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Abstract: The cyclic silicon-stereogenic silane (SiR)-
5 decorated with three different substituents of dis-
tinct steric demand is an exceptionally useful chiral
reagent in asymmetric organosilicon chemistry. Sev-
eral approaches for its large-scale preparation in op-
tically pure form have been investigated. These
hinge upon the resolution of racemic silane rac-5
which, in turn, is accessible in multi-gram quantities
by a straightforward one-pot two-step reaction se-
quence. For this, a classical as well as a novel kinetic
resolution via its diastereomeric silyl ethers derived
from enantiopure secondary alcohols as resolving
agents has been elaborated: (1) the use of (�)-men-
thol [(�)-7] allowed for a quantitative separation of

silyl ethers (SiS)-10 and (SiR)-10 by practical frac-
tional crystallization and (2) a diastereoselective
copper-catalyzed dehydrogenative silicon-oxygen
coupling using pyridyl alcohols (S)-16 or (R)-16 ca-
pable of two-point binding has been devised and as-
sessed as a novel kinetic resolution strategy for the
synthesis of a silane with silicon-centered chirality.
Subsequent stereospecific reductive cleavage of the
silicon-oxygen bond enabled the preparation of
(SiR)-5 and (SiS)-5 in excellent enantiomeric excess-
es of up to 99% ee.
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Introduction

The synthetic potential of silicon-stereogenic silanes
has been literally ignored for decades since initial set-
backs corroborated a reputation for being poor ster-
eoinductors.[1] This is particularly remarkable in the
light of the detailed investigation of the stereochemi-
cal course of reactions at asymmetrically substituted
silicon.[2] A handful of substrate-controlled transfor-
mations with the silicon moiety functioning as a chiral
auxiliary are known[3] whereas the first successful ap-
plications of asymmetrically substituted silanes as re-
agents in stereoselective synthesis were only reported
recently.[4] In this context, the elusive chirality trans-
fer was independently realized in both an inter-[5] and
an intramolecular[6] scenario by Oestreich et al. and
Leighton et al. , respectively. Moreover, we devised a
novel concept for the non-enzymatic kinetic resolu-
tion of chiral secondary alcohols employing asymmet-
rically substituted silanes as recyclable resolving
agents.[7]

A rationale for the notorious track record of fail-
ure[4] is probably provided by the structure of stan-
dard silane (SiR)-1[8] (Figure 1), which illustrates the
pivotal features intrinsically connected with asymmet-

Figure 1. Asymmetrically substituted triorganosilanes.

Adv. Synth. Catal. 2006, 348, 1171 – 1182 D 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1171

FULL PAPERS



rically substituted silanes:[4] (1) relatively long
carbon-silicon bonds thwarting compact stereochemis-
try-determining transition states and (2) insufficient
stereochemical differentiation at silicon. In order to
create more conformational rigidity as a measure
against the detrimental carbon-silicon bond length,
the silicon center might be embedded into a cyclic
framework [(SiS)-2[9] and (SiR)-3/ACHTUNGTRENNUNG(SiS)-3,[10]

Figure 1)].[11] In all these silanes, at least two of the
three carbon ligands attached to the stereogenic sili-
con are of comparable steric demand. This particular
structural peculiarity is likely to serve as a reason for
the limited success of these readily available acyclic
and cyclic silanes. Conversely, tert-butyl-substituted
silane (SiR)-4, devoid of this shortcoming, is acyclic
and its preparation is rather capricious.[12] The struc-
turally related (SiR)-5 combines this attractive substi-
tution pattern with the conformational rigidity of a
cyclic framework. Gratifyingly, the structural features
of (SiR)-5 allowed for stereoselective transformations
that had failed for its congeners before.[5,7]

An additional challenging obstacle is the restricted
number of procedures for the preparation of enantio-
merically enriched silanes A (Figure 2).[13] In princi-
ple, silicon-element double bond-containing molecules
B are attractive prochiral precursors for reagent- as
well as catalyst-controlled asymmetric construction of
A by enantiofacial discrimination. These highly reac-
tive intermediates are still rather uncommon in syn-
thetic organosilicon chemistry.[14] Thus, in sharp con-
trast to the asymmetric formation of stereogenic car-
bons, sp2-hybridized prochiral silicon compounds B
cannot be considered as conceivable precursors for
the (catalytic) asymmetric synthesis of silanes with sil-
icon-centered chirality.
This clear limitation promoted interest in using

stable prochiral substrates C (Figure 2) with enantio-
topic groups at sp3-hybridized silicon leading to two
efficient catalytic asymmetric processes. Originally in-
troduced by Corriu et al. ,[1,15] the diastereoselective,
transition metal-catalyzed, dehydrogenative silicon-
oxygen coupling[16,17] of C (X=H) with enantiopure
secondary alcohols D was considerably improved in a
recent investigation by Leighton et al.[6] (D ! F,
Scheme 1). The otherwise low to moderate diastereo-

selectivities seen for silyl ethers F were substantially
enhanced in the presence of chirally modified cata-
lysts.[1,6,15] The same class of products was accessed by
catalytic asymmetric hydrosilylation of ketones E
with C again using chirally modified transition metal
complexes (E ! F, Scheme 1).[1] Moderate to excel-
lent enantio- and diastereoselectivities were reported
by Corriu et al.[18a] , Kumada et al.[18b] and, later, by
Takaya et al.[18c] . The alkoxy moiety in F is then re-
placed by a Grignard reagent affording the desired
enantiomerically enriched triorganosilanes A.
Although these asymmetric syntheses of silyl ethers

