not react under the same conditions. With substrates where Xaa = Phe, Tyr, Trp,
or Met, oxidation of the amino acids’ side chain was observed with greater reaction
rates than C—C bond cleavage. According to the proposed mechanism, the first step
was formation of glycyl radical intermediate 21 through abstraction of a hydrogen
atom at Ca by the iron(IV)-oxo species. Then, 21 was trapped by oxygen species
and alkoxy radical intermediate 22 was generated. Finally, radical fragmentation of
22 produced the cleavage product 23.
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Ru(VII) oxo species (RuOy,), generated in situ from RuCl; and NalOy, is a
powerful oxidizing agent. Ranganathan reported selective catalytic peptide back-
bone cleavage at serine and threonine residues through RuCls/NalO, oxidation
(Fig. 21) [160, 161]. This facile C-N bond cleavage was induced by oxidative
scission of the C—Ca bond at Ser/Thr side-chains, involving either a cyclic (25) or
an open-chain (25') ruthenium intermediate. Subsequently, addition of water to
acylimine 26 gave carbinolamide intermediate 27. This intermediate underwent
further oxidation to oxalimido esters 28 and then hydrolysis to terminal amides 29.
Because of the high reactivity of Ru(VIII) oxo species, other amino acid (e.g., Tyr,
Trp, Cys, and Met) residues were also oxidized or decomposed under these reaction
conditions.

Recently, Kanai and Oisaki developed catalytic aerobic oxidation of amines
using a combination of a Cu complex and a redox mediator keto-ABNO (31,
Fig. 22) [162]. Keto-ABNO has greater oxidation potential than other N-oxyl
radicals such as TEMPO and ABNO because of the electron-withdrawing ability
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RuCl; (2 mol%) and NalO, (18 equiv.) in CH3CN/CCly/pH 3 phosphate buffer (1/1/2) at room
temperature

of the keto group. In 2014, the same group achieved Ser-selective aerobic cleavage
of peptides and a protein (ubiquitin) using stoichiometric amounts of a water-
soluble Cu complex and 31 (30-34 and 34', Fig. 22) [163]. Because of the mild
reaction conditions, broad substrate generality compatible with various amino acid
residues was realized (19 examples, including peptides comprising unnatural
D-amino acids, Thr residues, or disulfide pairings). The postulated mechanism for
the Ser-selective peptide cleavage is depicted in Fig. 22. First, an oxidatively active
complex of Cu™ and keto-ABNO was generated under oxygen atmosphere. Oxida-
tion of the Ser residue proceeded through the formation of Cu"-alkoxide species,
single electron oxidation of the alkoxide species by Cu'', and concomitant abstrac-
tion of a hydrogen radical from the a-carbon atom by keto-ABNO ([le + le]
oxidation process: 31), affording aldehyde 32 (a-formylglycineamide) and reduced
Cu' + keto-ABNO-H. Regeneration of the oxidatively active complex (Cu' +keto-
ABNO) was promoted by NO,, generated from NaNO, and acetic acid. The
resulting NO was re-converted to NO, through aerobic oxidation. Oxidative
deformylation of a-formylglycineamide 32 proceeded through presumed interme-
diate 32’ to produce oxalimide 33. Oxalimide 33 was hydrolyzed under mild
conditions to produce fragments 34 and 34’. As for the alcohol oxidation step, a
controversial mechanism was recently published based on both experiments and
calculations [164, 165].
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Fig. 22 Serine-selective aerobic oxidative peptide cleavage and its proposed mechanism. Typical
conditions: Cul, bathophenanthroline salt, keto-ABNO (100 mol% each), and NaNO, (150 mol%
at 0 h+ 150 mol% at 5 h) in CH;CN/H,O/AcOH (9/9/2, 5 mM) at room temperature for 20 h under
O, (1 atm)

5.2 Peptide Cleavage with Non-Metal Oxidant

Early in 1968, Shiba et al. reported Asp-selective peptide cleavage through Hof-
mann rearrangement promoted by Br,. The reaction proceeded in moderate yield
under alkaline solution at 60°C [166]. Because of the harsh reaction conditions,
however, the method was not applicable to substrates longer than tripeptides.

In 2014, Kanai and Sohma reported a mild method for Asp-selective peptide
bond cleavage using diacetoxyiodobenzene (DIB) in an aqueous neutral solution at
37°C (Fig. 23) [167]. The transformation was initiated by oxidation of the primary
amide group of an asparagine side chain, providing the corresponding isocyanate 36
through Hofmann rearrangement [168, 169]. Then, intramolecular nucleophilic
attack of the amide nitrogen atom of the peptide backbone afforded a kinetically
favorable five-membered N-acylurea 37 [170-173]. Hydrolysis of 37 at the N-
acylurea moiety cleaved the peptide chain into the N-terminal fragment 38 and
cyclic urea-containing C-terminal fragment 39.

This asparagine-selective peptide cleavage was of wide substrate generality
(20 examples), including an unnatural peptide sequence comprising D-amino
acids and chemically modified (oxidized) amino acids that were not cleaved by
peptidases.
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Fig. 23 Asp-selective peptide cleavage using DIB in neutral aqueous solution

cyclization

6 Conclusion

In the past 10 years, methods for site-selective chemical cleavage of peptides and
proteins have significantly advanced. Metal complexes with high catalyst turnovers,
especially those containing Zn", Co™, and Fe'V, have been rationally designed and
synthesized for hydrolytic or oxidative cleavage of peptide bonds. Meanwhile, site-
selective peptide cleavage methods under metal-free conditions using reactivity of
side chain functional groups have also proved to be useful for thioester formation
toward chemical ligation and for structural determination of unnatural amino acid-
containing peptides. Although important progress has been made, the abilities of
peptide cleavage methods are still far behind natural peptidases regarding catalyst
activity, cleavage site-fidelity, and substrate specificity. Research continues to fill
those gaps. Development of truly useful and practical artificial peptidases that can
complement enzymes opens up new biology and medicine. To do so requires
fundamental chemical breakthroughs
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Catalyst-Controlled, Regioselective
Reactions of Carbohydrate Derivatives

Mark S. Taylor

Abstract Carbohydrates generally possess multiple hydroxyl groups of similar
reactivity, and selective monofunctionalization is often difficult. Catalysis provides
a versatile and potentially general solution to this problem. This chapter provides an
overview of catalyst-controlled methods for the regioselective activation of carbo-
hydrate derivatives. The catalysts discussed include organocatalysts (Lewis bases,
Brgnsted acids/bases, and others) as well as those based on main group and
transition metal elements.
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[TMPhA]" Trimethylphenylammonium

Ac Acetyl

acac Acetylacetonate

AIBN Azobis(isobutyronitrile)

Ala Alanine

Alloc Allyloxycarbonyl

Ar Aryl

BINOL 2,2’-Dihydroxy-1,1’-binaphthyl
Bn Benzyl

Boc tert-Butoxycarbonyl

BOX Bis(oxazoline)

Bu Butyl

Bz Benzoyl

Cbz Benzyloxycarbonyl

COD Cyclooctadiene

DCB 2,6-Dichloro-1,4-benzoquinone
DMAc N,N-Dimethylacetamide
DMAP 4-(Dimethylamino)pyridine
DME 1,2-Dimethoxyethane

DMF Dimethylformamide

DPG Directing—protecting group
EPPS 4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid
Et Ethyl

Gal Galactose

Glc Glucose

GIcNAc N-Acetylglucosamine

i-Pr Isopropyl

M Mole per liter

Man Mannose

Me Methyl

MES 2-(N-Morpholino)ethanesulfonic acid
Ms Methanesulfonyl

MS Molecular sieves

NMR Nuclear magnetic resonance
PEMP 1,2,2,6,6-Pentamethylpiperidine
Ph Phenyl

Phe Phenylalanine
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PMH n-Methylhistidine

PMP 4-Methoxyphenyl

PPY 4-Pyrrolidinopyridine

Pr Propyl

T Temperature

TBDPS tert-Butyldiphenylsilyl

TBS tert-Butyldimethylsilyl

t-Bu tert-Butyl

TES Triethylsilyl

Tf Trifluoromethanesulfonyl (triflyl)
THF Tetrahydrofuran

THP Tetrahydropyranyl

TMEDA N,N,N',N'-Tetramethylethylenediamine
Trp Tryptophan

Trt Triphenylmethyl

Ts Tosyl, 4-toluenesulfonyl

U Uracil

X Generic leaving group

1 Introduction

The use of readily available sugars as chemical feedstocks for the preparation of
oligosaccharides, novel therapeutic agents, or biological probes generally requires
methods for regioselective manipulation of hydroxyl (OH) groups. The best-
established approach takes advantage of intrinsic differences in the reactivity of
OH groups under a particular set of reaction conditions [1]. Examples include
protection of the least sterically hindered OH group using bulky electrophiles
[2, 3], functionalization of the most acidic OH group under strongly basic condi-
tions [4, 5], and formation of ketals or acetals from 1,2- or 1,3-diol pairs
[6, 7]. Although this approach is often effective, in many cases it necessitates
multi-step sequences involving installation and removal of orthogonal protective
groups. In certain instances, the differences in reactivity of the OH groups are too
small to enable synthetically useful mono-protection.

Over the past decade, catalytic activation of OH groups has emerged as an
attractive, alternative strategy for selective functionalization of carbohydrate deriv-
atives. In addition to providing rate acceleration, catalysts can amplify relatively
subtle differences in the reactivity of OH groups, or can override intrinsic differ-
ences, thus providing access to products that otherwise would be difficult to obtain.
Given that the majority of enzymatic transformations of carbohydrates display
catalyst-controlled regioselectivity, there is a biomimetic aspect to this approach.
The synthetic catalysts that have been employed for regioselective carbohydrate
activation are diverse in their structures and functions, and include several classes
of Lewis bases, main group element- and transition metal-centered Lewis acids,
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Brgnsted acids, and others. The types of reactivity are likewise diverse,
encompassing the major classes of protective group installations (acylation,
silylation, alkylation, and acetal formation) as well as oxidations and
glycosylations.

This chapter documents advances in the use of catalysis for regioselective
transformations of carbohydrate derivatives. For this discussion, the catalysts are
grouped into broad structural or functional classes (Lewis bases, Brgnsted acids,
Lewis acids, transition metals). Processes that make use of enzyme catalysis
(chemoenzymatic methods or metabolic engineering) are not discussed here [8—
10]. Emphasis is placed on recent results that were not discussed in previous
reviews on this and related topics [11-13].

2 Lewis Base Catalysis

Lewis base acceleration of acylation, silylation, sulfonylation, and phosphorylation
is generally understood to involve attack of the electrophilic reagent by the catalyst,
generating an adduct that displays enhanced reactivity [14]. Each of the trans-
formations listed above has been effected in a regioselective fashion on
carbohydrate-derived substrates using Lewis base catalysis. Functionalizing the
catalyst with groups capable of noncovalent or reversible covalent interactions
with the sugar derivative has proved to be a versatile and broadly useful design
strategy.

2.1 Pyridine Derivatives

In 1999, Yoshida and co-workers described a systematic study of acylation reac-
tions of unprotected pyranoside substrates catalyzed by 4-dimethylaminopyridine
(DMAP) [15]. In the presence of acetic anhydride and potassium carbonate in
chloroform solvent, a surprising level of selectivity for acetylation of secondary
over primary OH groups was observed for octyl p-glucopyranoside,
a-glucopyranoside, and pf-mannopyranoside. The authors proposed that networks
of intramolecular hydrogen bonding interactions between OH groups were respon-
sible for this behavior. A subsequent study by Kattnig and Albert revealed that the
regiochemical outcome of the acetylation of octyl f-glucopyranoside is dependent
on the leaving group X of the acyl donor AcX (Scheme 1) [16]. Whereas selective
acetylation of the 3- and 4-OH groups was observed using Ac,O, the 6-O-acetylated
product predominated using AcCl and AcCN. Using pyridine, which would likely
act as a Brgnsted rather than a Lewis base, the 6-O-acetyl derivative was obtained
using Ac,0, albeit at a low rate. These findings pointed to a role for acetate as a
general base catalyst in the DMAP-catalyzed reaction with Ac,O. Two-point
hydrogen bonding interactions between acetate and diol groups in the
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Scheme 1 Leaving group dependence in the DMAP-catalyzed acetylation of octyl f-p-
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Scheme 2 DMAP-catalyzed monoacylations of 6-O-protected glucopyranosides

glucopyranoside substrate were proposed to give rise to the observed selectivity for
the secondary OH groups.

DMAP-catalyzed acylations of p-glucopyranoside derivatives lacking a free
6-OH group have been studied in detail (Scheme 2). Octyl 6-O-
methyl-p-glucopyranoside, which bears a sterically unencumbered blocking
group, underwent selective 3-O-acetylation in toluene at —20 °C [17]. High selec-
tivity for the 3-OH group was also observed using isobutyric and benzoic anhy-
dride. Polar, Lewis basic media such as THF and DMF gave rise to less selective
acylations, pointing to a role for hydrogen bonding interactions (either intramolec-
ular in the pyranoside substrate, or between the anhydride-derived carboxylate and
the substrate) in the regiochemical outcome of the reaction. For reasons that are not
readily apparent, acylation of the corresponding 6-O-TBS derivative took place
with lower regioselectivity. However, the isobutyryl group could be installed in a
selective fashion at O-3, presumably because of the increased steric demand and
lower uncatalyzed reaction rate of (i-PrCO),0.

Acylations of substrates in the a-glucopyranoside series have been explored by
the group of Moitessier [18]. Modest levels of selectivity for the 3-OH group were
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Scheme 3 Acetylation of octyl B-p-glucopyranoside using functionalized DMAP derivatives

obtained (THF or CH,Cl,, 23 °C) using derivatives having a bulky 6-O-protective
group such as triphenylmethyl. The yield of the 3-O-acetylated product was
increased using a bis(pyridyl)-functionalized “directing—protecting group” (DPG),
although the magnitude of the effect was not large. Supported by 'H NMR
spectroscopic studies, the authors proposed that hydrogen bonding interactions
between pyridyl and glucopyranoside OH groups contributed to this behavior.
More dramatic effects of DPGs on regiocontrol were observed for glycosylations
using trichloroacetimidate donors [19].

Derivatives of DMAP in which the amino group bears a tethered carboxylic or
sulfonic acid group have been explored as catalysts for acetylation of
hexopyranoside substrates [20]. These functionalized catalysts were found to give
rise to altered regioselectivity relative to DMAP in acetylation reactions
(Scheme 3). An analog of catalyst 1 in which the carboxylic acid was replaced by
a methyl ester gave regioselectivity similar to that obtained using unfunctionalized
DMAP. This observation, along with the fact that both the carboxylate- and
sulfonate-functionalized catalysts favored the same regioisomer, suggested that
these groups acted as acceptors of hydrogen bonds from OH groups of the carbo-
hydrate substrate.

Kawabata and co-workers have employed chiral 4-pyrrolidinopyridine (PPY)
derivatives as catalysts for selective acylations of carbohydrates. Tryptophan ester-
substituted, C,-symmetric derivative 3 promoted the acylation of the 4-OH group of
octyl p-glucopyranoside (Scheme 4) [21]. This was a reversal of the preference for
6-0-acylation (albeit modest: 36% regioselectivity, along with significant amounts
of diacylated material and recovered substrate) obtained using simple DMAP as
catalyst. Replacement of the indolyl groups of 3 with N-methylindolyl or
2-naphthyl groups resulted in diminished regioselectivity, pointing towards a role
for the N-H groups as hydrogen bond donors. Donation of a hydrogen bond from
the 6-OH group of the substrate to an amide group of the catalyst was also proposed
as a key interaction, supported by the poor regiocontrol observed for a 6-O-
methylated glucopyranoside substrate. The 4-O-acylated glucopyranoside product
obtained using this method served as a useful starting point for the preparation of
orthogonally protected derivatives through sequential, substrate-controlled trans-
formations [22]. In addition to alkyl and thioglycosides, disaccharide derivatives
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and the complex cardiac glycosides digitoxin and lanatoside were selectively
monoacylated using catalyst 3 [23-25]. Catalyst architectures based on trans-4-
hydroxy-L-proline have also been explored by the Kawabata group [26].

2.2 Other Nitrogen Heterocycles

Using peptides functionalized with Lewis basic N-alkylimidazole moieties as
catalysts, the group of Scott Miller has accomplished the selective acylation,
thiocarbonylation, and phosphorylation of pyranosides [27-30]. Peptide-based
catalysts 4 and 5 provided complementary regiochemical outcomes in the
thiocarbonylation of benzylidene-protected methyl a-glucopyranoside in the pres-
ence of phenyl chlorothionoformate and 1,2,2,6,6-pentamethylpiperidine (PEMP,
Scheme 5) [28]. Iron trichloride was found to increase the reaction rate, presumably
by Lewis acid activation of the chlorothionoformate, and, in the case of catalyst §,
provided an improved level of selectivity for the 3-OH group. A control experiment
using N-methylimidazole as catalyst revealed that functionalization of the 2-OH
group was favored, although not to a synthetically useful extent. The
thiocarbonylated products were subjected to Barton—McCombie reaction condi-
tions (Bu3SnH, AIBN initiator, refluxing toluene), providing expedient access to
the corresponding deoxysugars. Substrates as complex as the natural product
vancomycin were amenable to this approach [29].

By virtue of its structural complexity and potent antibiotic activity, the glyco-
peptide natural product teicoplanin is a substrate of great interest for site-selective
catalysis. Miller and co-workers’ approach to discovering catalysts for selective
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Scheme 5 Selective thiocarbonylation of a glucopyranoside-derived diol mediated by N-
methylimidazole-bearing peptide catalysts. PEMP denotes 1,2,2,6,6-pentamethylpiperidine

mono-phosphorylation of each of the three primary hydroxyl groups of teicoplanin
(associated with the N-decanoylglucosamine, N-acetylglucosamine, and mannose
moieties) was based on a combination of crystallography-assisted design and
catalyst structure—activity relationship studies (Scheme 6). Teicoplanin interacts
selectively with b-Ala—p-Ala motifs of the growing bacterial peptidoglycan chain, a
property that is thought to be key to its antibacterial activity. In catalyst 6, this p-
Ala—p-Ala binding motif is replaced with a p-Ala—p-Pmh sequence (Pmh denotes
n-methylhistidine). Based on the structure of a crystallographically characterized
teicoplanin—peptide complex, it was anticipated that catalyst 6 would place its
Lewis basic imidazole group in the vicinity of the N-decanoylglucosamine group.
Indeed, phosphorylation of a derivative of teicoplanin (protected at the carboxylic
acid, phenol, and amine groups, but still possessing ten free OH groups) in the
presence of catalyst 6 occurred predominantly at the 6-OH group of the
N-decanoylglucosamine sugar. A similar strategy of embedding a p-Pmbh catalytic
group into the p-Ala-p-Ala motif was envisioned for functionalization of the
mannosyl 6-OH group, but was unsuccessful. However, a screen of
N-alkylhistidine-bearing peptides which had been useful catalysts for other
transformations revealed that catalyst 7 was able to promote phosphorylation
at this position. This screen also provided a hint on how to address the



Catalyst-Controlled, Regioselective Reactions of Carbohydrate Derivatives 133

Me catalyst 6
Me !
HO \/OH
catalyst 8 (0]
\ o cl
i OH | o)
HO o
H
AcHN o 4
N
N N O
H : H HN
HN o % “NHAlloc
AllylO,C
Allylo o
OAllyl
AllylO o oW AlyiO
Ho catalyst 7
HONIA . #.
OH-OH |
NHTrt
/Z)Me
(¢] Z S,‘ Me
0 Me H N N o)
N __CO,~Bu,N* HN N Ne HoH
>~ Buy! NBn HN
H/\ﬂ/ Me o) m <\ NO "
HN. 0 _ < O un” O NHBoc e
z N N NH o)
NHCbz MeN —7 Boc™ +.BuO,C Me NH
Me
catalyst 6 catalyst7 © H COzMe catalystg GOz BuaN*
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N-acetylglucosamine moiety, as catalyst 4 (see Scheme 5 above) provided a modest
level of selectivity for this position. The authors identified the p-turn-promoting
proline—aminoisobutyric acid element and the pair of p-amino acids at the
C-terminus as key structural attributes of catalyst 4. Replacing the p-Trp(Boc)-b-
Phe sequence of 4 with the p-Ala—Dp-Ala teicoplanin binding motif resulted in a
catalyst (8) that displayed enhanced activity and selectivity for the GIcNAc 6-OH
group. The observation of competitive inhibition by a p-Ala-p-Ala-containing
tripeptide was consistent with the authors’ proposal of catalyst—substrate binding
through the p-Ala—p-Ala motif of 8, followed by remote functionalization. These
results demonstrate the feasibility of using the specific interactions between natural
products and their target motifs as a starting point for devising catalyst—substrate
complexation modes.

