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I n recent years, remarkable progress has been made in the enantio-
selective silylation of alcohols. Owing to the successful site- and ste-
reoselective functionalization of hydroxy groups, silyl ether formations
have evolved from being a simple reaction for functional-group
protection into a powerful enantioselective process. In this Minireview,
we highlight important recent findings in this emerging field.

1. Introduction

Protecting-group strategies!!! are of pivotal importance in
organic synthesis. The temporary blockage of selected sites
within a molecule with protecting groups allows for desired
transformations to take place at other sites. Given the roles
that a protecting group has to perform in a synthetic event,
a good protecting group needs to be sufficiently stable while it
can be readily installed and easily removed. Moreover,
orthogonality is an extremely important factor to consider
when the protection of multiple functional groups is required
in a reaction system. Silyl ethers are arguably the most
common hydroxy protecting groups, and the past few decades
have witnessed their widespread use in organic synthesis.”

In modern organic chemistry, tremendous efforts have
been devoted to the development of enantioselective syn-
thetic methods.”! Chiral alcohols are commonly present in
numerous bioactive structures, and they are also valuable
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intermediates in organic synthesis.”! In this context, the
stereoselective functionalization of hydroxy groups repre-
sents an important approach to access optically enriched
alcohols. Over the past decades, stereocontrolled acylation
reactions of alcohols by activation through nucleophilic
catalysis have received enormous attention, and intensive
investigations in this area have led to a plethora of synthetic
strategies for enantioselective acylation.”! On the other hand,
the silylation of alcohols was perceived only as an effective
means of protection for a very long time. Following Corey and
Venkateswarlu’s initial introduction of the tert-butyldime-
thylsilyl (TBS) ether as an effective hydroxy protecting group
in the early 1970s® the subsequent three decades saw
remarkable applications of silyl ethers as protecting groups
in synthetic organic chemistry. A seminal report by Ishikawa
and co-workers revealed exciting opportunities for achieving
enantioselective functionalizations of alcohols by the forma-
tion of silyl ethers. In their 2001 report, Ishikawa et al.
documented a silylation-based kinetic resolution strategy by
the chiral-guanidine-promoted enantioselective silylation of
secondary alcohols." The reactions took up to 14 days to
reach completion, and stoichiometric amounts of chiral
guanidines had to be used to obtain the silylated secondary
alcohols with poor to moderate enantioselectivity
(Scheme 1). Despite all of these drawbacks, this report
represents the first example of an enantioselective silylation
of secondary alcohols. The implication of this study, namely
that enantioselective functionalizations of alcohols could be
realized through silyl ether formation, is particularly intrigu-
ing. Interestingly, the authors suggested that a silylguanidini-
um salt resulting from the reaction between the silyl chloride
and the guanidine might be the real silylating agent, based on
the examination of the '"H NMR spectrum of an equimolar
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Scheme 1. Modified guanidines as chiral bases for the enantioselective
silylation of secondary alcohols.

mixture of a guanidine and TBSCL. In spite of the importance
of Ishikawa’s disclosure, it was unclear for quite some time
whether the silylation of hydroxy groups could be used as
a practical method for the enantioselective functionalization
of alcohols. From the mid-2000s onwards, a number of
exciting reports on the enantioselective silylation of alcohols
have appeared in the literature. These timely excellent studies
not only changed the general perception of silyl ethers to be
only excellent protecting groups, but also firmly established
the concept that the silyl protection of alcohols could be
utilized as an effective means for inducing asymmetry. In this
Minireview, we highlight important contributions to this
emerging area up to the end of 2014.1

2. Desymmetrization of Diols through Enantiose-
lective Silylation

Alcohols are an important class of compounds in organic
chemistry, and they are also valuable synthetic intermediates.
The site-specific and enantioselective functionalization of
polyhydroxy molecules is an area of great interest. Catalytic
enantioselective desymmetrization” reactions of meso diols
by acyl transfer reactions!"”! have been intensively investigat-
ed; however, methods to desymmetrize meso diols by
enantioselective silylation remain to be a great challenge.