F are highly attractive, the common strategy is still
the chemical derivatization of rac-A with enantiopure
resolving agents D (Scheme 2, left).[8–10,12] For this
purpose, rac-A is optionally transformed into the cor-
responding chloro- or alkoxysilane followed by reac-
tion or transetherification with D. After separation of
diastereomers G and epi-G, which is usually achieved
by classical techniques (fractional crystallization and
chromatography), the ethers G and epi-G are individ-
ually converted into enantiopure A and ent-A, respec-
tively by reduction without racemization at silicon
(vide infra).
This comparison of the currently available methods

unveils a third concept, which has not been realized
so far (Scheme 2, right): the “transcription” of enan-
tiotopic groups in a single molecule C (Scheme 1) into
two enantiomeric molecules A and ent-A (Scheme 2).
This opens the possibility of an unprecedented kinetic
resolution[19] of rac-A with D by means of a direct de-
hydrogenative silicon-oxygen coupling furnishing
enantioenriched A and diastereoenriched epi-G
(Scheme 2, right). As in the classical resolution, re-
ductive cleavage of the silicon-oxygen linkage in epi-
G should then eject the optical antipode ent-A along
with the resolving reagent D. This novel two-step pro-
cedure[20] complements our recent kinetic resolution
of racemic alcohols with enantiomerically enriched si-
lanes A.[7]

As indicated above, the reductive cleavage of the
silyl ethers G with aluminum hydrides such as

Figure 2. Conceivable prochiral precursors for silicon-stereo-
genic silanes.

Scheme 1. Dihydrosilane C as a prochiral precursor.

1172 www.asc.wiley-vch.de D 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Adv. Synth. Catal. 2006, 348, 1171 – 1182

FULL PAPERS Sebastian Rendler et al.

www.asc.wiley-vch.de


DIBAL-H liberates the corresponding silanes A with
complete preservation of stereochemical information
at silicon (Scheme 3). The observed retention of the
configuration is rationalized by an SNi-Si mecha-
nism[2] and was recently secured for silane (SiS)-3
(R= i-Pr) by X-ray analysis.[10b]

In this paper, we report on our efforts towards the
asymmetric synthesis of priviledged silane 5. Two in-
dependent protocols were developed to access enan-
tiopure 5 in multi-gram quantities: (1) a classical reso-
lution pathway via stoichiometric formation of diaste-
reomers and (2) a novel non-enzymatic kinetic resolu-
tion based on a diastereoselective copper-catalyzed
dehydrogenative silicon-oxygen coupling.[21]

Results and Discussion

Synthesis of Racemic Silane rac-5

In analogy to our previously reported modular and
convergent assembly of 1-aryl-1,2,3,4-tetrahydro-1-si-
lanaphthalenes 3 (Figure 1),[10] we attempted the
preparation of rac-5 (Scheme 4).[22] The preparation
of dichlorosilane (�)-8 from tert-butyltrichlorosilane
(6)[23] and the lithium alkoxide derived from (�)-
menthol [(�)-7] proceeded cleanly in nearly quantita-
tive yield. It is important to note that single and

double nucleophilic displacements of chloride are
usually observed for substitutions at aryltrichlorosi-
lanes.[10] This already indicates the increased steric
bulk of the tert-butyl group disfavoring a two-fold nu-
cleophilic attack. It is presumably for this reason that
we were not able to join dichlorosilane (�)-8 and di-
bromide 9 together to form the six-membered ring
(SiRS)-10 [(�)-8 ! (SiRS)-10, Scheme 4]. The estab-
lished Barbier-type reaction conditions[10] at elevated
temperatures using THF/toluene solvent mixtures as
well as high-boiling di-n-butyl ether or the addition of
catalytic amounts of copper(I) cyanide[24] (not shown)
failed to produce the desired product (SiRS)-10.
These observations prompted us to reinvestigate a

variant that had proven fruitless in earlier studies di-
rected towards the synthesis of 3.[25] Hindered tri-

Scheme 3. Stereospecific reduction of silyl ethers G.

Scheme 2. Classical versus kinetic resolution.

Scheme 4. Attempted cyclization following our convergent
approach.
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chlorosilane 6 was used directly in the above
Grignard reaction with dibromide 9 (6 ! rac-5,
Scheme 5). A dilute 1:1 mixture of 6 and 9 in THF
was slowly syringed to thermally and mechanically ac-
tivated magnesium turnings thereby suppressing com-
peting formation of oligomers. In order to circumvent
isolation of the intermediate halosilanes – which com-
prises bromo- and chlorosilanes –, the reaction mix-
ture was immediately exposed to excess LiAlH4.
After aqueous work-up and subsequent distillation,
rac-5 was obtained in reasonable yield. By this proce-
dure, tert-butyl-substituted silane rac-5 is now avail-
able in multi-gram quantities (100-mmol scale).
For the following installation of a chiral alcohol, we

transformed rac-5 into the intermediate chlorosilane
rac-11 by chlorination with a saturated solution of
chlorine gas in carbon tetrachloride (rac-5 ! rac-11,
Scheme 5).[8,10] Freshly prepared rac-11 was then re-
acted with potassium alkoxides.