The concept of “scaffolding catalysis™ [31] underlies the design of imidazole-
substituted orthoamides 9a—9b, which promote regioselective monoacylations,
silylations, and sulfonylations of diol motifs belonging to pyranoside and furano-
side substrates, including monosaccharide derivatives, nucleosides, and
glycosylated natural products and drugs (Scheme 7) [32, 33]. A useful and impres-
sive feature of this system is the ability to activate selectively either of the two OH
groups of a cis-1,2-diol pair by selection of the catalyst enantiomer, thus
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Scheme 7 Selective silylations of carbohydrate derivatives mediated by chiral scaffolding catalysts

overcoming intrinsic differences in reactivity. The syntheses of the 2-O-silylated
rhamnopyranoside and 3-O-silylated uridine derivative shown in Scheme 7 illus-
trate this property. The orthoamide group serves as the site of substrate complex-
ation via reversible, covalent interactions with a hydroxyl group, positioning the
second OH group in proximity to the catalytically active N-alkylimidazole group.
Based on studies of desymmetrizations of meso-1,2-diols promoted by this class of
catalysts, it is likely that substrate coordination occurs cis to the isopropyl group of
the oxazolidine, with the enantioselectivity being dictated by the relative reactiv-
ities of the resulting complexes towards OH functionalization (rather than the
relative affinities of catalyst for the substrate OH groups) [34]. Whether the
imidazolyl group acts as a Brgnsted or Lewis base in each of the transformations
promoted by catalysts 9a and 9b is not fully clear [35].

3 Brgnsted Base Catalysis

Hu and Vasella explored the use of chiral, proline-derived diamine catalyst 10 —
previously employed by Oriyama for kinetic resolutions and enantioselective
desymmetrizations of 1,2-diols — for regioselective benzoylations of
hexopyranosides [36]. Scheme 8 depicts one of several instances in which some
level of regiochemical complementarity was achieved using the two enantiomers of
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catalyst 10. Based on mechanistic studies of other amine-catalyzed enantioselective
acylations, Brgnsted base catalysis by 10 is the most likely reaction pathway.
Tetrabutylammonium acetate has been found to provide rate acceleration in
monoacetylations of pyranoside-derived diols (Scheme 9) [37]. In general, it was
the least sterically hindered OH group belonging to a 1,2- or 1,3-diol moiety that
underwent selective acetylation. The authors’ proposal of two-point hydrogen
bonding interactions between acetate and the 1,2- or 1,3-diol motif echoes the
mechanistic hypotheses advanced earlier for selective acetylations of sugars using
DMAP-derived catalysts. The scope of this study was later expanded to encompass
6-O-protected pyranosides, as well as fully unprotected pyranoside substrates
[38]. The former gave rise to 3-O-acetylation for gluco-, galacto-, and manno-
configured variants, whereas the latter generally led to 3,6-di-O-acetylation.

4 Brgnsted Acid Catalysis

The regiochemical outcomes of Brgnsted acid-catalyzed reactions of carbohydrate
derivatives have been studied in detail, particularly in the context of the selective
formation or hydrolysis of acetals and ketals [6, 7]. The group of Nagorny has
added a new dimension to this strategy by employing chiral Brgnsted acids for the
selective formation of mixed acetals and ketals from pyranoside-derived 1,2-diol
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groups [39]. The BINOL-derived chiral phosphoric acids employed for this purpose
have been used extensively in asymmetric catalysis over the past decade, especially
for enantioselective additions to imine electrophiles [40, 41]. Most relevant to the
reactivity under discussion are enantioselective, catalytic reactions involving puta-
tive oxacarbenium—phosphate ion pairs as intermediates (e.g., aldol-type additions
to enol ethers, (trans)acetalizations, and spiroketalizations). It should also be noted
that control of diastereoselectivity in glycosylation reactions using chiral phospho-
ric acids of this type [42], as well as other organic Brgnsted acids (i.e., thioureas)
[43—-45], has been explored.

Scheme 10 illustrates the types of matching/mismatching effects observed by
Nagorny and co-workers upon acetalization of substrates having vicinal equatorial
OH groups using the enantiomeric catalysts (R)-11 and (S)-11. Achiral phosphate
catalyst (PhO),PO,H displayed modest selectivity for the 3-OH group of the
benzylidene-protected -p-galactopyranoside substrate, perhaps reflecting a prefer-
ence for the less sterically hindered position. In contrast, catalyst (R)-11 enabled
selective tetrahydropyranylation of the 2-OH group. The mismatched combination
of catalyst (S)-11 with this substrate also yielded the 2-O-THP derivative as the
major product, but with appreciably lower regioselectivity. As illustrated by the
representative products shown in Scheme 10, the configuration of the anomeric
substituent has a significant influence on the regiochemical outcome of reactions of
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gluco- or galactopyranoside-derived diols: functionalization of the 2-OH group was
favored for p-configured substrates, whereas the 3-O-THP product was obtained
from an o-glucopyranoside. Extending this type of catalysis to reactions of
carbohydrate-derived oxacarbenium ions (thus enabling regioselective glycosyla-
tions) would be an appealing goal for future studies.

S Other Classes of Organocatalysts

5.1 Phase Transfer Catalysts

Tetraalkylammonium salts have been used as phase transfer catalysts for alkylation
[5], sulfonylation [46], and benzoylation reactions [47] of carbohydrate derivatives
in mixed organic/aqueous solvent. For example, benzylidene-protected methyl
a-glucopyranoside underwent selective benzylation at the more acidic 2-OH
group in the presence of a phase transfer catalyst (Scheme 11).

5.2 N-Oxoammonium Salts

Selective oxidation of primary OH groups in carbohydrate derivatives has been
achieved using N-oxoammonium salts generated from (2,2,6,6-tetramethyl-
piperidin-1-yl)oxy (TEMPO) and its derivatives as catalysts. The stoichiometric
oxidants employed include sodium hypochlorite [48-50], sodium hypobromite
[51, 52], and ammonium peroxodisulfate (using silver on alumina as a
co-catalyst) [53, 54]. A representative protocol is shown in Scheme 12.
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Scheme 11 Benzylation of a glucopyranoside-derived diol using phase transfer catalysis
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Scheme 12 Selective oxidation of methyl a-glucopyranoside using TEMPO as a pre-catalyst
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6 Lewis Acid Catalysis

Lewis acids are employed routinely as catalysts for reactions of carbohydrate
derivatives, including the formation and cleavage of acetals and ketals,
glycosidation, and glycoside hydrolysis. An exciting development in this area has
been the design of elegant, multistep Lewis acid-catalyzed processes that take
advantage of the selective formation and reductive cleavage of benzylidene-type
protective groups to deliver differentially protected pyranoside derivatives in a
single reaction flask [55-58]. Applications of Lewis acids in regioselective activa-
tion of OH groups in carbohydrates have expanded significantly over the past
decade. This mode of catalysis most often takes advantage of the selectivity
displayed by Lewis acids in their interactions with carbohydrate derivatives having
several free OH groups [59]. Acidification of a bound OH group can accelerate
reactions with electrophilic species.

6.1 Organotin Catalysts

Applications of organotin(IV) compounds as stoichiometric promoters for
regioselective reactions of carbohydrate derivatives date back more than 40 years
[60]. Both diorganotin and triorganotin promoters — giving rise to stannylene acetal
and stannyl ether intermediates, respectively — have been employed, enabling
selective acylation, alkylation, sulfonylation, phosphorylation, and glycosylation
reactions [61, 62]. In recent years, reaction conditions have been identified that
enable the application of sub-stoichiometric quantities of the organotin compound.

Initial reports of organotin-catalyzed transformations of carbohydrate derivatives
were isolated examples described in the context of broader synthetic methodology or
target-oriented synthesis efforts. In 1998, Matsumura and co-workers reported the
organotin-catalyzed monobenzoylation of 1,2-diols, including a 4,6-O-benzylidene-
protected a-glucopyranoside substrate, which reacted preferentially at the 2-OH
group [63, 64]. The combination of a diorganotin halide catalyst and inorganic base
promoter (Me,SnCl, and K,COs in this instance) has been conserved in many of the
subsequently developed organotin-catalyzed transformations of carbohydrates (see
below). Monosulfonylations were reported in a similar timeframe: Martinelli,
Vaidyanathan and co-workers described selective tosylations of 1,2-diol groups in
glucofuranoside and xylopyranoside substrates, along with numerous other types of
chelation-prone alcohol substrates [65, 66]. The de novo synthesis of the sialic acids
reported by Burke provided another pioneering example of selective, organotin-
catalyzed tosylation: a pyranoside-derived tetraol was bis-sulfonylated at the pri-
mary OH group and the equatorial position of a cis-1,2-diol group [67].

A systematic study of the regiochemical outcomes of organotin-catalyzed
benzoylations of unprotected pyranosides was reported in 2008 [68]. The hierarchy
of reactivities that emerged from this study was: (1) equatorial OH groups having a
cis-vicinal OH group; (2) equatorial OH groups having a cis-vicinal alkoxy group;
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Scheme 13 Sequential regioselective monobenzoylations and sulfonylations of pyranosides
using Me,SnCl, as catalyst

and (3) primary OH groups belonging to 1,3-diol pairs. The ability to activate
secondary over primary OH groups reliably is a powerful feature of this catalyst
system. The monobenzoylated products obtained were subjected to organotin-
catalyzed sulfonylation, giving rise to regiochemical outcomes that were generally
consistent with the reactivity hierarchy described above (Scheme 13). A compre-
hensive investigation of Bu,SnCl,-catalyzed sulfonylations of unprotected pyran-
osides was subsequently reported by Muramatsu (Scheme 14) [69]. The use of an
electron-deficient arenesulfonyl chloride was essential to the success of the reac-
tion: 3,5-difluorobenzenesulfonyl chloride was employed in the majority of cases,
with other electron-withdrawing substituents (e.g., 4-NO,, 3-NO,, 3-CF3, 3-halo)
also being tolerated. Significantly lower yields of monosulfonylation product were
obtained using MsCl, PhSO,Cl, TsCl, and Tf,O. Again, selective activation of
secondary OH groups in a cis-1,2-relationship with OH or OR groups, even in the
presence of unprotected primary OH groups, was generally observed. The
monosulfonylation of a disaccharide bearing five secondary and two primary OH
groups provides an impressive illustration of this behavior.

Kinetic resolutions of epimeric carbohydrate derivatives have been achieved
using organotin catalysis [70]. The a and  anomers of methyl p-glucopyranoside
gave rise to distinct regiochemical outcomes, with the former undergoing
benzoylation at the 2-OH group and the latter at the 6-OH group (Scheme 15).
The anomers reacted at different rates, permitting isolation of the 6-O-benzoylated
B-isomer using Me,SnCl, in the presence of 3,5-lutidine as a co-catalyst. Remark-
ably, the relative reaction rates of a and 3 anomers could be inverted by variation of
the catalyst and additive: using Bu,SnCl, and BuyNI, the a-anomer underwent
preferential activation. Other epimeric pairs (e.g., a-D-Glc/a-p-Man, a-p-Glc/a-p-
Gal, B-p-Glc/p-p-Gal) were successfully subjected to kinetic resolutions of this
type.

Organotin-catalyzed regioselective thiocarbonylations have been developed as
the key step of a protective-group-free synthesis of deoxy sugars [71]. According to
the selectivity patterns described above for acylation and sulfonylation, a variety of
substrates, including gluco-, manno-, galacto-, xylo-, rhamno-, and
fucopyranosides, underwent selective coupling with phenyl chlorothionoformate.
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Scheme 16 Two-step deoxygenation of sugars based on regioselective, organotin-catalyzed
thiocarbonylation

The two-step, protective-group-free deoxygenation of methyl a-p-glucopyranoside
is depicted in Scheme 16.

Extensions of organotin-catalyzed pyranoside activation to include reactions
with alkyl halides were reported independently by two research groups in 2014.
Giordano and Iadonisi developed a solvent-free protocol for benzylation and
allylation, using Bu,SnO as catalyst in the presence of tetrabutylammonium iodide
(Scheme 17) [72]. Reactions of fully unprotected (reducing) sugars under these
conditions gave rise to particularly interesting results: for instance, a p-1,3-di-O-
benzylated mannopyranoside — a stereochemical outcome that would be challeng-
ing to access by selective glycosidation — was synthesized directly from mannose.
The selective preparation of a glucofuranoside is another noteworthy result. Dong
and co-workers described similar conditions (Bu,SnO, K,CO3;, BuyNBr, MeCN/
DMF, 80 °C) for the selective monobenzylation of secondary OH groups in a
variety of sugar-derived di-, tri-, and tetraols [73]. Several instances of benzylation
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Scheme 18 Preparation of keto sugars by regioselective, organotin-catalyzed oxidation.
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of a secondary OH group in the presence of a free 6-OH group were documented,
including the monobenzylation of the lactose-derived thioglycoside shown in
Scheme 17.

Selective oxidations of pyranosides to keto sugars have been accomplished using
dioctyltin dichloride ((CgH;7),SnCl,) as catalyst and trimethylphenylammonium
tribromide ([TMPhA]'Br; ") as a mild oxidant (Scheme 18) [74]. Under these
conditions, oxidation of the axial OH group of a cis-1,2-diol moiety was generally
observed, presumably reflecting a preference for abstraction of the less sterically
hindered equatorial hydrogen from a catalyst-derived stannylene acetal. The
method was found to be best suited for the synthesis of 4-keto sugar derivatives
from galactopyranosides, although oxidation of the 3-OH group was observed for
1,6-anhydro-p-p-galactopyranose, which is locked in the 'C, conformation. The
yields of 2-keto sugars from manno-configured substrates were significantly lower,
perhaps reflecting a deactivating inductive effect of the adjacent anomeric position.
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Although the selective glycosylation of stannylene acetals was reported more
than 35 years ago [75], it was not until 2014 that a catalytic variant of this process
was developed [76]. The optimized conditions involved the use of the glycosyl
bromide (or chloride, in the case of per-benzylated glucose and per-acetylated N-
acetylglucosamine-derived donors) and Ph,SnCl, as catalyst along with Ag,O and
5,5'-dimethyl-2,2’-bipyridyl (DMBPY) as halide abstracting reagent and base,
respectively (Scheme 19). Significantly lower yields were obtained using dialkyltin
dichlorides in place of Ph,SnCl, as catalyst. Activation occurred at equatorial OH
groups of cis-1,2-diol motifs in galacto- and manno-configured substrates, resulting
in the formation of 1,2-frans-configured glycosidic linkages. The fact that the
1,2-trans-linkage was obtained using a per-benzylated glycosyl chloride — where
neighboring group participation is precluded, opening the possibility of either
stereochemical outcome — supports the proposal of an Sy2-type glycosylation
mechanism.

6.2 Organoboron Catalysts

In a manner similar to the development of the tin-based catalysts described above,
organoboron-catalyzed methods for activation of sugar derivatives were preceded
by protocols that employed stoichiometric amounts of a boron-based promoter. As
reported by the group of Aoyama, tetracoordinate adducts generated upon binding
of Lewis bases to sugar-derived boronic esters display enhanced reactivity towards
electrophiles. Regioselective 3-O-alkylations of fuco- and arabinosides were
accomplished by activation of the corresponding phenylboronic esters with
triethylamine [77]. Building on this concept, intramolecular Lewis base coordina-
tion using a hydroxymethyl-substituted boronate was employed to achieve
regioselective glycosylations of unprotected pyranoside acceptors [78]. The
enhanced nucleophilicity of the tetracoordinate organoboron complexes stands in
contrast to the behavior of tricoordinate boronic esters as protective groups for 1,2-
and 1,3-diol groups in carbohydrate derivatives.
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My research group has identified arylborinic acid derivatives (Ar,BOR) as
useful catalysts for regioselective activation of carbohydrate substrates [79]. Borinic
acids are generally more Lewis acidic than the corresponding boronic acids, and
their interactions with diols result in tetracoordinate adducts without the need for an
auxiliary Lewis base. We found that diphenylborinic acid, and its more conve-
niently handled ethanolamine ester 12, were able to accelerate the
monobenzoylation of 1,2- and 1,3-diol motifs [80]. Phenylboronic acid and other
substituted arylboronic acids displayed significantly lower activity than 12 for this
transformation. When pyranoside-derived substrates were employed, selective
acylation of the equatorial position of cis-1,2-diol groups was observed
(Scheme 20). This selectivity pattern is consistent with the known affinity of
organoboron compounds (in particular, boronic acids) for cis-1,2-diol motifs in
furanosides and pyranosides. Selective acylation of a secondary OH was not
achieved in reactions of hexopyranosides having a free 6-OH group, presumably
because of competing 4,6-O-borinate formation. The scope of the method thus
encompasses 6-O-protected manno- and galactopyranosides, as well as fuco-,
rhamno-, and arabinopyranosides. Variation of the electrophilic component was
also tolerated, with sulfonylations [81] and alkylations (using benzylic halides or
chloromethyl ethers, activated by Ag,0) [82] giving rise to the same pattern of
regioselectivity as was observed for acylations (Scheme 20).

A study of the kinetics of sulfonylation of cis-1,2-cyclohexanediol led to the
proposed catalytic cycle shown in Scheme 21. Entry of pre-catalyst 12 into the cycle
is triggered by rapid and irreversible reaction of the ethanolamine ligand with TsCl.
The first-order kinetics in TsCl and catalyst, zero-order kinetics in i-Pr,NEt, and
pseudo-zero-order (saturation) kinetics in substrate were consistent with the
turnover-limiting step being the sulfonylation of the substrate-derived borinic
ester. Computational modeling suggested that, in addition to the steric factors that
might favor this outcome, electronic differences between the two boron-bound
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Scheme 22 Regioselective silylation of a fucopyranoside using boronic acid and Lewis base
co-catalysts

oxygen atoms of a pyranoside-derived borinic ester could contribute to the observed
selectivity for the equatorial position. The mechanistic hypothesis shown in
Scheme 21 helped to guide the identification of heteroboraanthracene-derived
borinic acids (e.g., 13, Scheme 20) as second-generation catalysts for diol functiona-
lization [83]. In addition to their improved activity for several representative trans-
formations, these cyclic borinic acids displayed improved stability towards air
oxidation, eliminating the need to employ an ethanolamine-derived pre-catalyst.

Silylation of equatorial OH groups in fuco-, thamno-, arabino-, galacto-, and
mannopyranoside substrates has been achieved using a two-component catalyst
system consisting of a boronic acid and a Lewis base (Scheme 22) [84]. This system
constitutes a catalytic variant of the organoboron-promoted methods developed
previously by the group of Aoyama (see above), and presumably functions by
formation of a tetracoordinate adduct between the Lewis base and a transiently
generated, substrate-derived boronic ester.

Regioselective activation of glycosyl acceptors has been achieved using borinic
ester 12 under Koenigs—Knorr-type conditions (glycosyl halide donors, activated by
Ag,0; Scheme 23) [85, 86]. Gluco- and galacto-configured donors gave rise to
1,2-trans-glycosidic linkages at the equatorial sites of cis-1,2-diol groups, for
acceptors ranging in complexity from 6-O-protected pyranosides to the steroidal
glycoside digitoxin (having five free OH groups). An Sy2-type displacement
mechanism was proposed, based on the following data: (1) both per-O-acylated
and per-O-benzylated glycosyl halides gave rise to the 1,2-trans-stereochemical
outcome; (2) whereas a-configured acetobromoglucose and acetochloroglucose
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Scheme 24 Organoboron-catalyzed synthesis of f-2-deoxyglycosides

donors resulted in B-configured disaccharides, the p-configured glycosyl chloride
reacted to form the corresponding orthoester; and (3) first-order kinetic dependence
on glycosyl donor, glycosyl acceptor, and catalyst was observed.

The idea that an SN2-type pathway could be accelerated by borinic acid activa-
tion of the glycosyl acceptor motivated us to explore the construction of
stereochemically challenging linkages using catalyst 12. In particular, we
envisioned that organoboron catalysis could enable an efficient stereo- and
regioselective synthesis of p-2-deoxyglycosides from readily available o-2-
deoxyglycosyl halides by inversion of configuration [87]. Obtaining this outcome
is difficult because of the ionization-prone nature of 2-deoxyglycosyl donors, as
well as the kinetic anomeric effect that favors formation of the a-anomer. The
ability of catalyst 11 to influence the stereochemical outcome of
2-deoxyglycosylations is shown in Scheme 24: in the absence of catalyst, both
the yield of disaccharide and the level of f-selectivity were significantly dimin-
ished. This protocol was applied to p-selective couplings of a variety of
per-acetylated 2-deoxy and 2,6-dideoxyglycosyl chlorides. Modifications of the
donor structure that would be expected to favor ionization (for example, substitu-
tion of acyl for benzyl protective groups) resulted in lower j-selectivity, consistent
with the hypothesis of a catalyst-promoted Sy2 pathway.
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Palladium(0)-catalyzed couplings of pyranone-derived allylic carbonates with
alcohols form the basis for an efficient de novo synthesis of oligosaccharides
developed by the group of O’Doherty. Control over the regiochemical outcomes
of these reactions was achieved through the use of an organoboron/Pd(0) dual
catalyst system (Scheme 25) [88]. C—O bond formation was proposed to occur
through the reaction of two catalytically generated intermediates: the acceptor-
derived nucleophilic borinate and the pyranone-derived electrophilic
n-allylpalladium complex. Regioselective glycosylations of this type were used to
construct the o-1,3-linkages present in the mezzettiaside class of oligorhamno-
pyranoside natural products.