In 2006, Hoveyda, Snapper, and co-workers disclosed
their seminal work on the enantioselective silylation of meso
diols catalyzed by amino acid derived small molecules."!! The
organic catalysts used in their study were carefully designed;
both a Lewis basic moiety and a potential hydrogen-bonding
site were incorporated in the catalyst structure, and the
catalysts can be readily prepared from amino acids in a few
trivial steps. Under the optimized reaction conditions, a num-
ber of 1,2- and 1,3-diols could be enantioselectively silylated.
The substrate scope was quite broad, and different cyclic
diols, including five-membered, six-membered, and medium-
sized rings, could be silylated with high enantioselectivities
(Scheme 2). The mechanistic insights gained in this study
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were intriguing, and the bifunctional nature of the catalyst
was taken into consideration in the proposed transition state
(Scheme 3). It was proposed that the hydrogen-bonding
interactions between the substrate and the catalyst led to
the silylation of one of the enantiotopic hydroxy groups. To
explain the role of imidazole during silylation, Corey and
Venkateswarlu had proposed that the N-dimethyl-tert-butyl-
silylimidazole intermediate that resulted from attack of the
imidazole on the silyl chloride was the reactive silylating
agent.! In the Hoveyda and Snapper report, the imidazole
moiety was believed to bind to Si, leading to a polarization of
the Si—Cl bond and thus promoting the re-distribution of
electron density, which leads to enhanced electrophilicity at
the hypervalent Si center.'” To understand the importance of
the different substructures in catalyst 8, a number of
structural analogues of catalyst 8 were prepared and used
for the above-mentioned reaction. Although not conclusive,
experimental findings indeed supported the proposed mode
of action of the imidazole catalyst and agreed well with the
proposed transition state.

The implication of the above report by Hoveyda, Snapper
et al. is significant: The feasibility of enantioselective func-
tionalizations of alcohols by the catalytic formation of silyl
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Scheme 2. Catalytic desymmetrization of various diols by enantioselec-
tive silylation. DIPEA =diisopropylethylamine.

Scheme 3. Proposed transition state for the enantioselective silylation
of 1,2- and 1,3-diols.

ethers had been confirmed—a common protection strategy
had excitingly been linked to a catalytic enantioselective
process. However, the initially reported method suffered from
severe drawbacks: High catalyst loadings (up to 30 mol %)
and long reaction times of several days were required. To
solve these problems, it was critical to improve the overall
efficiency of the silylation catalyst.

In 2013, the same group disclosed a much improved
catalytic system by combining chiral and achiral Lewis
bases."¥! It is not uncommon to have a catalyst and a co-
catalyst in one catalytic system, but catalyst and co-catalyst
typically belong to two different molecule classes, and they
perform independent roles during the reaction, rendering the
catalytic process more efficient in a cooperative fashion.
Therefore, at the outset, the idea of using two heterocyclic
Lewis bases to effect enantioselective silylation seemed to be
counterintuitive. This new strategy was based on a computa-
tional study of the silylation of methanol with TBSCI and
imidazole. The calculations revealed that two imidazole
molecules were involved in the silylation: One creates a highly
electrophilic silyl intermediate, and the other one increases
the nucleophilicity of methanol by acting as a Brgnsted base
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Scheme 4. A dual role for imidazole: Activation of the silane and
enhancement of the substrate nucleophilicity.

(Scheme 4). Moreover, the requirement for the two activating
imidazole units to be situated anti to each other relative to the
silicon center was inconsistent with the authors’ previously
suggested bifunctional interaction mode of 8 with the alcohol
substrate. Therefore, two molecules of 8 should be involved in
the diol silylation reaction. As nucleophilic catalysis is
sensitive to steric hindrance, N-methylimidazole-derived 8
might be too hindered to be the most ideal nucleophilic
activator. On the other hand, 8 was a good chiral Brgnsted
base. The high enantioselectivities and low silylation rates
that were achieved with 8 as the sole catalyst support the
above assumptions.

With all the above thoughts in mind, the authors then
devised a catalytic system that is based on 8 as the chiral
Brgnsted base in combination with a structurally similar
achiral co-catalyst as a strong nucleophilic activator. After
examining a number of heterocyclic co-catalysts, 5-ethyl-
thiotetrazole (10) was identified as the best co-catalyst for
nucleophilic activation. Results of the enantioselective sily-
lation of diols catalyzed by 8 with or without 10 as a co-
catalyst are summarized in Scheme 5. The combination of 8
and 10 proved to be powerful, and the reaction went to
completion within one hour even when the loading of 8 was
reduced to 20 mol %. DFT calculations revealed that hydro-
gen-bonding interactions between 8 and the diol substrate
were crucial in the transition state leading to the major
enantiomer. The current catalyst loading of Brgnsted basic 8
at 20 mol % is still quite high, and further reductions are
needed in the future.