Classical Resolution via Silyl Ethers (SiRS)-10 and
(SiRS,S)-15

As depicted in Scheme 4, we were not able to incor-
porate the preferred chiral auxiliary (�)-7 by the one-
step assembly using dichlorosilane (�)-8. Thus, we ini-
tially decided to test a sterically less demanding alco-
hol, namely 1-phenylethanol [(S)-12] (Scheme 6,
Table 1). Reaction of its corresponding potassium alk-
oxide (S)-13 with rac-11 gave the silyl ether (SiRS,S)-
15 as a mixture of diastereomers in good yield
(Scheme 6, Table 1, Entry 1). Diastereomeric (SiS,S)-
15 and (SiR,S)-15 were partially separable by flash
column chromatography on silica gel. Although these
ethers 15 were not prone to hydrolysis in pure hydro-
carbon eluents, a quantitative separation was still dif-
ficult and the diastereomeric ratio of synthetically
useful amounts hardly exceeded 93:7.
All attempts to crystallize diastereomerically en-

riched silyl ethers (SiS,S)-15 or (SiR,S)-15 derived
from enantiopure (S)-12 were unsuccessful. Converse-
ly, a sample of racemic, diastereomerically enriched
silyl ether (SiS*,S*)-15 crystallized nicely. X-ray anal-
ysis unambiguously secured the relative configuration
(Figure 3). Correlation with HPLC data of racemic
and enantiopure samples of known absolute configu-
ration at C�O enabled the assignment of the absolute
configurations of all four stereoisomers (see Support-
ing Information for a detailed illustration).
The crystal structure of (SiS*,S*)-15 shows an ex-

panded half-chair conformation for the silicon-con-
taining six-membered ring, in which the tert-butyl sub-
stituent occupies a pseudo-axial position. This confor-
mation is also characterized by a syn-periplanar orien-
tation of the equatorial protons at the benzylic carbon
and the carbon a to silicon resulting in a 4J coupling,
which was detected in the 1H NMR spectrum at room
temperature. This so-called W coupling is also seen in

Scheme 5. Direct one-pot assembly of the racemic silane
rac-5 and subsequent chlorination.

Scheme 6. Synthesis and separation of silyl ethers (see Table 1).
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related derivatives including the parent compound 5.
This provides strong evidence for the rigid, conforma-
tionally locked nature of 5 and congeners thereof.
We then assessed a variety of commercially avail-

able alcohols and amino alcohols from the chiral pool
in the resolution of rac-11 but none showed the re-
quired physical properties. Despite our concerns we
returned to sterically encumbered (�)-7. Treatment of
rac-11 with potassium alkoxide (�)-14 of (�)-menthol
[(�)-7] under the standard reaction conditions result-
ed in clean formation of the silyl ethers (SiS)-10 and
(SiR)-10 (Scheme 6, Table 1, Entry 2). Fortunately,
(SiS)-10 and (SiR)-10 displayed substantially different
Rf values and we succeeded in quantitatively separat-
ing these by flash column chromatography on silica
gel. Importantly, diastereoenriched fractions (dr<

10:90) of the more polar diastereomer (SiR)-10 readi-
ly crystallized from n-pentane solutions or in sub-
stance. This crystalline material could be used for
seeding less diastereoenriched solutions (dr � 50:50)
in n-pentane at �18 8C. These crystallizations afforded
nearly diastereopure, crystalline (SiR)-10. Further
flash chromatography of the mother liquors yielded
the opposite diastereomer (SiS)-10, a highly viscous
oil, in pure form as well. Several grams of each diaste-
reomer were made available by this procedure. The
absolute configuration was unambiguously assigned
by crystallographic analysis of a suitable single crystal
of (SiR)-10 (Figure 4). The molecular structure re-
flects those features already discussed for (SiS*,S*)-
15.

Table 1. Classical resolution via silyl ethers 10 and 15.

Entry Chiral alcohol Product Yield [%][a] Method[b] Silyl ether[c] Yield [%][d] dr[e]

1[f] 71 A

viscous oil 24[g] 93:7

viscous oil 10[g] 11:89

2[f] 76 B

viscous oil 43[h] >99:1

crystalline solid 46[h] 1:99

[a] Yield of analytically pure product (dr=50:50).
[b] A : separation by flash chromatography on silica gel with cyclohexane as eluent; B : separation by fractional crystallization
from n-pentane and flash chromatography of the mother liquors on silica gel with cyclohexane as eluent.

[c] Configurations were assigned by combined HPLC and X-ray analysis of 15 and by X-ray analysis of 10.
[d] Yield based on (SiRS,S)-15 or (SiRS)-10.
[e] Determined by HPLC on chiral stationary phase using a Daicel Chiralcel OJ-R column, column temperature 20 8C, sol-
vent MeCN:H2O=60:40, flow rate 0.5 mLmin�1 for (SiRS,S)-15 or Daicel Chiralcel OJ-R column, column temperature
35 8C, solvent EtOH:H2O=70:30, flow rate 0.4 mLmin�1 for (SiRS)-10.