6.3 Lanthanide(Ill) Catalysts

Kluger and co-workers have developed La(OTf);-catalyzed, regioselective conden-
sations of carbohydrate derivatives with acyl phosphates in aqueous solution. This
chemistry has primarily been explored as a way to access aminoacyl tRNAs by
selective coupling of amino acid-derived acyl phosphates with the terminal
2/,3'-diol group of the oligoribonucleotide [89-91]. Scheme 26 illustrates the
La’*-promoted, protective-group-free synthesis of an aminoacyl ribonucleoside:
chemoselectivity for the OH groups over the amino group was achieved by carrying
out the reaction in pH 6 buffer, with chelation of the Lewis acid to the cis-diol
accounting for the observed selectivity for secondary over primary OH groups. A
mixture of 3'- and 2’-O-acyl products was obtained because of relatively rapid
equilibration of the regioisomers. This strategy has also been applied to the acyl-
ation of pyranoside derivatives [92, 93]. Whereas stoichiometric or super-
stoichiometric quantities of the Lewis acid catalyst were employed in the
aminoacylations of nucleosides and oligonucleotides, a catalytic protocol was
developed for benzoylation of pyranosides. Turnover of the La(OTf); was accom-
plished by addition of Mg(OTf), to sequester the released methyl phosphate, thus
preventing catalyst inhibition.
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Scheme 26 La(OTf);-promoted reactions of acyl phosphates with carbohydrate derivatives

7 Transition Metal Catalysis

The effects of stoichiometric quantities of transition metal-based additives on the
outcomes of acylation, sulfonylation, and alkylation reactions of carbohydrates
were explored as early as the 1980s. Copper(Il), mercury(Il), nickel(Il), and
silver(I)-promoted transformations have been reported [94-98]. In recent years,
increasing attention has been paid to the use of catalytic amounts of transition metal
complexes for regioselective transformations of sugar derivatives. In the majority
of the applications reported to date, the transition metal acts as a Lewis acid
catalyst. The ability to influence catalytic activity and/or regioselectivity by vari-
ation of ancillary ligands has been demonstrated in several cases, including exam-
ples of chiral ligand-controlled regioselectivity. Transformations that take
advantage of more unique reactivity of transition metal complexes (e.g.,
hydrosilylation, oxidation) have also been reported.

7.1 Transition Metal-Based Lewis Acids

Molybdenum-based complexes have been employed as catalysts for the selective
acylation of cis-1,2-diol groups in pyranoside substrates [99, 100]. Reactions with
acetic anhydride were carried out using MoCls as catalyst, whereas benzoylations
proceeded most efficiently using MoO,(acac), (Scheme 27). Activation generally
took place at the 3-OH groups of galacto- or manno-configured substrates, although
2-0-acylation of methyl p-rhamnopyranoside was observed under both sets of
reaction conditions.
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Complexes of copper(Il) with chiral bis(oxazoline) (BOX) ligands activate diols
towards enantioselective acylations and sulfonylations, either via desymmetrization
or kinetic resolution [101-103]. Recently, chiral complexes of this type have been
used for regioselective transformations of carbohydrate-derived di- and triols. Allen
and Miller explored the acylation of 4,6-O-benzylidene-hexopyranosides in the
presence of the CuCl,—Ph-BOX complex [104]. The ability to obtain complementary
regiochemical outcomes with enantiomeric catalysts is illustrated by the reactions of
the benzylidene-protected a-glucopyranoside and o-mannopyranoside shown in
Scheme 28. For other substrates (e.g., the corresponding methyl p-glucopyranoside
derivative), matching/mismatching effects were evident, but a catalyst-controlled
switch in regioselectivity could not be achieved.

Complexes of the same Ph-BOX ligand with Cu(OTf), have been employed to
promote selective acylations and tosylations of a variety of pyranoside and furan-
oside derivatives [105]. Matching and mismatching effects were evident upon
combining the chiral ligand and the carbohydrate-derived substrate. For example,
it was the (S,5)-configured ligand that gave the highest level of regiocontrol for
benzoylation at the 3-position of a 6-O-silylated methyl a-galactopyranoside
(Scheme 29). An inversion of regiocontrol — albeit modest in magnitude — in
favor of the 2-O-acylated product was achieved using the corresponding (R,R)-
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Scheme 30 Palladium- and iridium-catalyzed silylation of methyl a-mannopyranoside

Ph-BOX-derived complex. Synthetically useful 2-O-acylation was achieved using a
complex derived from the achiral ligand N,N,N',N'-tetramethylethylenediamine
(TMEDA) under slightly different conditions (THF, —25 °C). A clear-cut example
of chiral catalyst control of regioselectivity was obtained in the benzoylation of a
ribofuranoside-derived substrate, with access to either the 2- or the 3-O-Bz product
being possible through the choice of ligand enantiomer. The ability to alter
regiochemical outcomes significantly by varying both the configuration and the
steric/electronic properties of the ligands employed is a noteworthy feature of these
Cu(II)-catalyzed reactions.

7.2 Other Transition Metal-Catalyzed Reactions

Schlaf and co-workers have studied the regiochemical outcomes of palladium- and
iridium-catalyzed silylations of pyranosides [106, 107]. Similar distributions of bis-
or tris-silylated regioisomers were obtained using heterogeneous (palladium
(0) nanoparticles) or homogeneous (iridium(I) phosphine complex) catalysis, as
exemplified by the results obtained for methyl a-mannopyranoside (Scheme 30). In
general, these catalyst systems resulted in silylation of the most sterically accessible
OH group(s).
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Scheme 31 Palladium-catalyzed, regioselective oxidation of methyl a-glucopyranoside. DCB
denotes 2,6-dichloro-1,4-benzoquinone

Regioselective transformations of glucopyranosides to keto sugars have been
achieved under palladium catalysis, using benzoquinone derivatives as stoichio-
metric oxidants [108]. In the presence of [(neocuproine)Pd(OAc)],(OTf), and
2,6-dichloro-1,4-benzoquinone (DCB), oxidation of the 3-OH group was effected
for a variety of a- and -configured glucopyranoside derivatives (Scheme 31). This
method enabled an efficient, two-step synthesis of methyl a-p-allopyranoside from
the corresponding glucopyranoside. Heterogeneous catalysis has also been
employed for selective oxidation of sugar derivatives: in the presence of O,,
platinum(0) on carbon promotes oxidation of the primary OH group of methyl
a-D-glucopyranoside to the carboxylic acid [109].

8 Summary, Conclusions, and Outlook

Despite the significant increase in research activity related to catalyst development
for carbohydrate chemistry that has taken place over the past decade, significant
challenges and opportunities remain. Many of the catalytic methods described
above rely on enhancement of existing differences in the relative reactivity of OH
groups. Overcoming these differences is often needed, with chiral catalysts provid-
ing a potentially general solution to this problem. To date, selective installation of
protective groups has been the primary target for catalyst development. Selective
deprotections have been less well-explored, and would also be of value. Finally,
glycosylation presents excellent opportunities for further catalyst development. The
first examples of synthetic catalysts for regioselective glycosylation have appeared
only recently, and expanding the scope of linkages that can be constructed is crucial
for future applications in oligosaccharide synthesis and natural product glycodiver-
sification. Glycosidic bond construction presents a challenge not only in
regiocontrol, but also in stereocontrol, and it is likely that both types of selectivity
can be influenced using well-designed catalyst systems. The drive to unravel the
complex roles of carbohydrates in biological systems, and to develop new thera-
peutic agents from this class of molecules, likely provides continued motivation to
explore these and related goals.
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Abstract The problem of catalyst-controlled site-selectivity can potentially
require a catalyst to overcome energetic barriers larger than those associated with
enantioselective reactions. This challenge is a signature of substrates that present
reactive sites that are not of equivalent reactivity. Herein we present a narrative of
our laboratory’s efforts to overcome this challenge using peptide-based catalysts.
We highlight the interplay between understanding the inherent reactivity prefer-
ences of a given target molecule and the development of catalysts that can over-
come intrinsic preferences embedded within a substrate.
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1 Introduction: The Barrier Challenge of Site-Selective
Catalysis

Peptide-based catalysts have emerged as a versatile platform for catalytic reactions.
Some of the earliest contributions provided opportunities to explore biomimetic
ideas, as minimal peptides can be viewed as low molecular weight mimics of the
more complicated, naturally occurring enzymes. Fundamental studies have
addressed a range of questions, for example, about hydrolysis reactions in analogy
to those carried out by proteases [1, 2]. More recently, peptide-based catalysts have
become a popular platform for the study of enantioselective catalytic reactions. The
Julia—Colonna epoxidation represents the first asymmetric, peptide-catalyzed reac-
tion, reported initially by Julia et al. [3]. Asymmetric peptide catalysis has also been
the subject of a number of reviews [4-9]. In our own laboratory, we have examined
peptide-based catalysts for a number of enantioselective processes [5-7]. As
described below, we made observations that led us to recognize increasingly the
potential of these catalysts to mediate selective reactions on “complex” substrates,
wherein multiple copies of the same functional group exist within the scaffold of
interest. This chapter focuses primarily on our laboratory’s studies of peptide-
catalyzed site-selective derivatizations of molecules of this type.

As becomes clear in the discussion below, our analysis of site-selective reactions
was shaped by our parallel study of enantioselective reactions. We came to view our
goals in the context of an admittedly simplified reaction coordinate diagram model
(Chart 1). On the one hand, we viewed enantioselective reactions as a challenge
associated with differential transition state stabilization for competing pathways.
The intrinsic activation barriers for competing enantiotopic pathways are equivalent
by definition. In the site-selective catalysis arena, by contrast, the intrinsic barriers to
reaction at similar functional groups may not be equivalent. Thus, a major challenge is
the discovery of catalysts that can lead to favored reactions at inherently less reactive
positions. For example, if one potential site of derivatization is 100 times less reactive
than another, the proverbial 2.7 kcal/mol of transition state stabilization which can
lead to >98% ee in an enantioselective reaction only delivers 1:1 in the site-selectivity
arena (among many essential contributions, Kagan has discussed the intricacies of the
energetics of asymmetric reactions at length in [10-12]). Therefore, from a purely
physical organic perspective, achieving highly efficient functionalization at
low-reactivity positions is a challenging goal. Of course, there are other scenarios
that may lead to selectivity in site-selective reactions. These include a number of
possibilities that may differentially destabilize ground states, or which may differen-
tially increase the energies of transition states. Nonetheless, we began our studies with
the simplified reaction coordinates of Chart 1 as a guiding principle.



Site-Selective Reactions with Peptide-Based Catalysts 159

(a) Enantioselective Catalysis (b) Site-Selective Catalysis B
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Me o OH HO O __Me Me o OH HO o Me
O Ry R m 70( \Ig m R, Ry O
Enantiomer 1 Meso Substrate Enantiomer 2 Regioisomer 2 Regioisomer 1
AG#, = intrinsic barrier to reactivity, the same for both hydroxyls AG#; = intrinsic barrier to reactivity of the Ry hydroxyl
AG#, = barrier to reactivity in the presence of a chiral catalyst AG#, = intrinsic barrier to reactivity of the R, hydroxyl
AAG# (achiral catalyst) = AG¥; - AG¥; = 0; racemic product AGH # AG#,
AAG# (chiral catalyst) = AG¥, - AG¥, # 0 ; enantioenriched product AG#3 = Rs hydroxyl barrier in the presence of a site-selective catalyst

AAGH; 5 (non-selective catalyst) = AG¥, - AG¥; = (+) ;
reaction at Ry hydroxyl favored, intrinsic reactivity dominates
AAGH, 5 (site-selective catalyst) = AG¥ - AG¥ = (-)
reaction at R, hydroxyl favored, intrinsic reactivity inverted

Chart 1 (a) Simplified reaction coordinate diagram for an enantioselective desymmetrization
reaction. (b) Simplified reaction coordinate diagram for a site-selective reaction

2 Asymmetric Phosphorylation of myo-Inositol
as a Proving Ground for Site-Selective Functionalization
of Complex Molecules

The transfer of phosphate to a specific position in a complex molecule by kinases
represents an important and ubiquitous chemical event in biology [13, 14]. Phos-
phorylation often acts as a switch, imbuing a substrate with biological function
different from the non-phosphorylated species. These essential reactions are
observed in all classes of important biomolecules, including proteins, nucleic
acids and their building blocks, and, particularly relevant to our early studies,
carbohydrates (Fig. 1).

Carbohydrates present a significant challenge for efficient synthesis. The site-
selective transfer of a reagent to a single functional group within a molecule that
contains multiple copies of that functional group is manifest throughout carbohy-
drate chemistry. Most often, this challenge is met through the implementation of
protecting groups [15, 16]. The selective phosphorylation of carbohydrates is a
subset of the field, and studies date back at least to the work of Fischer nearly a
century ago [17]. In the 1950s, Moffatt and Khorana utilized a stoichiometric
pyrophosphate reagent to prepare guanosine 5'-phosphate, commonly known as
the ubiquitous metabolite GMP in the presence of a free amine and pyridone-like
carbonyl (Scheme 1). This precedent provides a pioneering example of a site-
selective phosphorylation used for the chemical synthesis of a biologically impor-
tant molecule [18, 19].

We were drawn to the catalytic, asymmetric phosphorylation of inositol for
several reasons [20-22]. First, myo-inositol possesses six hydroxyl groups, any
one of which could potentially be phosphorylated by a chiral catalyst. Second, the
diverse phosphorylation patterns of inositol phosphates correspond to equally
diverse biological functions [23]; excellent strategies for their synthesis existed,
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Scheme 1 Moffatt and Khorana’s GMP synthesis [18, 19]

but were often dependent on protecting groups and classical resolution for asym-
metric synthesis [24]. Third, we postulated that peptide-based catalysts might
provide a means to reduce the dependence on protective groups for the synthesis
of targets. For example, any free hydroxyl groups on an inositol-derived substrate
might engage in hydrogen-bonding interactions with a peptide catalyst. In addition,
we were inspired by the enzymes of the histidine-dependent kinase family, which
utilize an active site histidine (cf. Fig. 1; T-phospho-L-histidine) as a nucleophilic
catalyst for phosphoryl group transfer. [25, 26].

Our earliest efforts in peptide catalysis employed a n-methyl histidine residue as
the catalytic side chain in acyl transfer reactions [27, 28]. Given this precedent and
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our interest in selective nucleophilic catalysis, we screened a small, randomized
library of 39 peptides for the enantioselective phosphorylation of 1, derived from
D-myo-inositol (Scheme 2). Derivative 1 was chosen in particular, as the benzyl
groups convey solubility in organic solution to the substrate, and the site selectivity
challenge is simplified to three unique positions [29]. Peptide 2 was found, under
optimized conditions, to give desymmetrized (—)-3 (65% isolated yield) with
excellent enantioselectivity (>98% by HPLC) [20]. Synthetic D-myo-inositol
1-phosphate (4) was then obtained in excellent yield (96%) following deprotection.

Expansion of this peptide library yielded an additional catalyst scaffold, peptide
5, which, despite originating from a homochiral peptide library composed of
L-amino acids, gave the opposite selectivity as peptide 2 (Scheme 2). Intermediate
(+)-6 was obtained in >98% ee (HPLC) and 56% isolated yield under the condi-
tions optimized for the production of 3. Synthetic p-myo-inositol 3-phosphate (7)
was thus obtained following deprotection once again [21]. It is particularly note-
worthy that, in both of these cases, phosphorylation at the 5-position of inositol was
observed only as a trace byproduct, with recovered starting material 1 as the only
other primary species after reaction. Although peptides 2 and § were able to
distinguish clearly between the 1- and 3-positions, the 5-position hydroxyl appears
to have a higher intrinsic barrier to reaction. We emphasize that we have yet to
discover a selective catalyst for derivatization at the 5-position of 1.

The identification of catalysts 2 and 5 provided some opportunities for synthesis.
Inositol phosphates themselves are interesting as targets of site-selective organic
reactions, as their diverse structures are observed to result in equally diverse
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biological functions. In the same way, the related phosphatidyl inositol phosphates
(PIPs) are ubiquitous across biology, serving diverse roles ranging from cell
membrane components, to immunopotentiation, to PIP-dependent cellular signal-
ing; this has itself constituted its own field of study in chemical biology [30—
32]. With the ability both to install phosphates asymmetrically and to differentiate
the functionally important 1- and 3-hydroxyl groups of inositol (see above), we
targeted the C8 variant of phosphatidyl inositol-3-phosphate, ent-PI3P-(C8), 8, a
common PIP model compound in biological studies, and PI3Ps that contained
arachidonate sidechains (9) observed in naturally occurring PI3Ps (Scheme 3a)
[33]. The lower reactivity of the 5-hydroxyl relative to the 1- and 3-positions was
now key to our strategy. Once the 1- and 3-positions were differentiated to yield 3,
the remaining enantiotopic hydroxyl, the 3-position on benzyl derivative 10, could
be functionalized using a phosphoramidite without an asymmetric catalyst.
Removal of all protecting groups via hydrogenolysis furnished 8. A degree of
5-hydroxyl reactivity did limit yield.

In order to access 9, which contains an unsaturated arachidonate sidechain, the
use of para-methoxybenzyl (PMB) protecting groups on the inositol ring was
necessary. The deprotection used in the synthesis of 8, hydrogenolysis, was incom-
patible with the alkenes of the arachidonate sidechain. Fortunately, intermediate 12
could be prepared from the corresponding tris-PMB-protected myo-inositol deriv-
ative using peptide 2 in >98% ee. Following, once again, installation of benzyl
protecting groups on the phosphate to yield 13, phosphoramidite coupling using 14,
followed by an optimized global deprotection with TMSBr yielded ent-PI3P
derivative 9.

We again exploited the greater reactivity of the 1-hydroxyl of 3 in a selective
functionalization sequence this time to target select deoxy-myo-inositol phosphates
for use as probes of monophosphatase enzyme specificity (Scheme 3b) [34—
36]. Either just the 1- or the 3-hydroxyl could be mono-thiocarbonylated
(depending on using 3 or 6 as a substrate; 3 is shown in Scheme 3b), or both the
remaining enantiotopic position and the S5-hydroxyl could be exhaustively
thiocarbonylated, yielding 16 or 17, depending on reaction time. Compounds 16
and 17 (and their enantiomers) were then subjected to deoxygenation under stan-
dard Barton—-McCombie conditions and then global deprotection furnished both
enantiomers of 3-deoxy-myo-inositol, 18, and 3,5-dideoxy-myo-inositol, 19. These
four species along with L- and D-myo-inositol-1-phosphate were used in the kinetic
profiling of an archaeal phosphatase [34]. Deoxygenation was also used in a
strategy combining the insights from the studies mentioned above to provide an
efficient route to various deoxy-PIPs (not shown) [36].

The combination of both asymmetric catalysis and differential innate functional
group reactivity also allowed preparation of a number of inositol polyphosphates
(Scheme 3c) [35]. Key to this last strategy was the site-selective phosphitylation of
the 4-hydroxyl over the 6-hydroxyl of intermediate 21 to yield 22; the latter
hydroxyl was sterically encumbered by a bulky TBS protecting group on the
1-hydroxyl. This hypothesis regarding steric differentiation was supported by the
selective phosphitylation of 23 to yield 24, which, using the smaller BOM
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protecting group at the 1-hydroxyl, resulted exclusively in phosphoramidite transfer
to the 6-hydroxyl.

Our synthetic studies enabled study of another aspect of Archaea inositol
phosphate biochemistry [37]. Hyperthermophilic organisms have evolved a number
of mechanisms by which they survive harsh environments [38, 39], including the
use of a variety of charged secondary metabolites to regulate osmotic stress.
Another, using dimeric myo-inositol phosphates (DIPs), is to convey drastically
improved thermostability to the organism’s essential enzymes [38, 39]. At the time
of our study, it was not established conclusively as to which of the possible di-myo-
inositol-1,1’-phosphate stereoisomers, e.g., L,.-28 or L,p-29 (Scheme 4), was
responsible for this function or if one provided any advantage over the other,
even though, the L,b isomer is believed to be the more prevalent natural product.
Starting from 6, accessed via the phosphorylation of 1 with peptide 5, we prepared
per-benzylated phosphoryl chloride 25. Reaction of 25 with 1 in the presence of
Et;N and DMAP furnished a 1:3 mixture of 26 and 27 in 42% combined yield from
6. Stereochemical assignment was made by analyzing optical rotation following
separation and perbenzylation of 26 and 27, identifying 26 as the L,L isomer and 27
as the L,p DIP isomer. Following deprotection, yielding 28 and 29, the DIP isomers
were evaluated for their ability to preserve enzymatic activity at high temperatures
in an effort to trace one or the other as a thermoprotective natural product in certain
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hyperthermophilic Archaea species. Remarkably, both isomers perform this task
nearly equally, suggesting, perhaps, that the L,0 DIP isomer has its stereochemistry
not as a result of evolutionary optimization, but for other biosynthetic
happenstance.