Enzymes are amazing biocatalysts that can enable organic
reactions in biological systems with extremely high efficiency
and precision, and they serve as great inspirations for
synthetic chemists to design biomimetic approaches. The
concept of “induced intramolecularity”!' can be regarded as
a biomimetic approach (Scheme 6). Through reversible
covalent bonding interactions, the substrate binds to a chiral
scaffold at a specific site that is capable of bringing the
substrate and the catalyst into close proximity. Subsequently,
a reaction takes place in an intramolecular fashion to afford
the desired product. This strategy turns a bimolecular step
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Scheme 5. Enantioselective silylation of diols catalyzed by imidazole 8 with and without 5-ethylthiotetrazole (10) as a co-catalyst.
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Based on the concept of intramolecularity, Tan and co- Y substrate
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workers devised an efficient approach for the highly enantio- R ¢ R
selective desymmetrization of meso diols.™ The catalyst N N7 5
motif contains a catalytic site adjacent to a covalent site for Ve /( Y OsiRs Me /( Y OoH
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silylation

catalyst scaffold. Considering the close association between
catalyst and substrate, the imidazole can efficiently promote
the intramolecular silylation of the free hydroxy group. Upon
release of the product, the catalyst is regenerated (Scheme 7).
The newly designed catalysts indeed worked quite well for the
enantioselective silylation of meso diols. In the presence of
the best catalyst, 13, the silylations of various diols proceeded
smoothly, and the monosilylated products were obtained in
good chemical yields and with excellent enantioselectivities
(Scheme 8). It is noteworthy that the authors established
TESCI (TES =triethylsilyl) as a practical reagent for the
enantioselective silylation of diols. With the employment of
TESCI, shorter reaction times were possible and less silyl
chloride was needed. Moreover, the use of TESCI is also
advantageous for difficult substrates that contain vinyl or aryl
groups. Fundamental mechanistic insights were also gained
and support the hypothesis that reversible covalent bonding,
rather than hydrogen bonding, is responsible for substrate
organization, and that stereoinduction is most likely enabled
by the formation of the covalently bound catalyst—substrate
intermediate.
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Scheme 7. Silylation enabled by induced intramolecularity.

HO,  OH 13 (20 mol%) HO,
R R TBSCI (2 equiy) R
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Sor11  PMP-HCI (3 mol%)
THF,RT. 4h
HO OTBS n=1,92% ee, 76% vyield OH
n=2,92% ee, 86% yield 90% ee,
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Scheme 8. Enantioselective desymmetrization of meso diols catalyzed
by scaffolding catalyst 13. PMP=1,2,2,6,6-pentamethylpiperidine.
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3. Silylation-Based Kinetic and Regiodivergent
Resolution of Diols

Compared with meso-1,2-diols, racemic syn-1,2-diols are
more difficult substrates to be functionalized in an enantio-
selective manner. To develop an effective kinetic resolution
approach for 1,2-diols, one enantiomer needs to be more
reactive than the other one to achieve an efficient kinetic
resolution process, and regioselectivity could pose an extra
problem, especially when the groups surrounding the two
hydroxy groups are very similar in size (Scheme 9).

HO, OH TBSO OH TBSO, OH
> chinal —
R¢ R, silylation R¢ RL Rs Ry
a catalyst b ent-b
- .
Ho oH TBSCI HO OTBS HO ~ OTBS
R RL ! R RL R R
ent-a c ent-c

Scheme 9. Kinetic resolution of syn diols. Rs and R refer to small and
large substituents, respectively.

Following their report on the silylation-based desymmet-
rization of meso diols,™¥ the Hoveyda and Snapper groups
then disclosed a kinetic resolution of 1,2-diols through
a regioselective and enantioselective catalytic silylation.'!
The same catalyst 8 that was previously employed in the
enantioselective silylation of meso diols was found to also be
effective in the kinetic resolution of a range of racemic 1,2-
diols. High enantioselectivities and regioselectivities were
observed; both the monosilylated product 15 and the
recovered diols (ent-14) were obtained in reasonable yields,
and the diols (ent-14) were also obtained with high enantio-
selectivities. The resolution proceeded with poor site selec-
tivity when one of the R groups was an ester (15g and 15h),
and it was proposed that intramolecular hydrogen-bonding
interactions between the Lewis basic ester group and the
neighboring hydroxy moiety enhanced the nucleophilicity of
this a-hydroxy group. It is noteworthy that catalytic asym-
metric silylation reactions of primary alcohols bearing an
adjacent secondary or tertiary carbinol were also effective,
and a gram-scale reaction provided both the recovered diol
and the monosilylated product in useful yields and good to
excellent enantioselectivities (Scheme 10).