[f] Conditions: see Experimental Section.
[g] Yield after a single chromatography along with a diastereomeric mixture of (SiRS,S)-15 reisolated in 66% yield.
[h] (SiS)-10 : yield after flash chromatography of mother liquors; (SiR)-10 : yield after fractional crystallization.
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Kinetic Resolution by Copper-Catalyzed Si�O
Coupling

The classical resolution employing alcohol (�)-7 from
the chiral pool represents a practicable solution for
the preparation of enantioenriched silane 5. Never-
theless, a non-enzymatic kinetic resolution process as
outlined in the introductory section is intellectually
appealing (Scheme 2). Furthermore, this approach
would render the detour via the chlorosilane rac-11

superfluous thereby avoiding hazardous chlorine gas
and potassium hydride as well as stoichiometric for-
mation of salts. In turn, separation of highly enantio-
(remaining silane) and diastereomerically (formed
silyl ether) enriched products by chromatography or
distillation is extremely simple due to the widely dif-
ferent polarities and boiling points.
Our recently reported kinetic resolution of chiral

non-racemic alcohols using silicon-stereogenic silanes
as resolving agents revealed three requirements for
the alcohol:[7] (1) the alcohol must incorporate a
pending donor, which provides a temporary residence
site for the copper catalyst; (2) such an alcohol must
be readily available in enantiomerically pure form;
and (3) the formed diastereomeric silyl ethers should
be separable by chromatography or fractional crystal-
lization to enable further enrichment of stereoiso-
mers.
According to these premises, we were not able to

identify a suitable resolving reagent from the chiral
pool (e.g., cinchonine, prolinol, pseudoephedrine and
derivatives thereof). However, within our previous
study of the inverted scenario we became aware of
tert-butyl-substituted pyridylmethanol 16 as a reasona-
bly efficient resolving reagent.[7,26] Alcohol 16 is one
of the few synthetically accessible compounds whose
structural motif resembles our requirements and
which is available in (both) enantiopure form(s), (S)-
16 and (R)-16.[27] The resolution of rac-16 has been
achieved by chromatographic separation of the corre-
sponding diastereomeric (�)-(1S)-ketopinate esters,[27a]
both of which afforded crystalline material suitable
for the elucidation of the relative and, hence, absolute
configuration of 16 by X-ray analysis.
With optically pure (S)-16 at hand, we subjected

silane rac-5 to a dehydrogenative silicon-oxygen cou-
pling in the presence of the in situ generated catalyst
system[28,29] consisting of copper(I) chloride (5
mol%), (3,5-xylyl)3P (10 mol%) and freshly prepared
t-BuONa (5 mol%)[7] using 0.5 equivs. of (S)-16
(>99% ee) (Scheme 7). We were pleased to find that
this inverse kinetic resolution set-up proceeded clean-
ly with moderate diastereoselectivity. The formed silyl
ether (SiR,S)-17[30] (dr=76:24) and the remaining
enantioenriched silane (SiR)-5 (52% ee) were isolated
in excellent yield. The observed enantiomeric excess
of (SiR)-5 at 50% conversion corresponds to a selec-
tivity factor s=4.9.[31] Importantly for our purposes,
(SiR,S)-17 and (SiS,S)-17 were separable by flash
column chromatography on silica gel enabling further
enrichment of the initially obtained diastereomeric
mixtures in nearly quantitative yield and excellent
diastereomeric purity. Substantially better diastereo-
selectivities (dr=92:8) would have been possible
using pyridylethanol derivatives,[7] if gram quantities
of these would be easily accessible in enantiopure
form.

Figure 3.Molecular structure of (SiS*,S*)-15.

Figure 4.Molecular structure of (SiR)-10.
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The moderately enantioenriched silane (SiR)-5 to-
gether with rac-5 were resubjected to another kinetic
resolution that was performed with the optical anti-
pode (R)-16 (94% ee) affording a markedly higher
diastereoselectivity of 84:16 for (SiS,R)-17
(Scheme 8).

Stereospecific Reductive Cleavage

The preceding sections were devoted to the prepara-
tion of highly diastereomerically enriched and – de-
pending on the alcohols 7, 12, and 16 – enantiomeri-
cally pure silyl ethers 10, 15 and 17. To complete the
preparation of optically enriched silane 5, these
ethers were cleaved under the recently reported con-
ditions.[10] The steric bulk of the tert-butyl substituent
and, in the case of the pyridyl moiety, the additional
nitrogen donor had a profound effect on the rate of
the cleavage (Scheme 9, Table 2).
Moderately diastereoenriched silyl ethers (SiS,S)-15

(dr=93:7) and (SiR,S)-15 (dr=20:80) derived from

phenylethanol [(S)-12] required quite forcing condi-
tions (excess DIBAL-H in n-Bu2O/n-hexane at
100 8C); nevertheless, (R)-5 or (S)-5, respectively,
were isolated in reasonable yields (Entries 1 and 2,
Table 2). As expected, the stereochemical information
at silicon was completely preserved. The enantiomeric
excesses of (SiR)-5 (93% ee) and (SiS)-5 (60% ee)
correlated perfectly with the diastereomeric ratio of
the used silyl ethers 15. Applying similar conditions
to the (�)-menthyl ethers (SiS)-10 and (SiR)-10, we
obtained good yields similar to those of the reduction
of 15 (Entries 3 and 4, Table 2). The excellent diaste-
reomeric ratios of (SiS)-10 or (SiR)-10, respectively,

Scheme 7. Kinetic resolution with pyridyl alcohol (S)-16.