Asymmetric phosphorylation chemistry was also used strategically in the syn-
thesis of a phosphatidyl-myo-inositol-3-phosphate-based hapten [40]. Our strategy
required the synthesis of a phosphatidyl-myo-inositol-3-phosphate-based hapten,
36, equipped with a thiol group to allow for conjugation to keyhole limpet hemo-
cyanin (KLH), a protein commonly used in immunogenic multicomponent species
(Scheme 5) [41-43]. We prepared D-myo-inositol-3-phosphate precursor 6 using
peptide S as detailed previously (Scheme 2, [21]). We sought to prepare the PI3P
analogue, as we had previously, utilizing phosphorus(IIl)-based phosphoramidite
chemistry. This required the synthesis of phosphoramidite 34, which was accom-
plished in four straightforward steps [44]. Conjugation of 34 to 6 was accomplished
with tetrazole. Ensuing oxidation to phosphorus(V) and global deprotection
proceeded efficiently. A significant hurdle to accessing a PI3P hapten proved to
be the installation of a simple thiol group. Standard amide bond-forming conditions
used in attempts to couple L-cysteine methyl ester to the free carboxylic acid form
of 35 failed to yield product. However, use of native chemical ligation [45-48],
employing L-cysteine methyl ester with phenyl ester 35 as the electrophile [48],
proceeded in a relatively clean reaction, providing useable hapten in 46% yield
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[40]. Subsequent immunological evaluation of the 36-KLH conjugate revealed the
production of highly specific IgG antibodies in rabbit sera. Although the sample
size is small, these results suggest that the concise and highly selective synthetic
routes derived from peptide-catalyzed reactions can provide a fairly direct route to
the production of biochemical tools for the spatiotemporal study of diverse PIPs
which are widely distributed within mammalian cells.

3 Parallel Exploration of Site-Selective Acylations

The overall arc of study of peptide-catalyzed phosphorylation was encouraging and
prompted us to explore related acyl transfer reactions with histidine-based peptides.
The existence of a differentially functionalized glycerol in the phosphatidylinositol
family also created the motivation to develop catalysts that could break symmetry
in glycerols, as part of phosphatidylinositol total syntheses.

Glycerol possesses two enantiotopic primary hydroxyl groups, which most
commonly are differentially functionalized with a variety of species, forming the
phosphatidyl inositol phosphates, diacyl glycerol phosphates (the major compo-
nents of all biological membranes), GPI-associated antigens, and fatty acid tri-
glycerides (Fig. 2). A screen based on the libraries of acylation catalysts [27, 28],
phosphorylation catalysts [20-22, 33-37], and sulfinylation catalysts [51] devel-
oped for group transfer reactions found that benzyl glycerol derivative 37 could be
monoacylated by peptide 38 in up 97% ee, with the high levels of enantioinduction

@ R, =Ry= Ry = H; glycerol

o Rz R, = Ry = R, = fatty acid esters ; triglycerides
H R; = Ry = fatty acids, R, = phosphate; diacyl glycerol phosphates
R~ 0._~0 ‘Rs R; = Ry = fatty acids, R, = inositol phosphates; PIPs
R, = Ry = fatty acids, R = oligosaccharides; GPl-associated antigens
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Fig. 2 (a) Diverse biomolecules that contain glycerol. (b) Enantioselective acylation of glycerol
by a peptide catalyst [49]. (c) Reactivity modulation in model carbohydrates [50]
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resulting from an initial acylation followed by a secondary kinetic resolution
[49, 52].

Our results at this stage suggested an opportunity to attempt to contribute to the
problem of site-selective catalysts in additional substrates with ever more sites of
potential functionalization that are not enantiotopic. Thus, our efforts in site-
selective catalysis seemed poised to enter a new phase. We chose to explore
selective acylation in simple carbohydrates for this initial challenge (Kawabata
and colleagues have used pyrrolidino-pyridine-based catalysts to great effect in the
asymmetric and site-selective acylation of alcohols and carbohydrates. Select
examples of this work can be found in [53-56]; see also [57-60]). Our initial
study addressed two different sugars (Fig. 2¢) exhibiting two or four free hydroxyl
groups, and led to the discovery of a number of catalysts that, in the case of the
simpler sugar, enhanced the intrinsic reactivity preferences to Pmh-catalyzed
acylation and in the case of the more complex sugar, led to a significant alteration
of the product distribution [50] (Fig. 2c). The results of this study, along with important
developments from other labs [53-64], including the N-heterocycle-catalyzed polyol
silylation chemistry of Hoveyda, Snapper, Tan, and others [63, 64], helped to solidify
site-selective polyol modification as a field with some momentum.

The above studies established (1) that broad peptide sequence space can furnish
catalysts that are effective across both a wide array of substrates and for several
chemical transformations and (2) that nucleophilic peptide catalysis was effective
at modulating barriers to reaction in the context of enantioselective reactions and
site-selective reactions such that inherent preferences could be enhanced, e.g.,
inositols (Fig. 2c), or inverted (Fig. 2¢) in a catalyst-controlled manner. At this
time it became clear that the stage was set to explore beyond model systems and to
begin treating large, complex natural products as substrates themselves.

4 Natural Products as Substrates: Studies of the Relative
Reactivity and Remote Functionalization of the Hydroxyl
Groups of Erythromycin A and Apoptolidin A

As we sought to increase the complexity of the substrates upon which the peptide-
based catalysts might operate, we were drawn to the polyketide family of natural
products [65—70]. Synthetic chemists are attracted to the challenge of constructing
these complex architectures, and also providing access to molecules for biological
study and evaluation [71-73]. Biochemists have, in the same spirit, learned much
about nature’s evolved machinery for constructing such molecules [74-78].

For our purposes, we were drawn to erythromycin A (40) and the antitumor
compound apoptolidin A (41) (Fig. 3), as each contains varied arrays of hydroxyl
groups [79, 80]. These ubiquitous moieties are often assigned as playing confor-
mational roles in the natural products (for example, see [81, 82]), being targets for
enzymes involved in resistance mechanisms [83, 84], or, from the perspective of
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Fig. 3 Structures of erythromycin A and apoptolidin A. Potentially reactive hydroxyls are shown
in red

our research program, serving as handles for modification and interrogation of the
important structural and biologically relevant features of a given natural product
[85, 86]. As such, we initially targeted erythromycin A as a substrate for site-
selective, peptide-catalyzed acyl transfer reactions [87, 88].

Our investigation began with a study of the innate reactivity preferences of the
hydroxyl groups under relevant reaction conditions. Prior studies from Abbott Lab-
oratories had established that, in the presence of DMAP and acetic anhydride, the
2'-hydroxyl of the p-desosamine sugar (5-position of the macrolide) was the most
reactive, followed by the 4”-hydroxyl of the L-cladinose sugar (3-position of the
macrolide), followed by the 11-position hydroxyl of the macrolide itself [89, 90]. We
found these trends to be analogous under reaction conditions in which N-
methylimidazole (NMI, 42) served as the catalyst analog of the n-methyl histidine
residue (Pmh) in the peptide catalysts (Fig. 4a). The 2'-hydroxyl is sufficiently
reactive that it is acylated in the absence of NMI; we thus expected it to persist as
an acylated species under most conditions. This acetate group (shown as a
monoacetate in 43), however, is readily removed following reaction by treatment
with methanol. Under these conditions, reflective of the innate hydroxyl reactivity of
erythromycin A (40), it was found that the other two reactive hydroxyls are acylated
in approximately a 4:1 ratio of 4”:11 (monoacetates 44 and 45, respectively). The
tertiary alcohols of 40 do not react appreciably under NMI-catalyzed conditions.

With conditions established to determine the ratio of 44:45 acylation,
137 Pmh-containing peptides were screened as catalysts from the libraries the
group had developed for group transfer reactions. Several catalysts, including
those hypothesized to form a B-turn [91-93 and references therein], exhibited the
capacity to reverse the intrinsic selectivity exhibited by the substrate in comparison
to when NMI was the catalyst. When peptide 46 was employed, the preference of 40
for acylation at the 4” over the 11-hydroxyl was inverted from approximately 4:1
44:45 (NMlI-catalyzed) to 1:5 44:45 (46-catalyzed). The 11-hydroxyl of 40 has been
implicated in a macrolide-stabilizing hydrogen bond with the C9 carbonyl [94,
95]. The structure of 45 supports this hypothesis as it was observed to exist not as
the C9 ketone, but primarily as transannular hemiketal 47, the structure of which
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Fig. 4 (a) Reactivity profiling of the hydroxyl groups of erythromycin under NMlI-catalyzed
conditions. (b) Hit peptide 46. (¢) 4”:11-Acylation ratios, following 2’-acetate methanolysis, for
different acylating reagents under NMI and peptide-catalyzed conditions [87]. Note: all reactions
were run at a concentration of 0.1 M 40 in CHClj; solvent with 5 equiv. Et;N at 25 °C for 24-72 h
[87]

was assigned in analogy to the assignments of Everett et al. for related compounds
[94, 95]. Thus, the discovery of site-selective peptide catalyst 46 allowed not just
for synthetic access to otherwise cumbersome analogues of 40, but also resulted in
the support of a structural hypothesis regarding macrolide conformation. The site-
selectivity of peptide 46 also depended upon the structure of the acylating reagent,
with larger groups leading to higher selectivity. Smaller alkyl chains led to selec-
tivities similar to those observed with acetic anhydride (Fig. 4c). In all cases, non-
peptide-catalyzed reactions allowed for ready access to 4”-monoacylated deriva-
tives of 40 following methanolysis, whereas peptide-catalyzed reactions led to



170 M.W. Giuliano and S.J. Miller

5 mol % O
peptide enr-46 o QH‘}\— Ry

P g [ \Me
R A o %R /
2 equiv.
(no MeOH quench)

2) PO(OPh),Cl, DMAP,
Et;N, CHCly

1)

5 mol %

5 mol %
peptide ent-46 | peoH -
o 0 quench R,=R,= Me H
X, K L
2, 4,
2',4",11 - tris

functionalized
derivatives

2' 11-diacyl derivatives

11-monoacyl derivatives

Scheme 6 Polyfunctionalization of erythromycin A (40) [88]

heretofore inaccessible 11-monoacylated derivatives, again following autocatalytic
solvolysis of the 2’-acetate (or equivalent group).

We then exploited catalyst 46 for the synthesis of new derivatives of 40 that
contained multiple different groups. In the course of these studies, it was discovered
that the enantiomer of peptide 46, ent-46, gave even higher catalyst-controlled
selectivity for acylation of the 11-hydroxyl over the inherently preferred
4 "-hydroxyl [88]. As depicted in Scheme 6, further optimized reactions, according
to three different sequences, afforded four 11-monoacyl derivatives of 40, four
2',11-diacyl derivatives of 40, and three tris-functionalized derivatives of 40 in
which the 4” hydroxyl was phosphorylated following ent-46-catalyzed acylation of
the 2'- and 11-hydroxyls. Additionally (not shown), using a methanol quench and
additional acylation steps provided access to one unsymmetrical 2’,11-diacyl deriv-
ative and one tris functionalized compound in which the 2’ were different as well
(cf. [88]). In total, 14 synthetic analogues, all accessed via selective peptide-
catalyzed reactions on unprotected erythromycin A, were tested for antibiotic
activity against challenging strains of Staphylococcus and Enterococcus. None
provided improved activity (MIC) over 40. However, the structure activity relation-
ships gleaned from these studies were consistent with some earlier hypotheses [96].

In a related study, which also utilized peptide ent-46, we were able to access
three hitherto untested acetyl derivatives, 47-49, of the highly potent and tumor-
selective cytotoxic natural product apoptolidin A (41) [97]. Triacetates 48 and 49
were particularly significant, as a known problematic structural rearrangement of
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Fig. 5 (a) Apoptolidin A (41) derivatives accessed by site-selective acylation reactions using
peptide ent-46 [97]. (b) Rearrangement of 41 to isoapoptolidin (50) [98, 99]

41 to 50 (isoapoptolidin) that proceeds via ring expansion of the macrolide onto the
20-hydroxyl was inaccessible to these derivatives [98, 99]; NMR analysis con-
firmed that this rearrangement did not occur for 47 as well. The activities of 47—49
were compared to those of 41 in a growth inhibition assay using H292 cells and
were found to be comparable (within threefold; inset table in Fig. 5a), suggesting
that, as had been proposed earlier, certain modest changes to the array of seven
unique hydroxyls on 41 can be made without strong deleterious effects [100].

5 A Connection Between Site-Selective Catalysis in Natural
Products and Remote Asymmetric Induction

The site-selective catalytic reactions on the inositols and the natural products
offered a basis for general musing about the scope and limitations of discovering
peptide-based catalysts for targeting substrates possessing several hydroxyl groups
that are in unusual stereochemical environments. Among those that seemed appro-
priate for exploration were those that exhibited the challenges of remote function-
ality or remote prostereogenic stereochemical elements [101-103]. Bis(phenol) 51
(Fig. 6a), a substrate for enzymatic desymmetrization en route to compounds of
interest at Merck Research Laboratories, thus became a testing ground for our
hypothesis that peptides could indeed catalyze asymmetric reactions with remotely
localized functional groups or prostereogenic centers [104, 105]. Substrates such as
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Fig. 6 Remotely-directed desymmetrization of bis(phenol) 51 by peptide-catalyzed acylation
[104, 105] (a) Relevant distances in the structure of bisphenol 51. (b) General schematic of the
library that produced peptide 52. (¢) Desymmetrization of 51 by 52 to yield monoacetate 53

51 also posed the question of whether or not remote directing functionality could
play a role in developing a desymmetrization [106]. In the case of 51, the
enantiotopic hydroxyl groups of 51 are each 5.75 A away from the molecule’s
only prochiral center. Additionally, the hydroxyls themselves are separated by
almost 1 nm, which seemed to present a significant challenge for the development
of a hydroxyl-directed reaction. Although enzymes can be proficient at a variety of
reactions where remote sensing of functionality is required (see, for example,
steroid biosynthesis and, in particular, the oxidation of steroids by cytochrome
P450 enzymes [107-109]), a satisfactory enzymatic solution to the
desymmetrization of 51 had not been reported at the time we initiated its study
(see below) [104, 105].

We explored libraries of hexapeptides that all contained Pmh at the N-terminus
(Fig. 6b); see [105] for detailed discussion of the library design and screening.
Notably, peptide 52 catalyzed formation of monoacetate 53 in good yield and
excellent enantioselectivity. It should be noted that the high conversion to
monoacetate 53 and additional control experiments [104, 105] indicated that
minimal secondary resolutions were operative in the ability of peptide 52 to effect
a highly enantioselective, remotely-directed chemical reaction [52]; the high ee of
53 was the result of a single remote, catalyst-controlled transformation. Although a
high-resolution mechanistic picture of how peptide 52 provides high selectivity
remains elusive, we did observe that '*C resonance degeneracy of the phenolic
aromatic carbons of 51 was broken when 51 and 52 were mixed in a 1:1 ratio. Thus,
we suspect that peptide 52 is operative for the remote desymmetrization of 51
through formation of a discrete catalyst—substrate complex.
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Through our studies of simple and complex substrates, of unnatural and natural
origin, we were able to establish the versatility of peptide-based catalysts for a
number of site-selective reactions. The next sections illustrate our efforts to gener-
alize these observations to include a number of additional high-value transforma-
tions, and ever more complex molecular environments.

6 Development of New Peptide-Catalyzed Reactions
to Address Additional Challenges in Chemical Selectivity

In the course of our efforts to synthesize PIP and inositol polyphosphate analogs,
we utilized stoichiometric quantities of chlorothioformate 15 and then removed
hydroxyl groups under standard conditions for the venerable Barton—-McCombie
deoxygenation reaction [110-112]; cf. Scheme 3 and associated references. We
therefore became interested in the possibility that catalytic, site-selective delivery
of the thiocarbonyl group might provide a powerful approach to the study of polyol
structure—activity relationships. Thus, we wished to establish whether site-selective
catalysts could provide access to oxygen atom-deleted analogs in a direct manner
[113]. In early studies, we discovered that the catalytic thiocarbonylation was more
complex than either phosphorylation or acylation with our approaches. First, the
HCI byproduct required the addition of base, but common tertiary alkyl amine bases
such as triethylamine underwent dealkylative thiocarbonylation in preference to
thiocarbonylation of alcohol substrates (Scheme 7, inset). Thus, we employed
2 equiv. of the hindered base 1,2,2,6,6-pentamethylpiperidine (PEMP) to suppress
this undesired reactivity. We also found that, even under these conditions, only a
limited set of carbohydrate-derived alcohols were compatible (see [97] for addi-
tional details). With these observations in hand, we undertook screening of a
sequence and structure-random library of Pmh-containing peptide catalysts for
the selective 2- or 3-thiocarbonylation of methyl glucoside 54. Interestingly, pep-
tide 46, discovered initially for the site-selective acylation of erythromycin A (40,
[87]; see above), produced 2-thiocarbonate 55 in a 22:1 ratio relative to the
3-thiocarbonate product in 67% isolated yield. This selectivity was an enhancement
of the inherent preferences of 54, which favors 2-thiocarbonylation in a roughly 2:1
ratio. Standard Barton—-McCombie radical deoxygenation yielded deoxyglucoside
56 in 46% yield from 54. Peptide 57, previously identified as an effective asym-
metric acylation catalyst for small molecules, was found to invert the inherent
reactivity preferences of the 2- and 3-hydroxyls of 54, yielding 3-thiocarbonate 58
in 6.6:1 ratio over 55 in 53% isolated yield. This particular transformation required
the addition of 15 mol% FeCl; to facilitate turnover [113]. Compound 58 was
converted to 3-deoxyglucoside 59 under standard radical conditions in 39% overall
isolated yield from 54. We were also able to access 2,3-dideoxyglucoside 61 from
bis(thiocarbonate) 60, which was the overreaction product of the NMI-catalyzed
thiocarbonylation of 54. Unfortunately, we observed significant drop-off in
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Scheme 7 Preparation of deoxyglucoside derivatives mediated by peptide-catalyzed thiocarbo-
nylation reactions. (i) 20 mol% peptide 46, 2 equiv. PEMP, 1.5 equiv. 15, —40 °C, 15 h. 67% (ii)
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PhCHj3, reflux, 2 h. Overall yields from 54 over both steps for each deoxysugar are depicted above
[113]

selectivity utilizing these catalysts for substrates that were either more complex,
such as sucrose, or for substrates which were only changed marginally from 54,
such as its f-anomer. Thus, although useful in some settings, additional approaches
to catalytic, site-selective functionalization of polyols that set up deoxygenation are
still required.

One additional approach to deoxygenation we have explored involves catalytic
phosphoramidite transfer. Our studies along these lines began with the fundamental
development of a different catalytic cycle for the site-selective transfer of P(III)-
based reagents. We chose to return to the myo-inositol scaffold for this basic
research, with a focus on the enantiotopic 4- and 6-hydroxyl groups of the substrate
(62; Fig. 7). The similar steric environment created by the presence of only
equatorial flanking groups to these positions renders their differentiation
challenging [115].

Carruthers developed methods for the tetrazole-mediated transfer of P(III)
compounds, specifically phosphoramidites, enabling the robust synthesis of nucleic
acids in work that was truly revolutionary [116]. The key byproduct of the reaction,
secondary amines, also deprotonate the key activating tetrazole, thus requiring
excess tetrazole to drive the reaction to completion. Therefore, a catalytic cycle
based upon a tetrazole-containing amino acid, tetrazolylalanine (Atz, 63, Fig. 7)
[114, 117] must then also include a means for scavenging the amine byproduct of
the phosphoramidite transfer reaction. Based on literature precedents, we utilized
10-A molecular sieves for this purpose, which also bore the advantage of rendering
the reaction conditions anhydrous [118] (Fig. 7b). Inspired by the sequence of
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peptide 5, which was utilized to desymmetrize the 1- and 3-hydroxyl positions of
myo-inositol derivative 1 (see above) [21], we screened a focused library of
peptides that employed Atz, 63, at the N-terminus as the key catalytic residue for
the desymmetrization of 62 via P(III) transfer (Fig. 7c). Hit peptide 64, which has
nearly identical backbone stereochemistry to 5 and differs only in the identity of
two sidechains, yielded myo-inositol-6-phosphate derivative 65 in good yield
(71%) and appreciable enantioselectivity (85:15 er, 70% ee). The minor enantiomer
(66), which is the protected precursor of myo-inositol-4-phosphate, was found to be
the faster reacting enantiomer in a kinetic resolution of mixtures of 65 and 66, such
that 65 could be obtained in outstanding enantiopurity by subjecting the oxidized
product mixture of the first P(III) transfer to the same reaction sequence a second
time (Fig. 7d). The key to the outstanding k., approximately 35 for phosphitylation
of 66 over 65 to meso compound 67, was hypothesized to be interaction between
peptide 64 and the Lewis basic phosphate oxygen of 65/66; this was supported by a
lower k.. of ~8 observed in the kinetic resolution of the corresponding phosphor-
othioate derivatives of 65 and 66 (see [114] for more details).