The new strategy of combining chiral and achiral Lewis
basic catalysts was also applied to the kinetic resolution of
diols by the same authors." With amino acid derived
imidazole 8 as the chiral Brgnsted base and 5-ethylthiote-
trazole (10) as the nucleophilic catalyst, catalytic kinetic
resolution by enantioselective silylation proceeded smoothly.
It is particularly noteworthy that the overall efficiency of the
kinetic resolution was greatly enhanced with the introduction
of achiral nucleophilic 10; the reaction time for obtaining 15¢
was reduced from 72 h to 1 h and a much higher enantiose-
lectivity was achieved (Scheme 11).

The catalytic enantioselective silylation of racemic 1,2-
diols bearing two sterically and electronically similar groups is
a challenging task. By employing their amino acid derived
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Scheme 10. Kinetic resolution of syn-1,2-diols.
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Scheme 11. Kinetic resolution of 1,2-diols using a combined chiral
Lewis base/achiral Lewis base catalyst system.

imidazole 8, Hoveyda, Snapper, and co-workers developed
regiodivergent reactions!'”! of such diol substrates, which
provide easy access to regioisomeric, enantiomerically en-
riched, monosilylated products."® Sapinofuranone A" (24)
was efficiently synthesized by employing this regiodivergent
reaction as a key step (Scheme 12).

The selective functionalization of one out of multiple
functional groups within a molecular structure is extremely
important in organic synthesis. In this context, the regiose-
lective functionalization of a less reactive position over
a more reactive one is a transformation of great synthetic
value.” Further extending their strategy by making use of
reversible covalent bonding interactions between substrate
and catalyst, Tan et al. demonstrated that their scaffolding
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Scheme 12. Regiodivergent resolution of diols and total synthesis of
sapinofuranone A. DMAP = 4-dimethylaminopyridine, TBAF =tetra-
butylammonium fluoride.

catalysts were effective for the regiodivergent resolution of
1,2-diols.”!! Diol substrates containing both a primary and
a secondary hydroxy group were efficiently resolved, and the
two different monosilylated products (26 and 27) were
separable by column chromatography on silica gel. Remark-
ably, a secondary alcohol (27) could be enantioselectively
functionalized in preference to a neighboring primary alco-
hol. Furthermore, the divergent resolution also enabled the
enantioselective silylation of the primary alcohol (to yield
products 26). Interestingly, both the primary and secondary
silylated products could be obtained in high enantiomeric
purity by adjusting the amount of silylating agent (TESCI;
Scheme 13).

13 or 28 (10-15 mol%)
TESCI (1.3 equiv)

HO, 9H i OTES
DIPEA (1.3 equiv) ]
TES + H
R>—/ DIPEA-HCI (20 mol%) )\/O S+ AL_OH ()
7 O'fm ) tAmOH, 0°C -
13 O>_
28 OMe
><0Me N N

With catalyst 28:

R = Cyclohexy!:

26c¢: 52% yield; 81% ee;
27c: 41% yield; 97% ee;
R =BrCH,:

26d: 50% yield; 91% ee;
27d: 41% yield; 98% ee;

With catalyst 13:
R = nBu:
26a: 54% yield; 79% ee;
27a: 40% yield; 98% ee;
R =BnOCHj:
26b: 56% yield; 74% ee;
27b: 40% yield; 99% ee;

Catalyst 28 (10 mol%) OH
HO  OH :
TESCI (0.6 equiv) Cy/'\/OTEs @
¢y DIPEA (0.7 equiv) -
25¢ DIPEA-HCI (6 mol%) - ;iel .
0
tBUOH, rt i o

Scheme 13. Regiodivergent resolution of 1,2-diols catalyzed by 13 or
28.
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4. Enantioselective Silylation of Triols and Polyols

Structural motifs containing 1,2,3-triols are widely present
in natural products and biologically important molecules,”
and the selective functionalization of such structures is of
significant synthetic value (Scheme 14). Having addressed the

enantioselective

HO R pioseled HO R
Ho A _oH silytation? R'38i0o A _OH
R'" R? R' R?
racemic triol

Scheme 14. Enantioselective silylation of triols.

enantioselective silylation of 1,2-diols, the Hoveyda and
Snapper groups subsequently developed a catalytic enantio-
selective silylation of triols by employing their amino acid
derived imidazole catalyst 8.%°) The reaction was broadly
applicable to different 1,2,3-triol substrates, including acyclic
(30), cyclic (31), and secondary triols (32). Desymmetrization
proceeded efficiently to yield monosilylated products in good
yields and excellent enantioselectivities. The size of the
central carbinol substituent had a great influence on the
enantiomeric differentiation for acyclic substrates, but fortu-
nately, the enantioselectivity was insensitive to the steric
hindrance of the carbinol substituent in cyclic substrates. The
above trends in enantioselectivity were rationalized by
models postulated by the authors: The large substituent is
positioned away from the amino acid unit in acyclic triols,
whereas the silylation of cyclic triols was believed to be
governed by the exo mode of substrate—catalyst association
(Scheme 15). This method to access optically enriched 1,2,3-
triols by enantioselective silylation was elegantly applied to