Scheme 8. Kinetic resolution with pyridyl alcohol (R)-16.

Scheme 9. Stereospecific reductive cleavage (see Table 2).
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Table 2. Reduction of silyl ethers 10, 15 and 17.

Entry Silyl ether dr[a] Conditions[b] Silane[c] Yield [%][d] ee [%][e]

1 93:7 A 84 85[f] (SiR)

2 20:80 A 77 60[f] (SiS)

3 >99:1 B 79 99[f] (SiR)

4 1:99 B 85 98[f] (SiS)

5 >98:2 C 96 [g] 96[f] (SiS)

6 >98:2 C 92 [g] 91[f] (SiR)

7 3:97 C 89 93[f] (SiR)

[a] Determined by HPLC on chiral stationary phase for 10 and 15 and by 1H NMR by integration of baseline-separated sig-
nals at 4.38 ppm for (SiS,S)-17 at 4.49 ppm for (SiR,S)-17.

[b] Conditions A : DIBAL-H (1.0M in n-hexane, 5.0 equivs.), Bu2O, 100 8C, 30 h; B : DIBAL-H (1.0M in n-hexane, 4.0
equivs.), Bu2O, 100 8C, 20 h; C : DIBAL-H (1.0M in n-hexane, 2.0 equivs.), CH2Cl2, room temperature, 16 h.

[c] Absolute configuration assigned by correlation with the known configuration of the corresponding silyl ether.
[d] Yield of analytically pure product after flash chromatography on silica gel.
[e] Determined by HPLC on a chiral stationary phase using a Daicel Chiralcel OJ-R column, column temperature 20 8C, sol-
vent EtOH:H2O=80:20, flow rate 0.3 mLmin�1.

[f]>99% ee for (S)-12, (�)-7, and (S)-16 and 94% ee for (R)-16 as resolving reagent.
[g] (S)-16 reisolated in 88% yield (99% ee); (R)-16 reisolated in 78% yield (93% ee).
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translated stereospecifically into the enantiomeric ex-
cesses of (SiR)-5 and (SiS)-5 (98–99% ee) without
any erosion of stereochemical information. This com-
pletes a practical synthesis of both enantiomeric
forms of 5 in 52–60% overall yield for each enantio-
mer based on rac-5.
The products of the kinetic resolution process 17

were also subjected to the reduction (Entries 5–7,
Table 2). Not unexpectedly, the reductive cleavage al-
ready occurred under mild conditions at ambient tem-
perature in CH2Cl2. This might be attributed to the
aluminum-coordinating ability of the pyridyl moiety
in 17. The reduction of (SiR,S)-17 and (SiS,R)-17 as
well as the minor diastereomer (SiS,S)-17 proceeded
in excellent yields following a stereoretentive process.
The somewhat lower enantiomeric purities of (SiS)-5
(96% ee) and (SiR)-5 (91% ee and 93% ee) are ex-
plained by slightly lower diastereomeric ratios (En-
tries 5–7, Table 2) and optical purity of starting alco-
hols (R)-16 or (S)-16 (Entries 6 and 7, Table 2). In
some of these cases, we also recovered the resolving
reagent (S)-16 or (R)-16. The optical purity (99% or
93% ee) was virtually identical with the values for the
initially used alcohol.

Conclusions

In summary, we have developed a practical protocol
for the synthesis of the important silicon-stereogenic
silane 5 in excellent enantiomeric purities by a classi-
cal resolution. Using (�)-menthol [(�)-7] as resolving
reagent enables a scalable synthesis of both enantio-
mers (SiR)-5 and (SiS)-5 in excellent optical purities
� 98% ee and in high yields since fractional crystalli-
zation is used as separation technique. Relative and
absolute configurations were secured by crystallo-
graphic analysis.
In addition, we were able to realize the first exam-

ple of a kinetic resolution of an asymmetrically substi-
tuted silane with a moderate selectivity value s=4.9.
This resolution is based on a copper-catalyzed dehy-
drogenative silicon-oxygen coupling with recyclable
chiral pyridyl alcohols (S)-16 or (R)-16. Future efforts
will be devoted to the refinement of this kinetic reso-
lution process mainly by variation of the resolving re-
agent.
These approaches to the reliable preparation of

enantiopure 5 should provide a solid footing for its
future applications in asymmetric catalysis involving
silicon-based stereogenicity and thus stimulate further
research in this area.