With these fundamental studies complete, we turned our attention to the adap-
tation of the method for a site-selective catalysis/deoxygenation sequence
[119]. Koreeda and Zhang reported the use of iodoarene-functionalized phosphites
as good substrates for deoxygenation [120]. We set out to adapt this work to an
Atz-based peptide-based catalytic reaction. Phosphoramidite 68 (Scheme 8) was
readily prepared, and found to behave in tetrazole-catalyzed reactions. Its deriva-
tives, upon exposure to appropriate conditions, enabled deoxygenation of a number
of alcohols in analogy to literature precedents; see [119] for details.

We were thus equipped with a new tool to explore selective deoxygenation of
erythromycin A beyond the 2'-hydroxyl (Scheme 9). It should be noted that this
particular effort in site-selective chemistry was preceded by necessary studies in
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Scheme 8 Preparation of a phosphoramidite 68 and mechanism for substrate deoxygenation
following a P(III) transfer reaction [119, 120]
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4" -hydroxyl, respectively [119]

fundamental organic reaction development. Ultimately, both the Pmh-catalyzed
thiocarbonylation (Scheme 7) and the Atz-catalyzed phosphitylation (Fig. 7) were
employed in our efforts. Specifically, thiocarbonylation was found to enable reac-
tion of the 2'-hydroxyl, to produce thiocarbonate 69. Utilizing standard Barton—
McCombie [110-112] radical conditions, 69 was converted to
2/'-deoxyerthyromycin, 70, in 56% yield from the natural product itself (40).
Notably, this catalytic route to 70 took advantage of the inherently high reactivity
of the 2’-hydroxyl of erythromycin A. Thus, initially we sought to use a 2’-acetyl
capping strategy applied in an earlier approach to 4”-deoxyerythromycin A (72).
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Using standard NMI (42)-catalyzed acylation, 2’-acetyl erythromycin A was pre-
pared and then subjected to 4”-selective phosphitylation with 68, catalyzed by
phenyltetrazole (71). Reduction and deacylation in methanol gave 4”-deoxy eryth-
romycin A in 46% yield over four total transformations. We then explored whether,
given the higher inherent reactivity of the 4”-hydroxyl to phosphitylation, a
peptide-catalyzed P(IIT) transfer could direct reaction of 68 preferentially to the
4" position, circumventing the 2'-hydroxyl altogether in the absence of any
protecting groups. Screening of a small library of peptides led to discovery of 73,
which yielded a single *'P-observed product (as a mixture of P-epimers) identified
as the 4”-phosphitylated derivative of 40. Subsequent deoxygenation yielded 73 in
50-60% isolated yields in only two simple transformations from the parent eryth-
romycin A. Auspiciously, these studies revealed that a peptide-based tetrazole
could lead to an alternate product in comparison to that delivered by catalytic
phenyltetrazole. Thus, this observation provided another example of selectivity
reversal made possible by a peptide-based catalyst .

We have described several experiences in the development of group transfer
reactions including acylation [27, 28, 49, 50, 87, 88, 97, 104, 105], phosphorylation
[20-22, 33-37], thiocarbonylation [113, 119], sulfinylation [51], and
phosphitylation [114, 119]. In the course of our studies we also developed
sulfonylation reactions based on the desymmetrization of 1 (1) [121]. These reac-
tions proceeded with excellent enantioselectivity to yield the sulfonyl analogues of
phosphates 3 and 6 in a catalyst-dependent manner. Sulfonates may bring additional
opportunities for site-selective chemistry in the future as they provide entry to
cross-coupling, elimination, and substitution chemistry.
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7 Peptide-Catalyzed Diversification of Glycopeptide
Antibiotics

Based on these experiences with a variety of catalyst-dependent, site-selective
reactions, we chose to investigate site-selective functionalization of the glycopep-
tide antibiotics vancomycin (74) and the teicoplanins (75, the A,-2 congener).
These decisions were made for primarily chemical reasons — we were inspired by
the high level of chemical complexity exhibited by these molecules. However, we
also wished to create the opportunity to contribute new, potentially improved
analogs of these so-called “antibiotics of last resort” to the field of infectious
disease therapy [122—-125]. The pursuit of analogs of these storied antibiotics is
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an extensive field in and of itself [126—131]. Highlights include the semi-synthetic
drug analogs such as telavancin (76) and dalbavancin (77) [132, 133].

Glycopeptide antibiotics act by disrupting the elaboration of peptidic cross-links
that are key to the integrity of the Gram-positive bacterial cell wall [134—136]. This
is accomplished via binding to a nascent extracellular peptide chain with the
sequence (N to C) Lys-p-Ala-p-Ala. The interaction is characterized by the forma-
tion of five key hydrogen bonds (Fig. 8b,c). Resistant strains have evolved a
mutation such that the p-Ala-p-Ala sequence is mutated to p-Ala-p-Lac (lactic
acid), replacing an amide linkage with an ester and eliminating a key hydrogen
bond (Fig. 8c, shown for aglycon of 74). This renders the binding of glycopeptides
to the cell wall peptide ineffective [141-143]. Boger and colleagues have provided
aremarkable solution to this problem [137-140]. The mutation of the amide oxygen
of the central residue of vancomycin instead to an amidine NH restores activity to
the aglycon of 74 600-fold over the parent amide form; the amidine NH restores a
key hydrogen bond between the cell wall peptide and the glycopeptide, interacting
with the ester oxygen [137-140] (Fig. 8c). Additionally, the amide-amidine muta-
tion reduces an energetically disfavorable electron lone pair repulsion between the
D-Ala-p-Lac and the most proximal amide oxygen in the vancomycin binding site.
This promising analogue, accessed via total synthesis, notably restores much
biological activity via a single atom change to vancomyin just as the p-Ala to p-
Lac mutation was effected by a single atom change to the cell wall peptide. These
studies also buttressed our ambition for the study of catalyst-dependent, minimal
alterations to the scaffold that might provide similarly dramatic effects. More
modestly, if successful, catalysts might expand our understanding of the structure
activity relationships within vancomycin.

Single groups or arrays of hydroxyls have been found to be important to drug
specificity, potency, and bioavailability; they have also been implicated in the
propagation of toxic side effects [144—147] and may be involved in drug resistance
mechanisms [83, 84]. Thus, we set out to continue our studies of site-selective
deoxygenation with vancomycin. To document the inherent reactivity to thiocarbo-
nylation, we found that NMI-catalyzed reaction of known protected vancomycin
derivative 78 [148, 149] yielded a 1:5 mixture of two thiocarbonylated species, 79
and 80, respectively [150]. Phase-sensitive HSQC led to the assignment of these as
belonging to the G¢ and Zg thiocarbonylation products, respectively. With this ratio
established, we commenced an initial peptide screen, using legacy sequences from
our long-standing efforts in selective hydroxyl functionalization. Peptide 81 was
found to provide an enhancement of the inherent reactivity of the Gg and Zg
hydroxyl groups, especially upon scale-up to a 1:21 ratio of 79:80.

The next step was to search for peptides that would reverse the intrinsic
reactivity preferences of the substrate. For this goal, we attempted a strategy of
mimicking with a catalyst the intrinsic, well-known affinity of vancomycin for the
D-Ala-p-Ala moiety that is a signature of its biological function. Peptide 82 proved
effective in this manner, providing a 24:1 ratio of 79 to 80. Peptide 82 may indeed
bind in a manner very similar to the Lys-p-Ala-p-Ala sequence, directing the
catalytic amino acid sidechain into the vicinity of the Gg hydroxyl of 78, and
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Possible conformational movements in Zs-deoxyvancomycin [150]
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various experiments supported this notion [150]. In contrast, the mode of action of
catalyst 81, which enhances the intrinsic reactivity preferences, remains unknown.

Standard Barton—McCombie deoxygenation of 79 and 80 to 83 and 84 (respec-
tively) led to further interesting observations. Zg-deoxyvancomycin 84 exhibited
conformational heterogeneity. We speculate that this is produced by loss of a
hydrogen bond between the Zg hydroxyl with the Cg amide carbonyl in the native
structure. The absence of such an interaction could lead to various forms of medium
ring conformational isomerism (Scheme 10b). In terms of biological activity,
Gg-deoxyvancomycin 83 exhibits similar activity with respect to native vancomy-
cin; conformationally mobile 84 is somewhat less effective against certain Gram-
positive bacteria. Although this exercise did not yield a more potent analogue of
vancomycin vs. resistant strains, our studies of site-selective catalysis unveiled
non-obvious features of the antibiotic structure activity relationships.

Lipidation of glycopeptides has been associated with increases in antibiotic
activity, as evidenced by the increased activity of the teicoplanins relative to
vancomycin [122-125]. We therefore sought to test our catalysts for the site-
selective lipidation of vancomycin [151] (Scheme 11). Screening of select legacy
sequences from acylation and other group transfer reactions studied by our group
led to promising results. Both peptides 81 and 82, uncovered for functionalization
of 78 via thiocarbonylation, showed the same site-selectivity trends for acylation
that had been observed for thiocarbonylation, producing decanoyl vancomycin
derivatives 85 and 86 in 24% and 38% yield, respectively (acylation and global
deprotection steps included in yield calculation). Moreover, peptide 87 [152]
provided new selectivity capability, targeting the G, hydroxyl position over the
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Scheme 11 Site-selective acylation of vancomycin. (i) 20 mol% peptide 81, PEMP (2 equiv.),
decanoic anhydride (2 equiv.), CH,Cl,/THF (3:1), r.t., 24 h. (ii) 20 mol% peptide 82, PEMP
(2 equiv.), decanoic anhydride (2 equiv.), CH,Cl,/THF (3:1), r.t., 24 h. (iii) 20 mol% peptide 87,
PEMP (2 equiv.), decanoic anhydride (2 equiv.), CH,Cl,/THF (3:1), r.t., 24 h. (iv) PdCl,(PPhy),
(1 equiv.), PhSiH; (45 equiv.), dioxane/AcOH (4:1), r.t., 3 h [151]
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Zg and Gg positions. Deprotection of this intermediate yielded 88 in 24% yield
from protected vancomycin (78). All three decanoyl derivatives were then tested
in growth inhibition assays against resistant strains and 85, 86, and 88 all showed
excellent activity against MRSA strains and select strains of vancomycin-
resistant Enterococcus. However, as with vancomycin itself, activity was reduced
against the Van A strain. Although these results were interesting, it is clear that
these lipidation steps essentially render the vancomycin analogs “teicoplanin-
like” in their function, thus making all three highlighted derivatives, despite their
increase potency, subject to the same resistance mechanisms that plague related
compounds [122-125, 141].

Teicoplanin-A,-2 (75) is a lipidated relative of vancomycin (74). The lipid chain
of its topmost glucosamine sugar is believed to enhance its potency by helping the
molecule embed itself in the cell membrane, near the location of bacterial cell wall
biosynthesis [134-136]. Other mechanisms, independent of p-Ala-p-Ala binding,
have also been invoked as potentially operative with the teicoplanins, which are
more amphiphilic relative to vancomycin [134—136]. The phosphonylated and
lipidated derivative of vancomycin, telavancin (76), has shown improved pharma-
cokinetics over its parent 74 [132, 133]. We wondered whether we could extend the
insights gained in our studies of vancomycin to target the site-selective functiona-
lization of individual hydroxyl groups of teicoplanin. We began this work with
peptide-catalyzed phosphorylation [153, 154]. In an initial step, to enable solubility
in organic solvents, protected tecioplanin-A,-2, 89, was prepared in two steps in
45% overall yield (Fig. 9a). Our initial goal was to see whether catalysis might
enable selective functionalization of sites on each of the three sugars on the
structure — coded red for the top, green for the left, and blue for the bottom. The
primary hydroxyl group of each is separated by 17.7, 11.6, and 16.5 A, based upon a
known crystal structure [155] (Fig. 9b). NMl-catalyzed phosphorylation (not
shown) revealed that, indeed, the three targeted hydroxyls were the most reactive
under these conditions, with the leftmost (green sugar; N-acetylglucosamine) being
somewhat less reactive than the primary hydroxyls of the top (red) and bottom
(blue) sugars (glucosamine and mannose, respectively), although other products
were also detected. We then evaluated peptide-based catalysts (Fig. 9c). First,
targeting the top sugar, we found that p-Ala-p-Ala-based peptide 82, selective for
the site-selective thiocarbonylation and acylation of the Gg primary hydroxyl of
vancomycin (see above), catalyzed the analogous site-selective phosphorylation of
the primary hydroxyl of the top (red) sugar in 89. The reaction allowed for isolation
of diphenylphosphate 90 in 42% isolated yield. Next, the bottom (blue) mannose
unit of 89 was targeted by screening a library of 15 legacy catalysts. Intriguingly,
peptide 2, initially discovered in our efforts toward the phosphorylation of myo-
inositol [20], provided the best selectivity, and allowed for the isolation of
diphenylphosphate 91 in 23% yield. Surprisingly, it was discovered that tripeptide
catalysts (not shown) based on D-Ala-p-Ala that attempted to add catalytic
sidechains to the internal p-Ala residue (as opposed to peptide 81, which placed
the sidechain at the C-terminal site) did not catalyze selective phosphorylation.
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Fig. 9 (a) Protected teicoplanin derivative 89. (b) Crystal structure of teicoplanin (PDB: 2XAD)
highlighting the distance between targeted hydroxyl groups. (c) Partial of three distinct
teicoplanin-A,-2 diphenyl phosphates, 90-92; inset: peptide 93, selective for the leftmost
(green) sugar. (i) 10 mol% peptide 82, 6 equiv. diphenylchlorophosphate (DPCP), 8 equiv.
PEMP, THF, CH,Cl,, 23 °C. (ii) 20 mol% peptide 2, 3 equiv. diphenylchlorophosphate (DPCP),
4 equiv. PEMP, THF, CH,Cl,, 23 °C. (iii) 30 mol% peptide 93, 6 equiv. diphenylchlorophosphate
(DPCP), 8 equiv. PEMP, THF, CH,Cl,, 23 °C. (d) Crystal structure (PDB: 4PK0) of teicoplanin
A,-2 complexed with a peptide 93-T4-lysozyme conjugate, prepared by expressed protein ligation.
(e) Expanded view of Pmh residue positioned over leftmost (green) sugar [153, 154]

This may be because of steric clashes within the glycopeptide binding site, as suggested
by binding studies in the literature [156]. Finally, in the process of screening 15 addi-
tional catalysts, it was found that peptide 46, initially discovered for the acylation
of erythromycin A, gave modest selectivity for the leftmost (green) sugar.
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The C-terminal residues of 46 both possess D stereochemistry, and stimulated the
design of peptide 93, which retains a turn-promoting moiety, and replaces the
C-terminal residues with the p-Ala-p-Ala motif. This new catalyst allowed for the
efficient conversion of 89 to diphenylphosphate 92 in 41% isolated yield. Following
deprotection of 90-92, each phosphorylated analog showed attenuated activity
toward most of the tested in antibacterial assays, providing some SAR information
for the teicoplanin hydroxyl array [153, 154].

To investigate the mechanism of action for peptide 93 more closely, we sought a
crystal structure of the catalyst—substrate complex. Although this effort proved
challenging, we were able to obtain insight through achievement of a structure of
a complex of native teicoplanin bound to the peptide-catalyst sequence, albeit
embedded in a carrier protein context. Inspired by the strategy of Loll [157, 158],
we synthesized a peptide 93-T4-lysozyme conjugate via expressed protein ligation
[159, 160]. After significant effort to optimize the carrier protein identity, the
linking sequence between 93 and the carrier, and the crystallization conditions,
the structure was successfully solved to 2.3 A (PDB: 4PKO0). As shown in Fig. 9d,e,
the key catalytic Pmh sidechain is situated proximally to the leftmost (green) sugar,
upon which it carries out selective phosphorylation.

In looking at vancomycin and teicoplanin, the hydroxyls are but one choice for
functionalization reactions. Each natural product also possesses electron-rich
arenes, which may be platforms for electrophilic aromatic substitution reactions.
In parallel studies of enantioselective and atropisomer-selective bromination reac-
tions [161-164], we were gaining experience with catalyst-controlled bromina-
tions, and we wondered whether these might be extended to site-selective
reactions. We speculated that an appropriately positioned Lewis base, such as a
dimethyl amide unit, could assist in the delivery of electrophilic bromine
[165]. Thus, we carried out a reactivity profiling of vancomycin (74) toward
electrophilic bromination in methanol solvent and found that three products were
favored: the 7f and 7d monobromides (94 and 95, respectively), and the 7d.f
dibromide (96), all resulting from halogenation of resorcinol ring 7 (Fig. 10a)
[166]. Evaluation of peptides that contained dimethyl amide units as part of their
sidechains, as well as a variety of other additives such as guanidine [168], revealed
that peptide 97 could promote the formation of 7d-bromide 95 in 41% yield (or 7d,
f-dibromide 96 in 55% yield). The location of the dimethyl amide unit of 97 when
bound to 74 is hypothesized to be proximal to the resorcinol, perhaps leading to this
reactivity. The 7f bromide 94 was not favored by peptide catalysis, but could be
observed as the major product in the presence of guanidine, allowing for isolation in
21% yield. The 5e position, although ordinarily quite unreactive relative to the
resorcinol, was also found to be brominated along with the 7f and 7d positions
during the initial reactivity profiling, yielding tribromide 98. Transposition of the
dimethyl amide unit of a peptide catalyst, as with 99, to the central portion of the
sequence allowed for the selective formation of 98 in 35% isolated yield. The
reason for this reactivity is unclear, and many mechanistic questions remain in this
work overall. For example, high catalyst loadings of peptides are required for the
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Fig. 10 (a) Bromination of 74. (i) 18 equiv. guanidine hydrochloride, 4 equiv. N-
bromophthalimide (NBP), MeOH, 1 h. (ii) 1 equiv. peptide 97, 2 equiv. NBP, H,O: MeOH
(5:1). r.t,, 1.5 h. (iii) 1 equiv. peptide 97, 3 equiv. NBP, H,O:MeOH (5:1). r.t., 1.5 h. (iv)
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MeOH (1:1), r.t., 0.5 h. (¢) Cross-coupled analogs of 75 [166, 167]
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best results in these reactions, raising questions about turnover and the balance
between peptide binding and catalysis. These issues remain under study in our
laboratory.

The analogous experiments were undertaken with teicoplanin A,-2 (Fig. 10b)
[167]. We were attracted to 75 because of the additional positions available for
electrophilic aromatic substitution as a result of the additional aryl rings. Peptide-
based promoters yielded the selective formation of several brominated glycopep-
tides derived from teicoplanin: the 7f and 3b monobromides (100 and 101, respec-
tively), favored by peptides 102 and 103, respectively, and the tribromide 104,
which was formed in a conditions-dependent manner using peptide 103; the
dibromide resulting from both 7f and 3b bromination (not shown) was also isolated
as a potential analog. With these halogenated glycopeptides now in hand
(in addition to the parent compounds, which possess chloride substituents), we
examined further functionalization via Suzuki-Miyaura cross-coupling reactions.
Conditions were found employing high catalyst loadings and water soluble SPhos
phosphine ligand [169] that allowed the preparation of seven novel analogs (105—
111) of teicoplanin A,-2, summarized in Fig. 10c (see [167] for further details).
Evaluation in biological assays revealed that a number of compounds possessed
similar activity to teicoplanin itself, although a select few that were functionalized
at the 2-ring via cross-coupling showed enhanced activity against various resistant
strains of bacteria.

Through our combined efforts in phosphorylation, acylation, deoxygenation,
halogenation, and cross-coupling, we reported and evaluated the antimicrobial
activity of several dozen glycopeptide analogs, whose availability is enhanced by
site-selective peptide-catalyzed reactions (Fig. 11). Our hope is that these results
represent an auspicious set of data to justify further studies of this type.