8 (20 or 30 mol%)

HO R HO R
How A _on  TBSCIorTESCI oo "N oy
DIPEA, THF
R' R? ~7810-30 °C R' R?
29 30-32
(racemic)
HO, ,tBu HO, Cy HO, ,Ph HO, 7
tBso._A4_OH TBso._A_OH TtBso._4_OH Tgso OoH
30a 30b 30¢ 30d

78% yield, 93% ee  85% yield, 94% ee  90% yield, 98% ee 62% yield, 89% ee
OH

Me, OH OH
TESO\G, H TESO\@/ TBSO\G,OH TBSO\@/‘)H

31e 31f 32h 32i
60% yield, 98% ee 84% yield, 98% ee 70% yield, 96% ee 51% yield, 98% ee

+ [ k3
i uY ’
E MN/YNV /
M “H o, i P Me o H /<
Clhgis™ /1 H T Chgi 8t 7 H N

\_/O (0]
tBu Me

model for acyclic triols model for cyclic triols

Scheme 15. Desymmetrization of triols by enantioselective silylation.
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the total synthesis of cleroindicins D, F, and C. The key
enantioselective silylation step afforded advanced intermedi-
ate 35 in good yield and very high enantioselectivity; this
valuable synthetic intermediate cannot easily accessed by
other synthetic methods (Scheme 16).

---------------------- MeO_ OMe
OH
MeO_ OMe
steps ! i 8 (20 mol%)
= i P T, HO” X COTES
{HO” X YOH! TESCI (2.2 equiv) i OH
HO : /—\“ OH DIPEA (2.5 equiv) ) 35
23 HO 34 THF, -78 °C HO
LR S 83% yield
>98% ee
MeO_ OMe Q
HCI (5 equiv) |,

_MsCl, DIPEA THF/H,O (1:1)
CHyCh, 0-22°C  MsO™ ¢ "OTES "o ohec . Q oH
92% yield | o . ‘
(92% yield) J (45% yield) 37

HO™ 36 (cleroindicin D)

2 o MsCl, DIPEA
Pd/C, H, CH,Cl,
H MeOH, 12 h H 0°C,16h

oY oH N (92% yield)
- (>98% yield) \_s OH
39 38
cleroindicin C cleroindicin F

Scheme 16. Total synthesis of cleroindicins D, F, and C with an
enantioselective silylation as the key step. Ms =methylsulfonyl.

Tan and co-workers achieved the highly enantioselective
desymmetrization of glycerol again by applying the concept of
reversible covalent bonding.*! With catalyst 28, which is
capable of engaging in efficient substrate binding, the
desymmetrization of glycerol was very efficient (Scheme 17).

There are a vast number of natural products and bioactive
molecules that contain multiple hydroxy groups, for example,
carbohydrates. Given their importance in the biological
sciences and pharmaceutical industry, it is highly desirable
to develop strategies for the site-selective functionalization of
carbohydrates. The challenge is intrinsic: One has to differ-
entiate between multiple hydroxy groups of great similarity
with high precision. Recently, Tan et al. successfully devel-
oped an efficient approach to site-selectively functionalize
complex molecules containing multiple hydroxy groups.”!
The scaffold catalysts that are capable of substrate—catalyst
interactions through the reversible formation of covalent

28 (5-20 mol%)
RsSiCl (1.6 equiv)

HOMOH PMP (1.25 equiv) HO/\E/\OSiR3
OH 3% PMP-HCI (3 mol%) OH
40 THF, 4 °C 41
HO > "Notes  HO Y OTBDPS  HO™ > oTiPS
OH OH OH
41a 41b 41c

(66% vyield, 98% ee) (79% yield, 98% ee) (66% yield, 96% ee)

Scheme 17. Desymmetrization of glycerol. TBDPS = tert-butyldiphenyl-
silyl.
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bonds were again utilized in this study. It was envisaged that
a cis-1,2-diol structural motif within a complex molecule
could bind to the catalyst, which would bring the adjacent
hydroxy group into close proximity of the imidazole moiety
for the subsequent silylation reaction (Scheme 18). Some
representative results are illustrated in Scheme 19. When
a methyl-a-D-mannose derivative was subjected to silylation
reactions in the presence of catalyst 46 or 47, site-selective
silylation was observed.