Experimental Section

General Remarks

Reagents obtained from commercial suppliers were used
without further purification unless otherwise noted. tert-Bu-
tyltrichlorosilane (6),[23] 1-bromo-2-(3-bromopropyl)benzene
(9),[10a] as well as (S)- and (R)-2,2-dimethyl-1-(2-pyridyl)pro-
pan-1-ol [(S)-16 and (R)-16][27a] were prepared according to
known procedures. All reactions were performed in flame-
dried glassware under a static pressure of argon. Liquids
and solutions were transferred with syringes or double-
ended needles. Solvents were dried prior to use following
standard procedures (THF, CH2Cl2, toluene) or used as pur-
chased (Bu2O, CCl4). Technical grade solvents for extraction
or chromatography (cyclohexane, tert-butyl methyl ether)
were distilled before use. Analytical thin layer chromatogra-
phy was performed on silica gel SIL G-25 glass plates by
Macherey–Nagel (Germany) and flash chromatography on
silica gel 60 (40–63 mm, 230–400 mesh, ASTM) by Merck
(Germany) using the indicated solvents. High vacuum distil-
lations (10�6 mbar) were performed using standard glass-
ware and an Edwards turbo molecular pump. 1H and
13C NMR spectra were recorded in CDCl3 on Bruker AM
400 and DRX 500 instruments. Analytical HPLC analysis on
a chiral stationary phase using a Daicel Chiralcel OD-H
column (n-heptane:2-propanol mixtures as solvent) or
Daicel Chiralcel OJ-R (EtOH:H2O or MeCN:H2O mix-
tures) provided baseline separation of enantiomers and/or
diastereomers, respectively.
Characterization data for all reported compounds are

available in the Supporting Information.

(�)-tert-Butyldichloro-[(1R,2S,5R)-menthyloxy]silane
[(�)-8]

n-BuLi (7.20 mL, 18.0 mmol, 1.22 equivs. , 2.5M solution in
n-hexane) was added dropwise to a solution of (�)-menthol
[(�)-7] (2.81 g, 18.0 mmol, 1.22 equivs.) in THF (25 mL).
After complete addition, the mixture was maintained for
further 20 min at room temperature. To this solution tri-
chlorosilane 6 (2.94 g, 14.7 mmol, 1.00 equiv.) in THF
(10 mL) was added and the mixture was subsequently
heated at reflux for 5 h. Then, the volume was reduced by
50% until a major portion of salts had precipitated. The
solids were removed by suction filtration using Schlenk tech-
niques. After complete removal of remaining solvent, the
residue was distilled under vacuum (bp 82–85 8C at
0.5 mbar) providing analytically pure dichlorosilane (�)-8 ;
yield: 4.44 g (97%).

rac-1-tert-Butyl-1,2,3,4-tetrahydro-1-silanaphthalene
(rac-5)

A 1 L, three-necked flask equipped with a reflux condenser,
a 500 mL pressure-equalizing dropping funnel, an argon
inlet and a magnetic stirring bar was charged with magnesi-
um turnings (24.3 g, 1.00 mol, 10.0 equivs.). The flask was
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subsequently flame dried under vacuum (3 times) with vigo-
rous stirring, backfilled with argon and stirring was contin-
ued for 12 h. Then, the magnesium turnings were suspended
in THF (150 mL) and a solution of 1,2-dibromoethane
(8.80 mL, 18.8 g, 100 mmol, 1.00 equiv.) in THF (50 mL) was
added dropwise. After complete addition, the mixture was
heated to reflux and a solution of dibromide 9[10a] (27.8 g,
100 mmol, 1.00 equiv.) and trichlorosilane 6[23] (19.2 g,
100 mmol, 1.00 equiv.) in THF (400 mL) was added slowly
over a period of 4 h. The reaction mixture was maintained
for further 24 h at reflux. The resulting solution was trans-
ferred to another 1 L, three-necked flask equipped with a
reflux condenser, an argon inlet and a magnetic stirring bar,
containing a suspension of LiAlH4 (6.83 g, 180 mmol, 1.80
equivs.) in THF (100 mL). Heating at reflux for 20 h was fol-
lowed by careful quenching of the resulting mixture with
acetone (50 mL), water (400 mL) and, finally, concentrated
HCl (100 mL) under ice cooling until pH 4–5 was reached.
The organic layer was separated and the aqueous phase was
extracted with tert-butyl methyl ether (4Q150 mL). The
combined organic layers were washed with brine (100 mL),
dried (Na2SO4), filtered and volatiles were evaporated
under reduced pressure. The crude product was distilled
under vacuum (bp 72–74 8C at 0.5 mbar) affording the silane
rac-5 as a colorless liquid; yield: 9.20 g (45%).

rac-1-tert-Butyl-1-chloro-1,2,3,4-tetrahydro-1-sila-
naphthalene (rac-11)

A saturated solution of Cl2 in CCl4 (20 mL) was added to a
solution of rac-5 (4.09 g, 20.0 mmol, 1.00 equiv.) in CCl4
(20 mL) at 0 8C until a permanent pale yellow color ap-
peared. After 4 min the reaction mixture was purged with
argon. Evaporation of the solvent under reduced pressure
provided crude rac-11 as a colorless oil which was used with-
out further purification; yield: 4.73 g (99%).