Acylation

— Bromination

Fig. 11 Glycopeptides as substrates for site-selective reactions
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8 Peptide-Based Catalysts for Site-Selective Oxidation

Among the many site-selective reactions carried out by enzymes, we were partic-
ularly inspired by the selective epoxidation of squalene to make squalene oxide as a
prelude to steroid biosynthesis [170]. Nonenzymatic, peptide-catalyzed oxidations
were well known at the outset of our studies, primarily with the Julia—Colonna
epoxidation [3], and these have been supplemented with a number of other
approaches [171-173]. We thus wished to explore a different approach, which we
predicated upon a catalytic cycle based upon the aspartic acid sidechain (Fig. 12a)
[174, 175]. Conceptually, the carboxylic acid sidechain (i.e., 112) is activated by
reaction with diisopropylcarbodiimide (DIC, 113) to form O-acyl urea 114. This
activated ester species can then react with hydrogen peroxide to form a reactive
peracid oxidant in situ (115). This peracid can then react with a substrate, an alkene
for the purposes of this discussion, generating oxidized product and regenerating
the aspartic acid catalyst sidechain. Although initially developed for substrates that
contained carbamates as directing groups [106, 174, 175], we came to explore a
number of other applications, including several presenting site-selectivity chal-
lenges. Two collaborative studies were particularly inspiring. In the first collabo-
rative effort with the Movassaghi group [176], we observed site-, diastereo-, and
enantioselective catalysts for the oxidation of wvarious indoles to afford
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Fig. 12 (a) Aspartic peracid catalytic cycle for epoxidation and indole oxidation [174, 175]. (b)
Enantio- and site-selective oxidation of a complex bis-indole [176]. (¢) Site-selective oxidation of
an advanced intermediate in natural product total synthesis [177]



Site-Selective Reactions with Peptide-Based Catalysts 189

3-hydroxyindolenines (Fig. 12b). For example, the work led to peptide 116, which
catalyzed the oxidation of 117 to 3-hydroxyindolenine 118. Notably, the reaction
proceeded with high enantioselectivity and, importantly, only took place at one of
two possible indole sites. In the second collaboration, with the Sarpong group [177],
we found a catalyst that enabled a challenging late-stage oxidation reaction in the
course of their synthesis of congeners of the citrinalin and cyclopiamine natural
products (Fig. 12c). In this case, intermediate 118 had proven to be recalcitrant to
many known oxidants — all either gave substantial oxidation of the chromene, the
wrong hydroxy-indolenine stereoisomer, or both. From a small screen of known
peptide sequences, we uncovered peptide 119, which converted 118 to 120 without
chromene oxidation; the site-selective formation of the desired product highlights
the function of the mild, catalytically generated oxidant and the likely interaction of
the peptide with a carbamate directing group. This particular example of site- and
stereoselectivity, with concomitant chemoselectivity, represents an arena that may
be a frontier for catalysts of this type which we hope to explore extensively going
forward.

These studies proceeded in parallel with a more fundamental investigation of
site-selective polyene oxidation [178—181]. We chose hydroxyl-containing terpene
natural products as our substrates, projecting that the hydroxyl group might be
serviceable as a directing group. As we lacked a hypothesis for the design of a
suitable peptide-based catalyst to achieve alternate selectivity in this uncharted
arena for our approach, we turned to combinatorial methods and the random peptide
sequence space available using the “one-bead-one-compound” approach to library
synthesis (Fig. 13a) [185]. We had used this approach earlier for the discovery of
enantioselective acylation catalysts [27, 28], harnessing the method’s adaptability
to the evolution-like logic employed in studies of the directed evolution of
enzymes [186].

We screened our libraries for the site-selective epoxidation of farnesol (120)
[182]. Either the peracid reagent mCPBA, or catalytic n-alkyl acids, provided a
benchmark for the intrinsic and poorly selective product distribution of
monoepoxides (see Fig. 13b inset for schematic of farnesol nomenclature). Hits
from the initial libraries, however, showed selectivity toward 2,3-epoxide 121 and
6,7-epoxide 122, inspiring the development of biased combinatorial libraries to
select further for these oxidation sites (Fig. 13b). Further optimization of the
sequences after additional library sequences yielded peptide 123, which provided
2,3-epoxy farnesol 121 with 1:1:>100 site selectivity (10,11:6,7:2,3) in 81% yield
and 86% ee. These values are comparable to those provided for this substrate by the
venerable Sharpless asymmetric epoxidation [187]. Optimization of the 6,7-biased
sequence led to peptide 124, which provided 6,7-epoxy farnesol 122 in 1.2:8.0:1.0
site selectivity (10,11:6,7:2,3) in 43% yield and 10% ee. Despite the modest ee of
122, we note that, to our knowledge, no existing catalytic epoxidation method is
capable of providing 122 directly in reasonable purity.

Combinatorial discovery of catalysts that exhibit interesting properties invites
mechanistic inquiry into the basis of the behavior. As part of these efforts, we
obtained NMR solution structures of both catalysts using a standard 2D 'H-'H
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dataset of gCOSY, TOCSY, and ROESY spectra for each and structures were
calculated using ROESY-derived distance restraints in simulated annealing pro-
tocols [183, 184]. We note the caveat that the structures yielded in these efforts are
approximations of the catalyst ground states, not transition state structures.
Remarkably, peptide 123 does not adopt a single discrete conformation in solution
(Fig. 13b). Rather, the ten lowest energy structures represent a heterogeneous
ensemble populated by four conformers. Within this ensemble, we demonstrated
that regions of the peptide sequence remain rigid, and the ensemble hetereogeneity
is generated by only a few non-restrained dihedral angles about the central residues
of the peptide. Whatever the nature of the substrate—catalyst complex between
peptide 123 and farnesol, the data suggest that it must form dynamically. This
may be a departure from modes of action of more rigid catalyst scaffolds which we
and others have studied [184].

By contrast, peptide 124 was found to populate a canonical type I’ B-turn in its
lowest energy ensemble (Fig. 13b). That it was discovered from a random combi-
natorial library speaks to the possibly privileged nature of this secondary structure
element [188]. Furthermore [183], the structure validated a number of hypotheses
based on sequence variations and truncation studies that support a remote hydroxyl-
directed mechanism of action for the oxidation of the 6,7-position of farnesol by
124. Importantly, a sidechain ether is implicated as a key acceptor of a hydrogen
bond from farnesol.

Our findings with farnesol represent the proverbial preliminary results. A com-
plete set of catalysts that deliver each of the six monoepoxides of farnesol with high
site- and enantioselectivity is far from in hand. Nor is a complete mechanistic
understanding available for the first two promising catalysts we have found. Yet, it
is our hope that a means of moving forward in this area has been grounded, and we
hope additional progress is possible.

9 Conclusions

Site-selective catalysis is an area of research that is undergoing an exciting expan-
sion of its definition. In many ways, chemists have appreciated its significance and
challenges for many years [189—194]. Yet, perhaps it is the case that, as the field of
“asymmetric/enantioselective catalysis” has blossomed [195], new opportunities
have emerged. Peptide-based catalysts provide just one path forward. It seems
obvious that many other approaches can also make important contributions includ-
ing those based on enzymes and their variants, as well as many other small-
molecule catalyst-based metal complexes [196, 197], metalloids [57, 58], and
organocatalytic strategies [59]. Catalysts of intermediate dimension are also certain
to continue to contribute important advances [198, 199]. Perhaps one inspirational
lesson is the expansive variety of catalysts that can be brought to bear on the
problem, reflecting its expansive and expanding purview. So too have recent
years seen an expansion of the range of reactions that may be studied under the
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rubric of site-selective catalysis. Although this chapter has in no way succeeded in
capturing all of the important contributions, perhaps it suffices to say that there is
probably no known reaction, nor any to be discovered in the future, which could not
be conceptualized for a study in a complex molecular environment, with many
occurrences of the same functional group. Of course, gaining control of competing,
different functional groups also remains a perennial challenge, and this situation too
seems likely to remain a challenge for catalysis for many years to come.
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Abstract Development and scope of conventionally difficult molecular transform-
ation on site-selective acylation of carbohydrates and polyol compounds
are described. A salient feature is that the site-selectivity can be controlled inde-
pendently from the intrinsic reactivity of the substrate, i.e., catalyst-controlled
selectivity. Therefore, some substrates undergo acylation with reversal of their
intrinsic reactivity. The mechanistic aspects of catalyst-controlled site-selective
acylation are discussed with the emphasis on the strategy relying on the accelerative
reaction rather than the decelerative one. An unconventional retrosynthetic route
based on catalyst-controlled site-selective acylation is proposed toward extremely
short-step total synthesis of natural glycosides of an ellagitannin family. Appli-
cation to the late-stage functionalization of the complex natural products of bio-
logical interest is also described.
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1 Introduction

Organic synthesis has been extensively developed focusing on chemo-, diastereo-,
and enantioselectivity. In addition to these selectivities, site-selectivity has been a
current focus as a key factor to streamline the synthetic routes to complex mole-
cules. Development of the methods for site-selective functionalization enables late-
stage modification of complex molecules, which is expected to provide direct
access to structural diversification of biologically active compounds, retaining
their original activity [1].

Asymmetric synthesis has been extensively developed during the last few
decades. “Steric approach control” is a reliable and generally applicable principle
for the development of asymmetric synthesis. Highly enantioselective reaction is
expected if one of the two potentially reactive enantiofaces is effectively shielded by
steric interaction (Fig. la: decelerative selectivity). On the other hand, steric
approach control may not be an effective strategy for site-selective functionalization

NHNs
HO OH

lanatoside C

Fig. 1 (a) Steric approach control for asymmetric synthesis. (b) Examples for site-selective
acylation of polyol compounds: OH (shown in red): reactive hydroxy group under catalyst-
controlled conditions. OH (shown in blue): reactive hydroxy group under substrate-controlled
conditions (hydroxy group with intrinsic high reactivity)
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of a particular hydroxy group among multiple hydroxy groups. For example, in order
to functionalize one hydroxy group selectively in a huge molecule such as lanatoside
C with eight free hydroxy groups (Fig. 1b), seven undesirable potentially reactive
hydroxy groups are to be deactivated by steric shielding with the catalyst or the
reagent. In contrast to this strategy, one promising approach to achieve site-selective
functionalization may be taking advantage of the accelerative reaction at the desired
site rather than deceleration of the reactions at many other undesired sites. Several
examples of site-selective acylation of carbohydrates and polyol compounds are
shown in Fig. 1b. Under catalyst-controlled conditions, a hydroxy group shown in
red selectively undergoes acylation in the presence of the intrinsically more reactive
hydroxy group(s) shown in blue. The origin of the site-selectivity appears to be the
acceleration of the reaction at the desired site resulting from the precise molecular
recognition process by the properly designed catalyst.

2 Backgrounds of Acylation of Carbohydrates

Carbohydrates play key roles in a wide range of intercellular processes such as
infection and differentiation [2, 3]. For the progress in glycobiology and
carbohydrate-based therapeutics, organic synthesis of carbohydrates is indispensable.
However, efforts regarding carbohydrate synthesis often encounter difficulties
associated with selective manipulation of one of the multiple hydroxy groups existing
in carbohydrates. Multistep protection/deprotection procedures are usually employed
to overcome this problem because direct methods for the chemo- and site-selective
molecular transformation of unprotected carbohydrates have rarely been developed
[4, 5]. For example, acylation of octyl f-p-glucopyranoside with an acid anhydride in
the presence of a typical acylation catalyst, DMAP, proceeds in a random manner to
give a mixture of four monoacylates (6-O-, 4-O-, 3-O-, and 2-O-acylate in 17%, 12%,
12%, and 6% yields, respectively) with concomitant formation of the diacylates
(Scheme 1) [6]. From these backgrounds, selective manipulation of one of the

monoacylate (47%)

OCOi-Pr

OH
{__0 4 o
HO i-PrcO0
HO OCgHi7 HO OCeH17
OH OH

SN 17% 12%

OH OH
‘ X
o] o
Z HO HO
OH N i—PrCOC&/OcaHW HO A OCgHi7
'DMAP (10 mol%) 3 OH OCOI-Pr
o (l-Pr(_)C_))ZO (1.1eq.) 12% 6%
HCIBIO OCqhHy collidine (1.5 eq.)
= S.M. recovery (31%)

OH toluene, 20 °C, 12 h | diacylate (22%)
OH
i—F’rCOO\ o o
. " HO
FPrCO0 "y~ OCgH;; HO - OCgHs7

Scheme 1 Random acylation of octyl p-p-glucopyranoside with DMAP-catalyzed acylation
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multiple hydroxy groups of unprotected carbohydrates has been a fundamental
challenge in organic synthesis.

3 Precedents on Catalyst-Controlled Site-Selective
Acylation of Carbohydrates

Enzymatic methods are powerful tools for introducing an acyl group selectively to
one of the multiple hydroxy groups of carbohydrates [7, 8]. Therisod and Klibanov
reported selective acylation of a primary hydroxy group in the presence of
three secondary hydroxy groups of octyl-p-p-glucopyranoside in ca. 100% chemo-
selectivity by using lipase from Aspergillus niger (Scheme 2) [9].

Although selective introduction of an acyl group into the primary hydroxy group
of carbohydrates can be effectively achieved by the enzymatic protocol, selective
introduction of an acyl group into one of the secondary hydroxy groups in the
presence of the intrinsically more reactive primary hydroxy group has been a
fundamental challenge in synthetic organic chemistry. Katnig and Albert reported
reagent-controlled reversal of chemoselectivity of acylation of octyl p-p-gluco-
pyranoside (Scheme 3) [10]. By treatment with acetyl chloride in the presence of
DMAP, acetylation of octyl B-p-glucopyranoside took place at C(6)-OH in 85%
site-selectivity and 73% yield for monoacylation. Interestingly, use of acetic anhy-
dride in place of acetyl chloride gave the 3-O-acetate predominantly in 57% site-
selectivity and 60% yield for monoacylation. It has been proposed that a carboxy-
late ion, generated as a counter anion of the acylpyridinium cation generated by the

OCOR
OH HO 0 v
HO OH 0
Ho &0 OH o °
- . ~10% di
HO OCgHy7 lipase from HO OCgHyy *+ 10% diacylate
OH Aspergillus niger OH

100% site-selectivity

Scheme 2 Enzymatic site-selective acylation of octyl p-p-glucopyranoside

OAc

< [0}
HO
AcCl HO OCgHy7
OH / OH
73% yield f_or monoa_c_y\anon
HO 0 DMAP (5 mol%) 85% site-selectivity .
HO OCgHy7; pyridine o OC.H
3 OH CH,Cly, 0°C OH 0 e
H
\ o o / HO“ “OH
Acz0 OCgHy7 Q (0]

AcO S H
3 OH o )
i ; E
60% yield for monoacylation
57% site-selectivity A

Scheme 3 Reagent-controlled reversal of chemoselectivity



Organocatalytic Site-Selective Acylation of Carbohydrates and Polyol Compounds 207

reaction of an acid anhydride with DMAP, plays an important role in the chemo-
selectivity as shown at A in Scheme 3. These results are in contrast to those in
Scheme 1, and suggest that use of even a simple catalyst such as DMAP enables the
introduction of an acyl group into the secondary hydroxy group under carefully
controlled conditions.

Kurahashi, Mizutani, and Yoshida reported a pioneering example of catalyst-
controlled chemoselective acylation of octyl B-p-glucopyranoside (Scheme 4)
[11, 12]. In the presence of catalyst 1 with a side chain containing a carboxylic
acid moiety, acetylation took place on the primary hydroxy group at C(6) in 75%
site-selectivity and quantitative yield for monoacylation, where diacylation was
avoided by the use of less (0.7 equiv.) acetic anhydride. On the other hand, the 4-O-
acylate became the major product in 49% site-selectivity and 52% yield for
monoacylation by using catalyst 2 with a side chain containing the corresponding
methylester moiety. Hydrogen bonding interaction between catalytically active
intermediate and the substrate was proposed to account for the C(6)-O-selective
acylation (B in Scheme 4). Griswold and Miller reported an excellent approach to
selective introduction of an acetyl group at the secondary hydroxy group of octyl
B-p-glucopyranoside by using peptide-based catalyst 3 (Scheme 5) [13]. Selective C
(4)-O-acylation has been achieved in a ratio of 22:58:11:9 for 6-0, 4-0, 3-0, and
2-O-acylate, respectively, without the formation of diacylates.

o 1

CyH
J\/\ CroHar OAc N -CroHai
HO N 6 o) |
N HO ° fo
| HO OCgHyy (N
2 OH “H

N .
4
N quantitative yield for monoacylation OA\,;/I\O
e

O __0CgHy7
/4& (5 mol%) 75% site-selectivity H/Qp"’OH
HO Ac,0 (0.7 eq.), NaOAc OH
OCgH ¢
[e] 817 B

CHCl, 23°C, 1 h
OAc

1o AN Crotten e o
HO OCgHy7
| o OH
Z 52% yield for monoacylation

49% site-selectivity
(5 mol%) 2

Scheme 4 Catalyst-controlled reversal of chemoselectivity with modified DMAP derivatives

: H B
o o
S
H NS H
0 \_NMe @ \© o
4 o 4 o)
HO catalyst 3 (2 mol%), Ac,O (1.0 eq.) AcO
HO OCegHi7 HO OCgHy7

OH CH,Cly/toluene, 0 °C, 15 h

OH
quantitative yield for monoacylation
58% site-selectivity

Scheme 5 Selective acylation of a secondary hydroxy group with a peptide-based catalyst
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4 Our Approach toward Catalyst-Controlled Site-Selective
Acylation of Carbohydrates

In the development of catalysts for chemo- and site-selective acylation of carbo-
hydrates we chose 4-pyrrolidinopyridine (PPY) as a catalytic center because it has
been known to be the most powerful catalyst for the acylation of alcohols
[14, 15]. Various PPY-type organocatalysts 4-9 with functional side chains for
substrate-recognition were prepared (Fig. 2). It has been anticipated that the
selective acylation of a secondary hydroxy group of the glucopyranose derivative
might be possible even in the presence of a primary hydroxy group according to the
hypothetical transition-state model shown in Fig. 2a. Because the primary hydroxy
group at C(6) is the most reactive of the four hydroxy groups in the glucopyranose,
it would preferentially form a hydrogen bond with a suitably positioned hydrogen-
bond accepter, an amide carbonyl group of the acylpyridinium ion generated from
the PPY derivative and an acid anhydride. This interaction between the catalyst and
substrate would result in the close proximity of the C(4)-OH to the reactive acyl
group in the catalytically active intermediate, and it would preferentially undergo
acylation. The R group in the catalyst may participate in the substrate recognition
by additional substrate-catalyst interactions. Tryptophan was chosen as a functional
side chain of the catalyst because its indole moiety is expected to serve as a
hydrogen bond donor and CH-= interaction acceptor. After the successful develop-
ment of catalyst 8 as an excellent catalyst for this purpose, we were surprised to find
that two tryptophan moieties are highly preserved in the substrate recognition site of
a family of pB-glycosidase [16]. PPY-type catalyst 4-7 and 8-9 with dual functional
side chains containing two tryptophan substructures were prepared from trans-4-
hydroxy-L-proline and L-pyroglutamic acid, respectively [17, 18].

Effects of catalyst 4-9 on site-selective acylation of octyl B-p-glucopyranoside
in toluene at 20 °C were investigated (Table 1). In reactions catalyzed by DMAP
and catalysts 5-7, acylation took place predominantly at the primary C(6)-OH

Fig. 2 (a) Hypothesis for @
secondary-alcohol-selective

R2,, 1
acylation. (b) Chiral PPY Re ‘ JOL QYNHR‘
% |

analogues with dual

NTT ' X H X
functional side chains for 10 : )P
.. ) x N oH
substrate recognition P A~
N o R HOOH

4:(2'52"S) 5:(2'S2"R) 8:(2'5,2"S)
6:(2'R2"S) 7:(2'R2"R) 9:(2'R2"R)
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Table 1 Effects of catalysts on site-selectivity in acylation of octyl f-p-glucopyranoside

OH lyst (10 mol%,
.6 o (23%;%;((()?(.15. 1: :fc;)A) i-F'rCOO\ o i—PgS\'o
Hao - OCgHy; ——— > OCgHy; + FPICOO—y_~Q_0CgH,;
3 OH toluene, 20 °C, 12 h .
monoacylate diacylate
entry catalyst monoacylate regioselectivity diacylate  recovery
(%) (6-0:4-0:3-0:2-0) (%) %)
1 DMAP 47 36:26:26:12 22 31
2 4 66 30:60:10: 0 16 16
3 5 67 55:33:10: 1 19 14
4 6 65 46:40:11: 3 20 12
5 7 62 49:39:11: 1 24 10
6 8 84 11:86: 3: 0 12 2
7 9 71 20:73:7:0 17 9
‘ga 8 8. 0:99:1:0 o 0o

a) The reaction was run in CHCl, at —20 °C with 1 mol% of catalyst 8

99% site-selective, 98% vyield
by method (a)

OH OH

8 (1 mol%)
6
4 RCO),0 4
HO ° @ (RC0)2 PICOO &
HO OCqgHi7 HO OCgH17
OH

OH
®) 1, TBDMSCI /imidazole
2. 2-methoxypropene / PPTS

3. (i-PrC0),0 / DMAP

4. CSA /MeOH
5. separation of regioisomers
46% overall

Scheme 6 Synthesis of C(4)-O-acylate of octyl B-p-glucopyranoside by (a) catalyst-controlled
site-selective acylation, and (b) conventional protection/deprotection procedure

(entries 1, 3-5). On the other hand, catalyst 4 gave the 4-O-acylate as the major
product, even in the presence of the primary C(6)-OH, which indicated that the
relative orientation of two indole groups is critical for the secondary-alcohol-
selective acylation. With C,-symmetric catalyst 8 and 9, site-selectivity for the
acylation of the C(4)-OH significantly increased to 86% and 73%, respectively
(entries 6 and 7). Reaction conditions were further optimized, and finally it was
found that treatment of octyl pB-p-glucopyranoside with isobutyric anhydride in
chloroform at —20 °C in the presence of 1 mol% of catalyst 8 gave the C(4)-O-
acylate with a perfect chemo- and site-selectivity (entry 8: 99% site-selectivity,
98% yield for monoacylation, and no diacylate formation).