OMe
o OTBS
OH
HO
»=OMe  OH
j ~MeOH
13 OMe
OTBS
OH
(6]
OTBS o. 0 I N
~ /Q 7/ H site-selective
O\S-,R RsSIiCI N N silylation
i
OH Rl R R /NN]
|

Scheme 18. Site-selective functionalization of mannose.

OTBS
%
RsSIO .
e 'Hm
oTeg | 46 or 47 (20 mol%) 43 OMe
H -0 DIPEAHCI (3 mol%)
Co RsSiCl (1.2 equiv) oTBS |
OMe -Q
H
42 DIPEA (1.2 equiv) < ngio
tAmOH or THF 4 ome
-15°Cor4°C
OTBS.
OSiR3
HO -
HO
~ 45  OMe
N Conditions B:
Conditions A: TESCI, 47 (5 mol%)
TESCI, 46 (20 mol%) >98% yield
84% yield 43/44/45 = 0:100:0

43/44/45 = 0:10:90

Scheme 19. Functionalization of mannose derivatives.

The inherent preference for C3 silylation could be turned
over by catalyst control. Employment of 46 resulted in
selective silylation of the C2 hydroxy group, whereas highly
C3-selective silylation was observed when 47 was used as the
catalyst. The site-selective silylation of the mannose deriva-
tive can be ascribed to the unique recognition of a cis-1,2-diol
moiety within a complex structure in the presence of
scaffolding catalysts. Impressively, the authors also described
site-selective functionalizations of methyl-a-L-rhamnose,
methyl-p-p-arabinose, galactose derivatives, 1,6-anhydro-f3-
D-galactose, as well as other therapeutically important agents
containing cis-1,2-diols. Notably, the man-made catalytic
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system enabled modifications of the less reactive axial
positions of monosaccharides and natural products. Extend-
ing the same concept, Tan et al. also developed a site-selective
silylation of the ribonucleosides.”! Although these site-
selective silylations of polyols were not really enantioselective
processes, such approaches are highly interesting as they offer
wonderful opportunities for synthetic chemists to site-selec-
tively manipulate complex molecules.

5. Kinetic Resolution with Chiral Silanes and Kinetic
Resolution of Simple Alcohols

The impressive advances in enantioselective silylation
that have been discussed up to now deal with substrates that
contain multiple hydroxy groups. On the other hand, simple
alcohol substrates, that is, molecules that contain one hydroxy
moiety as the only functional group, are also compounds of
great synthetic and therapeutic significance. However, despite
their importance, the resolution of simple alcohols by
silylation remains to be a difficult task. In enantioselective
silylation reactions, most approaches employ bifunctional
chiral catalysts with a nucleophilic moiety (e.g., an imidazole)
together with a suitable silylating agent (e.g., a silyl chloride).
Attack of the nucleophile on the silicon atom results in the
formation of a hypervalent silyl species, which not only serves
as an activated silylating agent, but also controls the
enantioselectivity of the reaction. In an attractive alternative
approach, the desired Si—O bond is formed by a transition-
metal-catalyzed dehydrogenative coupling reaction (Sche-
me 20).[27-2"]

R'3Si R3S 4 Nu
R. SRy ~—H- R H cl R.-SIR
2 R3S, @
dehydrogenative Nu
coupling

Scheme 20. Two silylation strategies.

In 2005, the Oestreich group reported a kinetic resolution
of chiral secondary alcohols®! with silicon-stereogenic si-
lanes.” In their reaction system, a copper(I) precatalyst?®
was chosen to promote the dehydrogenative coupling be-
tween chiral silanes and alcohols. It was found that virtually
no stereoselectivity was attainable for simple unfunctional-
ized secondary alcohols. Two-point substrate binding, for
example, with 2-pyridyl-substituted alcohols, to the copper
center was shown to be crucial. By employing silicon-
stereogenic silane 49, the kinetic resolution by a diastereose-
lective dehydrogenative coupling proceeded efficiently, af-
fording the recovered alcohols in 68-89 % ee (Scheme 21).
The chiral silane was recovered and recycled without
racemization at the silicon atom. Full studies of this Cu—H
catalyzed reagent-controlled kinetic resolution process were
also carried out by the same authors.”! Investigations of
potential donor groups other than the 2-pyridyl unit are
particularly interesting. Different pendant donors were
attached to the alcohol substrates, and the structure of the
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CuCl (5 mol%)
SN 35xylyhsP (10mol%) [ SN
l = -Si NaO#Bu (5 mol%) = P
’ H“ C Si L
toluene, 25 ° i
R” "OH ’ R ,O;A R”NOH
48 49 50 (R)-48
racemic
t For recovered alcohol 48: )