(SiRS,S)-1-tert-Butyl-1-[(1S)-1-phenylethoxy]-1,2,3,4-
tetrahydro-1-silanaphthalene [(SiRS,S)-15]

The alcohol (S)-12 (1.75 g, 14.3 mmol, 1.50 equivs.,>99%
ee) was added dropwise to a suspension of oil-free potassi-
um hydride (670 mg, 16.7 mmol, 1.75 equivs.) in THF
(16 mL) at 0 8C. To ensure complete deprotonation, the mix-
ture was stirred for further 30 min at room temperature.
This mixture was then treated with a solution of chlorosilane
rac-11 [freshly prepared from rac-5 (1.95 g, 9.54 mmol,
1.00 equiv.)] in THF (16 mL). Heating at reflux for 3 h was
followed by cooling to ambient temperature. Water (20 mL)
and then 2M HCl were added until pH 7 was reached. The
organic layer was separated and the aqueous phase was ex-
tracted with tert-butyl methyl ether (3Q75 mL). The com-
bined organic layers were washed with brine (30 mL), dried
(Na2SO4), filtered and the volatiles were evaporated under
reduced pressure. The crude product was purified by flash
chromatography on silica gel with cyclohexane as eluent
achieving partial separation of the diastereomeric silyl
ethers (SiS,S)-15 [yield: 518 mg (17%; 24% based on isolat-

ed 15), dr=93:7] and (SiR,S)-15 [yield: 206 mg (7%; 10%
based on isolated 15), dr=11:89] along with (SiR,S)-15
[yield: 625 mg (20%; 28% based on isolated 15), dr=20:80]
and (SiRS,S)-15 [yield: 860 mg (28%; 39% based on isolat-
ed 15), dr=50:50] (72% yield overall). Both diastereomers
were obtained as viscous oils.

(SiRS)-1-tert-Butyl-1-[(1R,2S,5R)-1-menthyloxy]-
1,2,3,4-tetrahydro-1-silanaphthalene [(SiRS)-10]

A solution of (�)-menthol [(�)-7] (4.69 g, 30.0 mmol, 1.50
equivs. , >99% ee) in THF (40 mL) was added to a suspen-
sion of oil-free potassium hydride (1.40 g, 35.0 mmol, 1.75
equivs.) in THF (10 mL) at room temperature. To ensure
complete deprotonation, the mixture was heated at reflux
for 1 h. Subsequently, the mixture was treated portionwise
with a solution of chlorosilane rac-11 [freshly prepared from
rac-5 (4.09 g, 20.0 mmol, 1.00 equiv.)] in THF (50 mL) at
ambient temperature. Heating at reflux for 4 h was followed
by cooling to ambient temperature, quenching with water
(100 mL) and then 2M HCl until pH 7 was reached. The or-
ganic layer was separated and the aqueous phase was ex-
tracted with tert-butyl methyl ether (4Q100 mL). The com-
bined organic layers were washed with brine (50 mL), dried
(Na2SO4), filtered and the volatiles were evaporated under
reduced pressure. The crude product optionally was distilled
under high vacuum (bp 142–146 8C at 10�6 mbar) to remove
excess (�)-menthol [(�)-7] furnishing (SiRS)-10 as a color-
less, viscous oil; yield: 5.42 g (76%, dr=50:50).
Crystalline (SiR)-10 (dr=1:99) suitable for seeding was

obtained by a single flash column chromatography on silica
gel with cyclohexane as eluent. Highly diastereomerically
enriched fractions of (SiR)-10 solidified spontaneously. For
crystallization the 1:1-mixture of diastereomers was dis-
solved in the two-fold volume of n-pentane, seeded with
crystals of (SiR)-10 and cooled to �18 8C for 24 h. The
mother liquor was removed by a pipette and remaining crys-
talline (SiR)-10 was washed with cold n-pentane. Diastereo-
merically pure (SiS)-10 was obtained from the mother liq-
uors by flash chromatography on silica gel with cyclohexane
as eluent. Repeating this process with the remaining mixture
of diastereomers, (SiR)-10 [yield: 2.50 g, 46% based on
(SiRS)-10, dr=1:99] was obtained as a white, crystalline
solid (mp 72 8C); in addition (SiS)-10 [yield: 2.24 g, 43%
based on (SiRS)-10, dr>99:1] was isolated as a colorless,
viscous oil.

Kinetic Resolution of rac-5 by Dehydrogenative
Coupling: (SiR,S)-2-[1-(1-tert-Butyl-1,2,3,4-tetra-
hydro-1-silanaphthalinyloxy)-2,2-dimethylpropyl]pyri-
dine [(SiR,S)-17 and (SiR)-5]

To a 100 mL Schlenk flask charged with CuCl (26.4 mg,
0.267 mmol, 0.0500 equivs.), (3,5-xylyl)3P (185 mg,
0.534 mmol, 0.100 equiv.) and degassed toluene (20 mL) was
added solid t-BuONa (25.6 mg, 0.267 mmol, 0.0500 equivs.).
The resulting pale yellow solution was stirred for 2 min.
Subsequently, a solution of alcohol (S)-16[27a] (441 mg,
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2.67 mmol, 0.500 equivs. ,>99% ee) in toluene (15 mL) and
silane rac-5 (1.09 g, 5.34 mmol, 1.00 equiv.) in toluene
(5 mL) were added in one portion. The color immediately
changed to bright yellow and then darkened to orange
within 2 h. Stirring was continued for 24 h until 1H NMR
analysis of an aliquot indicated complete conversion of (S)-
16 to (SiR,S)-17 (dr=76:24). The mixture was transferred to
a round-bottom flask and silica gel was added. The solvent
was evaporated under reduced pressure. Purification by
flash column chromatography on silica gel with cyclohex-
ane/tert-butyl methyl ether (100:0 ! 97:3) as eluent gave
enantioenriched (SiR)-5 [yield: 491 mg (45%), 52% ee] and
(SiR,S)-17 [yield: 923 mg (47%), dr=76:24]. Major amounts
were obtained as highly enriched diastereomers (SiS,S)-17
[yield: 185 mg (20% based on 17), dr<2:98] and (SiR,S)-17
[yield: 636 mg (69% based on 17), dr>98:2].
Starting with (R)-16 (94% ee) and (SiR)-5 (16% ee) the

optical antipodes (SiR,R)-17 (dr<2:98) and (SiS,R)-17 (dr>
98:2) as well as (SiS)-5 (12% ee) were prepared by the same
procedure (dr=84:16 before separation).