The present method enables the delivery of an acyl group to the secondary
hydroxy group at C(4) among four free hydroxy groups, including the primary
hydroxy group at C(6), in octyl B-p-glucopyranoside with perfect selectivity
(Scheme 6a). This could alternatively be achieved by a conventional protection/
deprotection procedure via several steps (Scheme 6b). Thus, catalyst 8 realized a
conventionally difficult site-selective molecular transformation.



210 Y. Ueda and T. Kawabata

5 Mechanistic Investigation for Organocatalytic
Site-Selective Acylation

Solvent and temperature effects of site-selective acylation catalyzed by organo-
catalyst 8 were investigated (Table 2). The highest selectivity for acylation of the C
(4)-OH was observed in CHCI; (Table 2, entry 1), whereas the 6-O-acylate was
obtained as the major product from the reaction in a polar solvent, DMF (entry 4).
Higher site-selectivity for the C(4)-O-acylation was found to be associated with the
higher yield for monoacylation and the lower yield for diacylation, which suggests
that the selective acylation of C(4)-OH proceeds in an accelerative manner. A
decrease in the reaction temperature increased the selectivity (entries 5 and 6 vs
1). All these results indicate that hydrogen bonding interaction between the catalyst
and the substrate is a key factor for catalyst-controlled site-selective acylation.

According to the hypothetical structure of the transition-state assembly between
the catalyst and the substrate (Fig. 2a), the existence of the primary hydroxy group
at C(6) of the substrate seems critical. This idea was supported by the reaction of the
6-O-Me derivative 10, which resulted in random acylation under optimized condi-
tions for site-selective acylation of octyl [-p-glucopyranoside with catalyst
8 (Scheme 7a: 4-0:3-0:2-O =31:67:2). Competitive acylation between octyl p-p-
glucopyranoside and 2-phenylethanol gave the acylated product only from the
glucopyranose, retaining the high site-selectivity and high yield (Scheme 7b).
These results also suggest that the selective acylation of the C(4)-OH proceeds in
an accelerative manner by means of catalyst 8.

The site-selectivity profile of acylation of octyl f-p-glucopyranoside was further
investigated with catalysts 11-14 with various functional side chains (Table 3)
[18]. In the presence of 11-13, acylation took place at C(4)-OH predominantly (58—
68% site-selectivity, entries 2—4), which indicates that the amide carbonyl groups, a
common substructure among 11-13, seems essential for the selective acylation at C

Table 2 Effects of solvent and temperature on site-selectivity in acylation of octyl P-p-
glucopyranoside catalyzed by 8

H 8 (10 mol%) _
0 (PrCO),0 (1.1 eq.) "P’COO\
o) collidine (1.5 eq.) o) _0
H R N + N
%&OCBHW wovent 12n P00~ 0CgH,; HPICO0—y ) _OCeHi;
OH ! )
monoacylate diacylate
entry solvent temperature monoacylate regioselectivity diacylate recovery
(°C) (%) (6-0:4-0:3-0:2-0) (%) (%)
1 CHCly 20 920 4 :914: 5: 0 4 3
2 toluene 20 84 1:86(: 3 : 0 12 2
3 THF 20 51 27:51:22: 0 28 16
4 DMF 20 46 63:12]: 24 : 1 26 21
5 CHCly [¢] 97 0 :98 2 0 2 0
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Scheme 7 Mechanistic @ MeO
implications. (a) MeO PO ) o
Non-selective acylation of Hoﬁ colidine (1.5 64) ;b0 -\ 0GgH,s
10 even in the presence of HO OCsHi7 GHely, -20°C, 25h 4-0:3-0:2:0

s 1091 =31:67:2
catalyst 8. (b) Competitive

95% yield for monoacylation
acylation between octyl

®  on
B-p-glucopyranoside and on
2-phenylethanol catalyz 4 0 8 (10 mol%)
phenylethanol catalyzed HO o 0G4, (FPTCO)Z0 (1.1 eq.) o
by 8 collidine (1.5 eq.) -PrcOO
OH —_—— HO OCgH17
+ CHClg,-20 °C, 12 h
Ph _~_OH 98% vyield, 99% site-selectivity

Table 3 Effects of functional side chains of catalysts 11-14 on site-selective acylation

HO catalyst (10 mol%)

& YStiana (1500) T} _q %%
HO~ Y OCgHs7 m MOCBHYL Pr::oo%/ocwﬂ

monoacylate diacylate
Monoacylate | Regioselectivity (6-0:4-0:3- | Diacylate Recovery

Entry | Catalyst | (%) 0:2-0) (%) (%)
1 8 97 0:98:2:0 2 0
2 11 60 23:58:19:0 21 14
3 12 74 7:65: 28:0 15
4 13 69 14:60:26:0 20 8
5 13:66:20:1 22

62 13
o] o) o)
H H
N_ .o N
CgH¢70 \[| % \)J\OCBHW CgH¢7,0 Ak % \E)LOCSHW
o o o L o
| »
N OH N
1 12
o) o) o]
H H H
N_ o N N
CgHy,0 Ak % \E)LocBH17 % \:.)LocaH17
o) o o =
MeN” S fj ~ “NMe fﬁ Z O NH
N7 N7

13 14

(4)-OH and the indole NH of catalyst 8 may participate in further increasing the
site-selectivity. Based on these results, transition-state model C was proposed
(Fig. 3), in which the acylpyridinium ion is expected to recognize the substrate
structure precisely via dual hydrogen bonding interaction. The C,-symmetric struc-
ture of catalyst 8 seems to be important because the substrate approach to the
reactive acylpyridinium ion from its p-face should reach the transition state exactly
the same as from the a-face. The decrease in site-selectivity observed in the
acylation catalyzed by C;-symmetric catalyst 14 is compatible with this rationale
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Fig. 3 A proposed M oo Bk
transition state assembly for CgHi7 \/(
site-selective acylation of & «, ~OH
octyl B-p-glucopyranoside R-O_/{ OH
promoted by catalyst 8 g O O 7 °
t
/\ N R
CaHi70 0
Y !
N
L H —
(o

(Table 3, entry 5), because substrate approach to the reactive acylpyridinium ion
from its a-face would lead to non-selective acylation, whereas that from its pf-face
still leads to site-selective acylation.

6 Scope of Site-Selective Acylation of Carbohydrates

Scope of the site-selective acylation of various saccharide derivatives is shown in
Fig. 4 [19]. Acetylation of octyl B-p-glucopyranoside by using acetic anhydride in
place of isobutyric anhydride took place at C(4)-OH selectively (96% site-
selectivity and 96% yield for monoacylation). Thioglycoside 15 can be used for
the C(4)-OH-selective acylation to provide the 4-O-acylate in high selectivity and
yield. Acylation of octyl a-pD-glucopyranoside gave the 4-O-acylate predomi-
nantly, albeit with decreased site-selectivity (54% site-selectivity). Acylation of
octyl p-p-mannopyranoside also gave the 4-O-acylate selectively (85% site-
selectivity and 61% yield for monoacylation), whereas acylation of octyl p-p-
galactopyranoside, the C(4)-epimer of octyl B-p-glucopyranoside, took place
preferentially at the primary C(6)-OH (91% site-selectivity). The equatorial
orientation of the C(4)-OH seems crucial for the selective acylation catalyzed
by 8. Disaccharides 16 with a terminal p-p-glucopyranoside moiety also
underwent C(4)-OH-selective acylation (94% site-selectivity and 94% yield for
monoacylation). Azide-substituted disaccharide 17 was converted to the
corresponding 4-O-acylate selectively (93% site-selectivity and 82% yield for
monoacylation). Although disaccharide 18 with seven free hydroxy groups also
underwent selective acylation at the C(4)-OH of the terminal glucose moiety, the
acylation reaction was sluggish because of its low solubility in CHCl; (78% site-
selectivity and 38% yield for monoacylation). These results may be explained by
the transition state model shown as C (Fig. 3).
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OH B-Glc OH B-thioGlc (15)
—=HO O — HO O
HO OCqgHy7 HO SCgHy7
OH OH

with (i-PrC0),0 : >99% site-selectivity with (i-PrC0),0 : 97% site-selectivity

(-50°C,38h)  98% yield (-60°C,72h)  92% yield

with Ac,0 : 96% site-selectivity with Ac,O : 95% site-selectivity

(-20 °C, 24 h) 96% yield (-60 °C, 41 h) 99% yield

HO a-Gle OH B-Man OH=— p-Gal
HO
— HQ ° e o
HO —=HO
HO OCgHy7 HO OCgH7
HO
OCgHy7 OH
with (-PrC0),0 : 54% site-selectivity with (i-PrC0O),0 : 85% site-selectivity with (i-PrC0),0 : 91% site-selectivity
(20°C, 12 h) 75% yield (-50 °C,120 h)  61% yield (20°C,12h) 46% yield
OH GilcGic (16) OH  glucosamine derivative OH GlcGilc (18)
an
—=HO o] —= HO 0 —=HO 0
HO o HO (0] HO o
OH N3 OH o
BnO 0 BnO 0 Ho,
BnO BnO o CeHis
BnO HO
BnO Gye OMe ° CeHis
with (-PrC0),0 : 94% site-selectivity with (-PrC0),0 : 93% site-selectivity with (i-PrC0O),0 : 78% site-selectivity

(-20°C, 12 h) 94% yield (-20°C,12h) 82% yield (-20 °C, 72 h) 38% yield

Fig. 4 Scope of site-selective acylation of various saccharides catalyzed by 8

7 Chemoselective Acylation of Linear Diols

Monoacylation of 1,n-linear diols seems to be a simple molecular transformation.
However, it is still a challenging subject in current organic synthesis because of the
unavoidable over-acylation (Scheme 8) [20, 21]. This transformation seems espe-
cially difficult in the case of long-chain linear diols such as 19 (224) because the
reactivity of the free OH in diol 19 is similar to that of the free OH in monoacylated
monool 20 (k; = k,) because of their similar steric microenvironments. On the other
hand, it may be possible if acylation of diol 19 takes place preferentially in the
presence of monoacylated monool 20 (k;>>k,) by effective discrimination
between 19 and 20 by means of molecular recognition with the catalyst.

DMAP-catalyzed acylation of 1,5-pentanediol (19a) with 1.1 equiv. of iso-
butyric anhydride gave monoacylate 20a in 45% yield and diacylate 21a in 26%
yield (Table 4, entry 1, 20a/21a=1.7). On the other hand, in the presence of
catalyst 8, chemoselective acylation took place to provide the monoacylate and
the diacylate in 92% and 3% yields, respectively (entry 2, 20a/21a=31). The
reaction of 19a in DMF resulted in non-chemoselective acylation even in the
presence of catalyst 8, as observed in DMAP-catalyzed acylation (entry 3, 20a/
21a =1.7). Polarity of the solvent is crucial for the chemoselective acylation of 19a
catalyzed by 8. The similar tendency was observed in the site-selective acylation of
carbohydrates promoted by catalyst 8. This observation indicates that the hydrogen
bonding interaction between the catalyst and the substrate may play a key role for
the chemo- and site-selective acylation [22].
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Scheme 8 Mono- and diacylation of 1,n-linear diols
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Table 4 Chemoselectivity profile in acylation of 1,5-pentandiol (19a)

catalyst (5 mol%)
(i-Prc0),0 (1.1 eq.)

HO ™>">"0H collidine (1.5 eq.) Prco0” """0H + iPrco0” """ 0C0i-Pr
19a solvent, -60 °C, 24 h monoacylate 20a diacylate 21a
Entry Catalyst Solvent 20a 21a 20a/21a
1 DMAP CHCI; 45% 26% 1.7
2 8 CHCI; 92% 3% 31
3 8 DMF 48% 29% 1.7

DMAP-catalyzed acylation of various 1,n-liner diols (n=2-5, and 5') with
1.03 equiv. of isobutyric anhydride gave 3:1~ 1:1 mixtures of the monoacylates
and the diacylates as shown in Fig. 5b. On other hand, almost pure monoacylates
were obtained by the acylation of diols in the presence of 10 mol% of catalyst
8 (Fig. 5a). However, a significant amount of the diacylate formed when further
longer linear diols (n26) were used as the substrates (data not shown). These results
suggest that catalyst 8 is able to distinguish the diol structure from the
monoacylated monool in the case where the chain length is shorter or equal to 5.

Competitive acylation between 19a and 22 provides mechanistic insights into
the chemoselective acylation (Scheme 9). The relative rate of acylation between
19a and 22 can be estimated based on the amounts of acylates 20a, 21a, and 23
formed, and it was determined to be 1.0 in the DMAP-catalyzed acylation. This
indicates no chemoselectivity in the competitive acylation between 19a and 22, and
this phenomenon is compatible with the formation of the almost equal amounts of
the monoacylate and diacylate in DMAP-catalyzed acylation of 1,5-pentanediol
(Fig. 5b, n=15). On the other hand, the relative rate was estimated to be 113 in the
competitive acylation between 19a and 22 catalyzed by 8. This result is also
consistent with the chemoselective formation of the monoacylate in the acylation
of 19a catalyzed by 8 (Fig. 5a, n =15). Thus, chemoselective acylation is expected to
take place by selective acylation of diol 19a in an accelerative manner in the
presence of the corresponding monoacylate formed in situ. The transition-state
model for the monoacylation of 19a is shown in Fig. 6, in which a hypothetical
picture for the distance recognition between two hydroxy groups by hydrogen
bonding interaction is shown. This assumption was supported by the experimental
results from the competitive acylation between 19a and its one-carbon-longer
homologue (1,6-hexanediol) in the presence of catalyst 8, which proceeded with
the relative rate of 5.2 (ky9a/k1 6 hexanediol =5-2) [22].
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st (10 mol%
(i PrCZI z(5{1,03 BC)].}
collidine (1.7 eq.)

CHClI3, -60 °C, 24 h

HO — (CH,),—OCOiPr + i-PrCOO— (CH,),—OCOKPr

monoacylate diacylate

HO — (CH,),—OH

n

(a) catalyst 8 (b) DMAP

« monoacylate
——  wmdiacylate

HO\/\OAVOH
L — n=5

Fig. 5 Ratios of the mono- and diacylates in the acylation of various linear diols catalyzed by
(a) catalyst 8 and (b) DMAP

FPrCO0” >"""0H
NN 20a
HO 19 OH ‘catalyst (10 mol%)
a (i-PrC0),0 (0.70 eq.) Pre00” > """ 0Cc0/-Pr
collidine (1.7 eq.) 21a
i S s AN
PPN CHClg, -60 °C, 48 h PN
AcO OH AcO OCOi-Pr
22 23
relative rate of acylation
20a/21a/23 (Kyga / k22)
with DMAP  38:13: 52 1.0
with 8 91: 8: 4 13

Scheme 9 Competitive acylation between 19a and 22

Canoj CgH170 j| OCan
= fa/ 5
C% 73A
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HN
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CgHy70 O >=O-*H-O/\/\/\OH
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27 A 57A
< =7 .

8.4 A

Fig. 6 (a) Proposed transition state assembly for acylation of 19a catalyzed by 8. (b) Calculated
distance between the oxygen atom of the amide carbonyl and the carbon atom of the acyl group of
an acylpyridinium ion generated by a molecular modeling. (¢) The sum of the length (8.4 A) of the
distance between the two oxygen atoms of the extended conformer of diol 19a (5.7 A) and the
hydrogen bonding distance (2.7 A) might roughly account for the preference for selective
monoacylation of the 1,5-pentanediol promoted by catalyst 8
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8 Site-Selective Acylation of Amino Diols

Site-selective manipulation of amino alcohol derivatives is another attractive chal-
lenge in organic synthesis, because amino alcohol substructure is widely found in
biologically active natural products, pharmaceuticals, and building blocks for
molecular catalysts [23—25]. Results of acylation of amino diol 24 containing two
primary hydroxy groups are shown in Table 5 [26]. DMAP-catalyzed acylation of
24a with Ns group (Ns = 2-nitrobenzenesulfonyl) on the nitrogen atom gave 1-OAc
and 5-OAc in 32% and 6% yields, respectively, with concomitant formation of the
diacylate in 30% yield (entry 1). This result indicates that C(1)-OH of 24a has
intrinsic higher reactivity than C(5)-OH. On the other hand, acylation took place at
the C(5)-OH in 95% yield and >99% site-selectivity in the presence of catalyst 25
(entry 2). Site-selectivity of the acylation catalyzed by 25 is strongly dependent on
the substituents on the nitrogen atom. Among various N-substituents examined
(entries 2-5), N-Ns derivative 24a showed complete reversal of the intrinsic
reactivity of the parent amino diol in the presence of catalyst 25. This suggests
that NHNs group may serve as an excellent hydrogen bond donor for the interaction
with catalyst 25 at the transition state of the acylation [26].

The distance between functionalities in the substrate seems crucial for the site-
selectivity of the acylation catalyzed by 25. For example, a one-carbon-shorter
homologue of 24, 2-aminobutane-1,4-diol derivative 26, gave a 1:1 mixture of
1-OAc and 4-OAc in 73% combined yield under the same conditions for the
acylation of 24 (Scheme 10). These results suggest that 1,5-NHNs-alcohol sub-
structure is suitable for undergoing preferential acylation in the presence of catalyst
25. This unique property of catalyst 25 was further demonstrated by chemoselective
acylation of amino diols 27a—27d possessing both primary and secondary hydroxy
groups. The primary hydroxy group of substrate 27a seems to be intrinsically more
reactive, and it was selectively acylated almost exclusively in DMAP-catalyzed
acylation (Scheme 11). On the other hand, acylation of 27a catalyzed by 25 took
place at the secondary hydroxy group, providing sec-OAc in 98% chemoselectivity
and 79% yield. Thus, reversal of the chemoselectivity in secondary OH vs primary
OH acylation was observed. Surprisingly, this phenomenon on the catalyst-
controlled reversal of chemoselectivity was observed even for the substrates 27b—
27d with sterically hindered secondary hydroxy group at C(5) (Fig. 7).