R = Ph, 56% conv., 84% ee

R = C;Hg, 50% conv., 70% ee

R =PhC=C, 64% conv., 89% ee

R = PhCH=CH, 57% conv., 74% ee
R = Me, 58% conv., 73% ee

R = Bu, 46% conv., 68% ee

Scheme 21. Stereoselective silylation of 2-pyridyl alcohols by a dehydro-
genative Si—O coupling with silicon-stereogenic silane 49.

pendant heterocyclic moiety was found to be crucial. Whereas
pyridine-type and oxazole subunits were effective donor
moieties, benzothiazole- or thiophene-functionalized alcohols
were unsuitable. Oestreich and co-workers also applied this
elegant concept to the kinetic resolution of challenging
alcohol structures, including propargylic tertiary alcohols
and trifluoromethyl-substituted carbinols.” Furthermore,
azine™ and oxime ether™ donors could also be used for
these functional-group-directed stereoselective Si—O cou-
pling reactions.

To render the reagent-controlled kinetic resolution of
alcohols more effective, Oestreich et al. next focused on the
screening of various transition metal/ligand combinations,
aiming for much improved selectivity factors.’ They found
that the employment of a cationic rhodium(I) precursor,
[Rh(cod),]OTf, and an N-heterocyclic carbene ligand led to
a highly efficient kinetic resolution of donor-functionalized
alcohols, affording both the silylated products and the
recovered alcohols with excellent ee values (Scheme 22). It
is noteworthy that the selectivity factors that were reported
for these reactions were extremely high, far beyond the values
commonly reported for kinetic resolutions.

The employment of chiral silanes as a reagent for
a resolution process is certainly not ideal. A dehydrogenative
Si—O coupling reaction that relies on an achiral silane in
combination with a chiral ligand would certainly be a more
attractive and practical option. In 2010, Oestreich and co-
workers accomplished the kinetic resolution of 2-pyridyl-
substituted alcohols in the presence of monodentate phos-
phonite ligand 55.5% After an extensive screen of phosphine
ligands, achiral triorganosilanes, and alcohols with different
donor subunits, an optimized procedure was established for
the kinetic resolution of alcohols by an enantioselective
dehydrogenative Si—O coupling reaction. The process was
effective for 2-pyridyl alcohols containing an aryl moiety,
whereas substrates with only alkyl moieties were found to be
less suitable (Scheme 23). Notably, mechanistic studies sup-
ported the hypothesis that only one single chiral monodentate
ligand is involved in the crucial asymmetry-inducing o-bond
metathesis.

The idea of performing kinetic resolutions of alcohols by
transition-metal-catalyzed dehydrogenative Si—O couplings
as developed by the Oestreich group is conceptually interest-
ing. The substrates, however, were limited to alcohols with
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SN N

(N ‘
- . HN«S' IPrHCI (10 mol%)
7« KOtBu (20 mol%)
R” OH toluene, 50 °C
48 or 51 49
B
=

50: 50%, 95:5 d.r.
(R)-48: 50%, >99% ee

$>50 $>50

[Rn(cod ;10T (5 mol%) Xi—\/j
., _Si

52a: 48%, 96:4 d.r.
(R)-51a: 45%, 93% ee

X

=
7
R % R” YOH

50 or 52 (R)-48 or (R)-51

£ "D

52c: 46%, 94:6 d.r.
(R)-51c: 39%, 96% ee
s>50

52b: 40%, 94:6 d.r.
(R)-51b: 38%, 98% ee
s >50

Scheme 22. Rhodium-catalyzed kinetic resolution of donor-functionalized alcohols by dehydrogenative Si—O coupling. cod =cycloocta-l,5-diene,

IPr=1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene.

R R
Me CuCl (5 mol%) Me
OH  H-gi-ar 55 (125moi%) 0-Si-ar
a Cs:COs(5mol%) 2~y AT+
W

R

““OH
Z "N

N

THF, RT, 48-72 h R'—\)

(R)-48 or 51
Ph__..OH
N
| -~
=
39"/:7> yield 43% yield
88 _A>385)6 62% yield 95% ee
§= 30% ee s=22
s=25 b,

Scheme 23. Enantioselective dehydrogenative Si—O coupling with achi-
ral silanes and chiral ligand 55.