Preparation of (SiR)-5 from Silyl Ether (SiS,S)-15

A 25 mL Schlenk flask equipped with a magnetic stirring
bar and a reflux condenser was charged with (SiS,S)-15
(210 mg, 1.00 equiv., dr=93:7,>99% ee) and di-n-butyl
ether (5 mL). DIBAL-H (3.20 mL, 3.20 mmol, 5.00 equivs. ,
1.0M in n-hexane) was added, the reaction mixture was sub-
sequently heated to 100 8C, and maintained at this tempera-
ture for 30 h. The reaction was quenched at ambient temper-
ature by careful addition of water (20 mL) followed by 2M
HCl (10 mL) until pH 7 was reached. The organic layer was
separated and the aqueous phase extracted with tert-butyl
methyl ether (4Q20 mL). The combined organic layers were
washed with brine (30 mL), dried (Na2SO4), filtered and
volatiles were evaporated under reduced pressure. The
crude product was purified by flash chromatography on
silica gel with cyclohexane as eluent furnishing the analyti-
cally pure, enantiomerically enriched silane (SiR)-5 as a col-
orless liquid; yield: 110 mg (84%), 85% ee.
Starting with (SiR,S)-15 (dr=20:80,>99% ee) the optical

antipode (SiS)-5 (60% ee) was prepared by the same proce-
dure.

Preparation of (SiR)-5 from Silyl Ether (SiS)-10

A 25 mL Schlenk flask equipped with a magnetic stirring
bar and a reflux condenser was charged with (SiS)-10
(589 mg, 1.64 mmol, 1.00 equiv., dr<1:99) and di-n-butyl
ether (15 mL). DIBAL-H (6.60 mL, 6.60 mmol, 4.00 equivs.,
1.0M in n-hexane) was added, the reaction mixture was sub-
sequently heated to 100 8C and maintained at this tempera-
ture for 20 h. The reaction was quenched at ambient temper-
ature by careful addition of water (40 mL) followed by 2M
HCl (25 mL) until pH 7 was reached. The organic layer was
separated and the aqueous phase extracted with tert-butyl
methyl ether (4Q40 mL). The combined organic layers were
washed with brine (30 mL), dried (Na2SO4), filtered and
volatiles were evaporated under reduced pressure. The
crude product was purified by flash chromatography on

silica gel with cyclohexane as eluent, furnishing the analyti-
cally pure, highly enantiomerically enriched silane (SiR)-5
as a colorless liquid; yield: 264 mg (79%), 99% ee.
Starting with (SiR)-10 (dr=99:1) the optical antipode

(SiS)-5 (98% ee) was prepared by the same procedure.

Preparation of (SiS)-5 from Silyl Ether (SiR,S)-17

A 10 mL Schlenk tube equipped with a magnetic stirring
bar was charged with (SiR,S)-17 (128 mg, 0.348 mmol,
1.00 equiv., dr>98:2) and CH2Cl2 (1.5 mL). DIBAL-H
(0.696 mL, 0.696 mmol, 2.00 equivs., 1.0M in n-hexane) was
added, the reaction mixture was subsequently stirred at am-
bient temperature for 16 h. The reaction was carefully
quenched with water (10 mL) followed by 2M HCl (5 mL)
until pH 7 was reached. The organic layer was separated
and the aqueous phase extracted with tert-butyl methyl
ether (5Q15 mL). The combined organic layers were washed
with brine (10 mL), dried (Na2SO4), filtered and volatiles
were evaporated under reduced pressure. The crude product
was purified by flash chromatography on silica gel with cy-
clohexane/tert-butyl methyl ether (100:0 ! 70:30) furnishing
analytically pure, enantioenriched (SiS)-5 as a colorless
liquid [yield: 69 mg (96%), 96% ee] and (S)-16 as a yellow-
ish oil [yield: 51 mg (88%), 99% ee].
Starting with (SiS,R)-17 (dr>98:2) the optical antipode

(SiR)-5 (91% ee) along with (R)-16 (93% ee) was prepared
by the same procedure. Alternatively, the minor diastereo-
mer (SiS,S)-17 was used as well.

X-Ray Crystallographic Study

Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplemen-
tary publication no. CCDC-299831 [(SiR)-10], CCDC-
299828 [(SiS*,S*)-15], CCDC-299829 [(�)-(1S)-ketopinate
ester of (S)-16], and CCDC-299830 [(�)-(1S)-ketopinate
ester of (R)-16]. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: int. code + 44 ACHTUNGTRENNUNG(1223)336–033; E-mail:
deposit@ccdc.cam.ac.uk]
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