Discrimination of double-bond geometry by the reaction has also been one of the
unsolved problems in organic synthesis. Geometry-selective acylation and
de-acylation of tri- and tetra-substituted olefins have been well developed by
enzymatic methods [27; 28 and references cited therein]. On the other hand, the
non-enzymatic counterpart has scarcely been reported before our report in 2012
[29]. We found that double-bond geometry of tri- and tetrasubstituted alkenediols
was effectively differentiated on their acylation via hydrogen-bond-mediated
molecular recognition of the substrate structure by the catalyst. DMAP-catalyzed
acylation of trisubstituted alkenediol 28 with NHNs substituent gave almost a 1:1
mixture of Z-OAc and E-OAc in 55% combined yield, which indicates the similar
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Table 5 Dependence of the N-substituent and the catalyst on the site-selectivity of acylation of
2-amino-1,5-pentandiol derivative 24

NHR catalyst (10 mol%)

Ac,0 (1.03 eq.) NHR NHR
HO 5V\/'\(OH colidine (1.7 eq)  HO _~_J_0Ac" + ‘aco._~_J_ow
24 CHClg, —60°C, 24 h 1-OAc 5-OAc

Entry R (24) Catalyst Monoacylate (%) 1-OAc:5-OAc Diacylate
1 Ns (24a) DMAP 38 84:16 30%

2 Ns (24a) 25 95 <1:>99 3%

3 Boc (24b) 25 80 84:16 0%

4 Cbz (24¢) 25 49 69:31 15%

5 Ts (24d) 25 84 48:52 8%

@ 25 (10 mol%)
. NHNs Ac,0 (1.03 eq.) NHNs 4 NHNs
collidine (1.7 eq.) OH
HO /\A(OH . HO /VV\(OAC + (AcO
2% CHCl,, —60°C, 24 h 1-OAc 4-OAc

1-OAc: 4-OAc=1:1
73% for monoacylation

(b)

same as above

NHR NHR
HO oH T w0~ L _oac 4 a0~ _L_oH
5

1-OAc: 5-OAc = <1: >99
95% for monoacylation

Scheme 10 Dependence of the distance between the NHNs and OH groups in the site-selectivity
in acylation of (a) 26 and (b) 24

DMAP  catalyst 25

catalyst (10 mol%)
NHNs Ay (1,08 oa.) NHNs NHNs
HO MOH colidine (1.7 eq) HO MOAC N ACOMOH
e
Me CHCly, -60 °C, 24 h Me Me
27a pri-OAc sec-OAc

monoacylate pri-OAc: sec-OAc

with DMAP 90% 99: 1
with 25 79% 2:98

Scheme 11 Catalyst-controlled reversal of chemoselectivity in acylation of 27a

NHNs NHNs NHNs

— HO MOH »HOMOH »HOMOH
Et -Pr n-Bu
27b 27¢c 27d
78% for monoacylation 81% for monoacylation 76% for monoacylation
98% site-selectivity 98% site-selectivity 98% site-selectivity

Fig. 7 Secondary-OH-selective acylation of amino diol derivatives in the presence of an intrin-
sically more reactive primary hydroxy group
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Table 6 Geometry-selective acylation of trisubstituted alkenediol 28

catalyst (10 mol%)

Ho}(—NHNs A0 (1.03 eq.) ACO}(—NHNS HO}(—NHNS
2= .
HO H _collidine (1.7ed.) g H AcO H

28 CHCly, 24 h Z-OAc E-OAc

Catalyst Temperature (°C) Monoacylate (%) Z-OAc:E-OAc Diacylate (%)
DMAP —40 55 52:48 14

12 —40 90 6:94 2

12 —60 95 5:95 3

12 (10 mol%)

HO>:(NHN3 Ac,0 (1.03 eq.) HO}(—NHNS+ Aco>:(—NHNs
HO R collidine (1.7 eq.) AcO R HO R

29 CHCl3, 24 h E-OAc Z-OAc
tetrasubstituted alkenediol
R= N
ef\n Pr ‘;\C7H‘5 «’;\/\ r"s CH,Ph
29a 29b 29¢ 29d
98% yield - 98% yield 97% yield 98% vyield
for monoacylation for monoacylation for monoacylation for monoacylation

E-OAc: Z-OAc=98:2 [E-OAc: Z-OAc=98:2 E-OAc: Z-OAc=98:2 E-OAc: Z-OAc=98:2

Scheme 12 Geometry-selective acylation of tetrasubstituted alkenediol 29

reactivity of two hydroxy groups (Table 6, entry 1). In contrast, highly £-OH-
selective acylation of 28 took place to provide E-OAc in the presence of catalyst 12,
a diastereomeric catalyst of 25 (entry 2). Decrease in the reaction temperature form
—40 to —60 °C slightly increases the yield and selectivity for E-O-acylation
(entry 3, 95% yield, and 95% selectivity).

Geometry-selective acylation of tetrasubstituted alkenediols is generally
observed in the presence of catalyst 12. Acylation of 29 with various alkyl groups
(R =n-Pr, n—-C;H;5, allyl, and Bn) took place on the E-OH with high geometry-
selectivity (E-OAc/Z-OAc =98/2) (Scheme 12). The monool obtained (Z-OH) can
be readily transformed to diverse tetrasubstituted olefins by the subsequent trans-
formation of the C-OH group into the corresponding C-C, C-N, and C-OR groups
[29].

The NHNs group was found to be critical for the geometry-selective acylation by
the comparative experiment using the corresponding NMeNs derivative 30. Acyl-
ation of 30 took place predominantly at the E-OH, but with much diminished
selectivity (E-OAc:Z-OAc = 64:36) compared to that of 29b (Fig. 8a). The relative
rate of acylation between 29b and 30 catalyzed by 12 was determined to be kjgy/
k3o =126 by their competitive acylation reaction. These results indicate that the
NHNs group plays an important role for the E-selective acylation and accelerative
acylation of 29b. The relative rate of acylation between 29b and the corresponding
Z-OMe derivative 31 was found to be kaop/kz; = 89. This result suggests that the
unreacting Z-OH is essential for the accelerative E-OH-acylation. Both NHNs and
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(a)

Me 12 (10 mol%)
v
HO NNs Acz0 (1.03 eq.) NNs NNs
H collidine (1.7 eq.) >;/_ *
HO C7H15 —_——— 7H15 7H15
30 CHClg, —60 °C, 24 h Z.0Ac E-OAc

64% for monoacylation, Z-OAc:E-OAc = 36:64

(b)

relative rate of acylation
NHNs catalyzed by 12

>:(—NHNS HO>:(—NNS Me0>:(
C/Hys C/Hys CsHis 29b/30/31=89/3.4/1

7 7 7

Fig. 8 (a) Diminished site-selectivity in the acylation of NMeNs derivatives 30. (b) Relative rates
of acylation between 29b, 30, and 31 under the optimized conditions for E-OH-selective acylation
catalyzed by 12

Fig. 9 A proposed transition-state model for the geometry-selective acylation of tetrasubstituted
alkenediols promoted by catalyst 12

Z-OH in 29b are assumed to be contributing as hydrogen bond donors for the E-
selective accelerative acylation. A transition-state model was proposed based on
DFT calculation (B3LYP/6-31G*) (Fig. 9) [30]. The two amide groups at C(2) and
C(5) of catalyst 12 participate in the hydrogen-bonding interaction with the NHN's
group independently as a hydrogen bond acceptor and donor, respectively. The
carboxylate ion, the counter anion of the acylpyridinium cation, binds both £-OH
and Z-OH to stabilize at the transition state for the E-OH selective acylation, in
which the £-OH located in close proximity to the reactive acyl group is selectively
activated as a nucleophile by general base catalysis with the closely located
carboxylate anion [30, 31].
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9 Site-Selective Diversification of Polyol Natural Products

Direct site-selective functionalization of natural products is a powerful tool for the
discovery of drug candidates because nature provides a rich pool of unique mole-
cular frameworks with diverse biological profiles [32, 33]. Acylation of a particular
hydroxy group among multiple hydroxy groups in polyol natural products has been
well studied by means of enzymatic protocol [34]. For example, acylation of
rapamycin, an immunosuppressive agent, took place at C(42)-OH selectively in
the presence of PSL-C to provide an anticancer agent, temsirolimus (Scheme 13)
[35]. Inspired by these achievements, extensive efforts have been devoted to
develop the non-enzymatic counterparts toward site-selective functionalization of
polyol natural products [4].

Miller and co-workers reported a seminal work in the field of site-selective
functionalization of biologically active polyol natural products by non-enzymatic
protocol (Fig. 10). They reported that acylation of a polyol macrolide antibiotic,
erythromycin A, took place first at C(2')-OH and second at C(4”)-OH by treatment
with 2.0 equiv. of acetic anhydride in the presence of N-methyl imidazole. These
two hydroxy groups seem to be intrinsically most reactive. On the other hand, the
second acylation took place at C(11)-OH selectively when peptide-based catalysts
32 was used (Fig. 10) [36]. Thus, catalyst-controlled reversal of the site-selectivity
in the acylation of biological active polyol natural products was achieved for the
first time by non-enzymatic protocol. This strategy was further applied to site-
selective diversification of apoptolidin A with antitumor activity [37].

In the course of our continuous efforts for site-selective acylation of polyols,
catalyst 8 and its derivatives were found effective for direct site-selective
monoacylation of digitoxin and lanatoside C, clinically used cardiac glycoside
possessing multiple hydroxy groups (Fig. 11) [38, 39]. Lanatoside C in particular
seems to be a challenging polyol natural product because it possesses eight free
hydroxy groups.

rapamycin temsirolimus
immunosuppressive agent anticancer agent

Scheme 13 A representative example of the development of new biologically active agents via
site-selective acylation of polyol natural products
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Fig. 10 Catalyst-controlled site-selective diversification of a polyol macrolide antibiotic,
erythromycin A

OH OH
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The site-selectivity profile for the acylation of lanatoside C is shown in
Scheme 14. DMAP-catalyzed acylation of lanatoside C in CHCI;/THF (9/1) at
—60 °C proceeded at the secondary C(3"””)-OH in 85% yield and 97% site-
selectivity (Scheme 14, route (a)). This suggests extremely high intrinsic reactivity
of the C(3”")-OH among eight hydroxy groups of lanatoside C, i.e., substrate-
controlled C(3"")-0O-acylation. On the other hand, lanatoside C undergoes acylation
at C(4"")-OH predominantly (90% site-selectivity among 87% yield for
monoacylates) in the presence of catalyst 34, an analogue of 8, by overcoming
the intrinsic high reactivity of C(3”")-OH, i.e., catalyst-controlled C(4"")-O-acyl-
ation (Scheme 14, route (b)). Catalyst 34 seems to be able to recognize the terminal
B-glucopyranoside substructure via hydrogen-bonding interaction in a similar man-
ner to catalyst 8 as shown in Fig. 3, even in the presence of many other potential
hydrogen bond donors and acceptors in lanatoside C. The site-selectivity of acyl-
ation of lanatoside C was found to be highly solvent-dependent. Acylation of
lanatoside C in DMF took place at the primary C(6””)-OH predominantly catalyzed
either by DMAP or 8 (Scheme 14, route (c)), i.e., substrate-controlled C(6"")-O-
acylation irrespective of the catalyst. Conformational analysis of lanatoside C by
molecular modeling suggested the intramolecular hydrogen bond between the C
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Fig. 12 Calculated structures of lanatoside C in (a) CHCl; and (b) water (MacroModel V 9.0 with
MM3* force field). (¢) High reactivity of C(3)-OH of 6-O-protected p-glucopyranoside 10

(6"")-OH and the C(3"")-OAc in CHCI; (Fig. 12a). Because the primary C(6)-OH is
trapped by an intramolecular hydrogen bond in CHCl3, the C(3"")-OH is expected
to be most reactive, and undergoes highly selective acylation in the presence of
DMAP. The observed high reactivity of the C(3)-OH of the B-glucopyranoside
substructure in lanatoside C is consistent with our previous result where the C(3)-



Organocatalytic Site-Selective Acylation of Carbohydrates and Polyol Compounds 223

+BuCOCI

0 DIPEA /?L j’\ }
T,

OH  GHCl, rt. LRT O “tBu HO

lanatoside C
8 (10 mol%)
collidine (1.5 eq.)
CHCI,/THF (14/1), -60 °C

[0}
o 0
- oon N W—
= Cy5H3/COH
R )LOH Y OH 1531002 5 COH )V\COQH

84% for monoacylation ~ 86% for monoacylation 86% for monoacylation ~ 70% for monoacylation
85% site-selectivity 82% site-selectivity 82% site-selectivity 88% site-selectivity

Scheme 15 Catalyst-controlled site-selective introduction of functionalized acyl groups into
lanatoside C by a mixed anhydride method

OH of 6-O-protected octyl p-p-glucopyranoside 10 showed extremely high reac-
tivity in DMAP-catalyzed acylation (Fig. 12¢) [40]. Lack of the hydrogen-bonding
interaction of C(6””)-OH in water (Fig. 12b) may be compatible with intrinsic high
reactivity of the C(6”")-OH of lanatoside C in DMF solution.

Several functionalized acyl groups can be introduced site-selectively into
lanatoside C by using mixed anhydrides generated from the corresponding carbo-
xylic acids and pivaloyl chloride (Scheme 15). Thus, catalyst 8 can deliver various
functionalized acyl groups site-selectively onto the C(4””)-OH among eight free
hydroxy groups in lanatoside C.

10 Unconventional Retrosynthesis: Application of
Site-Selective Acylation to Total Synthesis of
Natural Glycosides

Retrosynthetic analysis for total syntheses has generally been performed based on
chemical transformations with high predictability and reliability [41-43]. In con-
trast to well established chemical transformations such as chemo-, diastereo-, and
enantioselective transformations, site-selective molecular transformation has been
scarcely incorporated into retrosynthetic analysis, probably because of the rela-
tively poor reliability of the site-selective transformations. If reliable methods for
site-selective molecular transformations are established, they would contribute to
the development of innovative retrosynthetic routes, especially for polyfunc-
tionalized complex molecules. Here we introduce several examples of total syn-
thesis of natural glycosides using the unconventional retrosynthetic routes based on
organocatalytic site-selective acylation.

Strictinin [44] and tellimagrandin II [45] belong to a family of ellagitannins
[46, 47] which consists of a central sugar core, typically p-glucose, to which
esterified gallic acid (galloyl) and hexahydroxy diphenoic acid (HHDP) groups
are bound (Fig. 13). Strictinin and tellimagrandin II display various biological
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activities such as anti-HSV, antitumor, anti-influenza virus, and antiallergic acti-
vities [48-51].

A rational retrosynthetic analysis of strictinin based on conventional strategy
should lead to properly protected precursor 35, which possesses free C(6)-OH, C
(4)-OH, and C(1)-X (X = activating group for glycosidation), C(2)-OPG1, and C
(3)-OPG2 aiming at the introduction of an HHDP group at C(4)-O and C(6)-O of the
glucopyranose skeleton (Scheme 16, route B). Pioneering works on the total
synthesis of strictinin have been reported by Khanbabaee’s group and Yamada’s
group using properly protected precursors such as 35 [52, 53]. Similarly, total
synthesis of tellimagradin II has been reported by Feldman’s group [54].

In contrast to these strategies, we propose an unconventional retrosynthetic route
to strictinin based on sequential and site-selective introduction of galloyl groups
into unprotected glucose (Scheme 16, route A). We envisaged that three galloyl
(oxy) groups can be introduced to unprotected glucose in the order C(1) (blue
galloyloxy group), C(4)-OH (red galloyl group), and C(6)-OH (green galloyl
group). An actual synthetic route for total synthesis of strictinin is shown in
Scheme 17 [55]. The first galloyl group was introduced by chemo- and stereo-
selective glycosidation employing unprotected glucose as a glycosyl donor under
Mitsunobu conditions to provide p-glycoside 36 in 78% yield. The second intro-
duction of a protected galloyl group into intrinsically less reactive C(4)-OH of 36
was achieved by catalyst-controlled acylation with anhydride 37 in the presence of
catalyst 8. The introduction of the third galloyl group at the intrinsically more
reactive C(6)-OH is readily achieved employing in situ generated acid 37’ in the
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presence of condensation agents (DMC and DMAP) to give trigallate 39 in 51%
yield by a one-pot operation. Removal of the benzyl groups of 39 by hydrogenation,
oxidative phenol coupling of the resulting phenol derivative, followed by removal
of MOM groups realized total synthesis of strictinin in five-overall steps and 21%
overall yield from naturally abundant glucose without using protecting groups for
the glucose moiety. The overall number of the steps for the total synthesis is much
less than that previously reported (11-13 steps [52, 53]). In a similar manner, total
synthesis of tellimagrandin II was accomplished in six-overall steps and in 18%
overall yield from glucose via site-selective sequential introduction of galloyl
groups in the order C(1), C(4)-OH, C(6)-OH, and C(2)-and C(3)-OH [55]. The
number of steps for the total synthesis is much less than that in previously reported
total synthesis of tellimagrandin II (14 steps) [54]. The sequential site-selective
functionalization of glucose derivatives was also applied to straightforward prepar-
ation of orthogonally protected glucopyranoside derivatives [56].

Multifidosides A, B, and C were isolated from whole plants of Pteris multifida
used for a traditional Chinese medicine [57]. These glycosides possess a



226 Y. Ueda and T. Kawabata

multifidoside A multifidoside B

el “&”ﬁé

multifidoside C

Fig. 14 Structures of multifidoside A, B, and C

conventional multifidoside B final-stage site-selective

strategy acylation
opa / \ o

OPG! OH
4
HO 0 HO ° o
PG30 O, HO 8

OPG2 OH
Me® o Me® o
properly protected precursor 40 unprotected precursor 41

(2R,3S)-wallichoside (natural product)

Scheme 18 Retrosynthetic analyses of multifidoside B

p-coumaroyl group at the C(4)-OH of the glucose moiety (Fig. 14). Whereas a
rational precursor for the synthesis of multifidoside B is properly protected glyco-
side 40 with free C(4)-OH based on the conventional retrosynthetic analysis, we
propose an unconventional retrosynthetic route based on final-stage site-selective
acylation of the protecting-group-free precursor 41 (Scheme 18) [58]. The expected
advantages of the latter strategy would involve (1) streamlining the synthetic
scheme and (2) avoidance of the risks of the undesired side reactions during the
removal of the protecting groups at the later stage. We actually encountered serious
undesired side reactions during the attempted total synthesis of multifidoside B
during the final deprotection step (Scheme 21). Similarly, undesired side reactions
at the late-stage deprotection toward the total synthesis of the related natural
glycosides have also been reported [59-62]. The proposed synthetic scheme real-
izes a one-step conversion from a natural glycoside to another natural glycoside,
because precursor 41 is also a natural glycoside, (2R,3S)-wallichoside [63].

The precursor 41 can be readily prepared by glycosylation of aglycon 42 with
commercially available glycosyl donor 43 followed by removal of the TBDPS and
Bn groups. By treatment of a protecting-group-free precursor, 41, with
TES-protected acid anhydride 44 in CHCI;/DMSO (9/1) in the presence of catalyst
8, acylation took place selectively on the secondary hydroxy group at C(4) of the
glucose moiety in the presence of five free hydroxy groups including two primary
hydroxy groups to give directly a natural product, multifidoside B in 91% site-
selectivity and 59% yield for monoacylation (54% yield) (Scheme 19). Similarly,
the strategy based on final-stage site-selective acylation of the protecting-group-
free precursor was further applied to the total synthesis of multifidoside A and C
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(Scheme 20). In these molecular transformations, CHCl3/DMSO (9/1) was found to
be a suitable solvent for site-selective acylation. This observation is seemingly
inconsistent with the rationale for site-selective catalysis because DMSO, a strong
hydrogen-bond acceptor, may disturb the hydrogen bonding interaction between
the catalyst and the substrate, which seems critical for the site-selective catalysis
shown in Fig. 3. However, tolerated use of DMSO for the catalytic site-selective
acylation should provide great advantages to the present strategy, because such a
solvent system can dissolve various polar natural and unnatural compounds of
biological interest.

Serious undesired side reactions we encountered during the attempted total
synthesis of multifidoside B are described here (Scheme 21). Efforts toward the
total synthesis was hampered by the final-step deprotection of the partially protected
natural product precursor 48, resulting in giving decomposed product 49 by
-elimination of the glycoside moiety. Use of milder conditions for the deprotection
resulted in double-bond isomerization to give an E/Z (2/1) mixture of multifidoside
B. It has also been reported in the literature that the undesired side reactions such as
acyl migration from the desired 4-O-acylate to the undesired 6-O-acylate and over-
reduction, and isomerization of the p-coumaroyl moiety have been observed during
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the final-step deprotection toward the total synthesis of 4-O-acylated glycoside
natural products [59—62]. These serious problems could be avoided if the present
strategy can be successfully applied. This synthetic strategy is expected to provide a
new retrosynthetic route to 4-O-acylglycosides such as phenylethanoid glycosides
[64] and ellagitannins [46, 47], because the present catalytic site-selective acylation
of glycosides takes place with high predictability and reliability.

Another advantage of this strategy involves the direct and facile diversification
of natural glycosides. Various kinds of acyl groups can be introduced to the
expected C(4)-OH of a natural glycoside, (2R,35)-wallichoside (Fig. 15). Late-
stage site-selective functionalization of biologically active molecules has recently
been receiving great attention because it enables diversification of biologically
active compounds retaining their original activity [1]. A proposal for site-selective
introduction of various acyl groups at the final stage of the synthesis may be
applicable to the search for the analogues with the related biological activity.

11 Conclusion

Examples for catalyst-controlled site-selective acylation of carbohydrates and
polyol compounds were described. The salient feature of these molecular trans-
formations is that the site-selectivity can be controlled independently from the
intrinsic reactivity of the substrate. Some substrates undergo acylation with reversal
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of their intrinsic reactivity under catalyst-controlled conditions. The key to achiev-
ing the desired site-selective molecular transformation appears to be the strategy
relying on the accelerative reaction rather than the decelerative one. An unconven-
tional retrosynthetic route was proposed for total synthesis of natural glycosides
based on a site-selective-acylation strategy of carbohydrates. Extremely short-step
total syntheses of natural glycosides of an ellagitannin family have been performed
by streamlining the synthetic routes based on the proposed unconventional
retrosynthetic analysis. Late-stage site-selective acylation of complex natural prod-
ucts of biological interests was also described.
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