a pendant neighboring donor group as their coordination to
the metal center was always required. The efficient resolution
of monofunctionalized secondary alcohols remained to be
a challenging task. In 2011, the Wiskur group disclosed
a kinetic resolution of monofunctionalized secondary alco-
hols by enantioselective silylation.””! The chiral isothiourea
(—)-tetramisole (56), which was initially introduced by the
Birman group®! as an acylation catalyst, was found to be
a good catalyst for the kinetic resolution process. Under the
optimized conditions, which involved the use of triphenylsilyl
chloride as the silylating agent and THF as the solvent,
benzylic alcohols with benzo-fused five- or six-membered ring
structures were well resolved. However, simple acyclic
alcohols could not be efficiently resolved, and low selectivity
factors and poor ee values were obtained (Scheme 24).
Recently, Wiskur and co-workers successfully accom-
plished a kinetic resolution of a-hydroxylactones and -lactams
by enantioselective silylation.”” In the presence of triphenyl-
silyl chloride and Hiinig’s base (DIPEA) in THF, (—)-
benzotetramisole 61 was an effective catalyst of this process.
Impressively, good to excellent selectivity factors and high
ee values were achieved for a broad range of substrates
(Scheme 25). However, the reaction worked less satisfactorily
for acyclic esters and amides. Very recently, the same group
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56 (0.25 equiv)
iProNCHEt, (0.6 equiv)

OH PhaSiCl (0.6 equiv) OH OSiPhg
A, e M A
A" Ayl 4 AMS., THF, -78°C  Ar” Alkyl A > Alkyl
racemic 57 (S5)-57 (R)-58
OH OH OH
= CD CO) O
PN Hl 84%ee 78% ee 26% ee
H s=86 s=14 s=28
? i OH OH OH
P56 i 1 1 ]
o) s o)
90% ee 88% ee 82% ee
s§=22 s=25 s=16

Scheme 24. Enantioselective silylation of monofunctionalized alcohols
catalyzed by isothiourea (—)-tetramisole (56). M.S.=molecular sieves.

61 (25 mol%)

o}
HO
X Ph3S|CI (0.6 equiv)
R T,  DIPEA (0.6 equiv)
R 4 AM.S., THF, -78 °C

HO:'ii Phﬁ.Oﬁ

racemic 59 24-72 h )-5!
OH OH OH
""""""""""" RS °*& O%
i U 0 o 0
i N’g | 64%ee, 88% ee, 88% ee,
P ; s=58 5=36 s=23
sl Nt
O |5k odo He
68% ee, 94% ee, 62% ee,
s=14 s=24 s=85

Scheme 25. Kinetic resolution of a-hydroxylactones and -lactams by
enantioselective silylation with (—)-benzotetramisole (BTM, 61) as the
catalyst. X=0, NAr; n=1, 2.

performed mechanistic studies by employing differently para-
substituted triarylsilyl chloride reagents in the silylation, and
it was postulated that an Sy2-like transition state with
a pentavalent silicon center with tetramisole as the leaving
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group and the alcohol as the incoming nucleophile was
involved in the rate-determining step.*”

6. Conclusion and Outlook

The recent impressive advances in the asymmetric silyla-
tion of alcohols have firmly established silylation reactions as
a powerful synthetic strategy to enantioselectively function-
alize hydroxy-containing molecules. The implications of this
conceptual development are truly exciting, particularly when
considering the extraordinary roles that silyl ethers have
played in protecting-group chemistry. The functionalization
of alcohols by silylation is still at its early stage, and many
innovative enantioselective silylation methods are expected
to emerge in the near future.*! Fully realizing the potential of
regioselective and enantioselective silylation reactions of
alcohols will have an enormous impact on asymmetric
synthesis and catalysis.

The pioneering studies on enantioselective silylation that
were described in this Minireview have opened up a new
fascinating research field. However, many challenging prob-
lems remain to be solved, for example, for many types of
alcohol substrates, efficient enantioselective silylation con-
ditions have not been developed thus far. Currently, excellent
silylation methods are available mainly for cyclic and acyclic
1,2-diols and 1,2,3-triols, carbohydrates, as well as simple
alcohols with a neighboring donor group. It is imperative to
develop highly enantioselective silylation approaches for
difficult substrates, such as acyclic 1,3-diols or simple mono-
functionalized alcohols. From a synthetic viewpoint, it would
be highly desirable to be able to stereo- and site-selectively
functionalize hydroxy groups in complex molecular architec-
tures. Efforts towards silylation reactions applicable to
a broad scope of substrates will definitely trigger the
development of more powerful catalytic systems. It is
envisioned that new catalytic systems, for example, non-
imidazole-based organocatalysts or well-designed chiral li-
gands for metal catalysis, will have to be developed to enable
more enantioselective silylation processes. We anticipate that
this emerging field will continue to evolve and grow. Making
synthetic chemists aware of the power of enantioselective
silylation will ensure that many more innovative silyl ether
based functionalization reactions and powerful catalytic
systems will be developed in the near future to fully address
all the currently unsolved problems.
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