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Abstract: A new stereochemical probe for mechanisms at the
silicon atom that is based on a deuterium-labeled silolane is
synthesized and evaluated. The key synthetic step involves the
hydrogenation of a 2,5-dihydrosilole with deuterium gas,
giving a complex mixture of isochronic stereoisotopologues.
The overall stereochemical imbalance of this mixture is evident
in its 2H NMR spectrum, which provides a good qualitative
measure of changes in the configuration at the silicon atom.
The technique is rapid, easy to use, and overcomes limitations
and biases of traditional methods. The utility of this new
procedure is demonstrated by tracking the stereochemical
course of several classical reactions as well as contemporary
catalytic transformations involving bond formation at the
silicon atom.

Our mechanistic understanding of chemical reactions at the
silicon atom relies heavily on our ability to interpret the
stereochemical course of a given reaction. This task has
traditionally been accomplished using silicon-stereogenic
silanes (Figure 1, top).'! Using chiral silane 1 and its
derivatives, Sommer’s pioneering and extensive research
program on the stereochemistry at silicon mapped out
classical reactivity.”! Corriu developed cyclic chiral silane
201 recognizing that greater rigidity around the stereocenter
offers distinct advantages. Recently, we designed and
employed a new family of chiral silanes based on the general
structure 3. Our group elucidated the mechanisms of a range
of modern catalytic reactions, including Si—H bond activation
with Lewis acidic boranes”! Cu—H-catalyzed dehydrogen-
ative Si—O coupling,® and Ir"-catalyzed carbonyl hydro-
silylation.”! Despite these achievements, the use of silicon-
stereogenic silanes as mechanistic probes remains a challeng-
ing technique. At a practical level, their preparative resolu-
tion is usually laborious, and the analytical separation of
enantiomers is generally demanding. More fundamentally, for
any given reaction, the absolute configuration needs to be
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Silicon-Stereogenic Silane Mechanistic Probes
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Figure 1. Silicon stereochemical probes. Np = naphthyl.

determined, that is, the reaction product has to be stereo-
chemically correlated to its starting material through a known
reaction sequence. This is a particularly difficult task in the
realm of Si—C bond-forming reactions.

The logical alternative to chiral non-racemic mechanistic
probes is to track the configuration at the silicon atom using
a diastereochemical relationship to another stereocenter
elsewhere in the molecule (Figure 1, bottom). Several exam-
ples of such probes have already been developed and
evaluated. Sakurai and Murakami prepared and studied
meso-configured silane 4*! whereas Cremer and Blankenship
employed 5.°) Diastereomeric silanes that are based on
stereochemical information at the a position(s) of silolane
systems 6 were developed by Roberts!'” as well as Dubac and
Cartledge."!! The latter system witnessed significant use as
a mechanistic probe.” One problem with this approach is
that the preparative and analytical separation of the diaste-
reomers is difficult. More importantly, the two diastereomers
are likely to differ substantially in their physical and chemical
properties.

We began to consider whether a cyclic silane, suitably
labeled with deuterium, could provide a “silent” diastereo-
chemical relationship to the configuration at the silicon atom.
Our design settled on silolane 7, which can be monodeuter-
ated at the a position to give a chiral racemic compound 7-d,
or syn-dideuterated to provide isotopologue 7-d, with meso
configuration. Inversion of the configuration at the silicon
atom in both silanes 7, that is, racemic 7-d, and meso 7-d,,
would produce the corresponding diastereomers. These
diastereomeric pairs would be isochronic in their 'H and
H NMR spectra yet present converse intensity patterns for
the signals corresponding to their o positions.”) A useful
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property of silolanes is that their o protons are generally well
resolved and unobscured in their NMR spectra. Importantly,
the two diastereomers would have, to all practical intents and
purposes, the same physical and chemical properties, with any
potential difference in reactivity at the silicon atom silenced
to the level of a tertiary isotope effect. Whereas the
stereoselective synthesis of silolane 7 presents a daunting
challenge, we succeeded in preparing a deuterium-labeled
silolane as a mixture of stereoisotopologues to serve as
a proxy for 7. The synthesis and evaluation of this new probe
are presented herein and cast new light on several modern
catalytic reactions.

The synthesis is described in Scheme 1. The commercially
available 2,5-dihydrosilole 8 was treated with nHexMgBr to

nHexMgBr Rh/C D
(1.2 equiv) nHex (2.5 mol%) N nHex
ES_.OEt THF, 60 °C E:s. _Dy(latm)
! B
OE ~ then n- hexane o 0
OFt aq HCI 70°C
8 THF, 60 °C 9 41% - 10: 96%
DIBAL-H
3 (2.5 equiv)
syn- + anti- [58% “H n-hexane
/nHex itad i) nHex 70 °C
g:Si = . H Si
. H syn-o. [20% 2H] H
11: anti-o. [8% 2H]
synlanti = 11: 49%
71:29

Scheme 1. Preparation and ?H NMR analysis of silolane 11.
DIBAL-H = diisobutylaluminum hydride.

effect monosubstitution at the silicon atom, and the inter-
mediate was directly converted into siloxane 9 using aqueous
HCI. Treatment of this material with a catalytic amount of
Rh/C under an atmosphere of D, reduced the double bond to
form silolane 10 in 96 % yield. Inspection of the H NMR
spectrum of 10 revealed that deuterium had been incorpo-
rated at both the  and a positions of the silolane ring.
Deuteration at the allylic position of cyclic alkenes under
hydrogenation conditions was previously noted,'*! but the
mechanistic details of this process have not been examined
yet. This material was treated with DIBAL-H to give silane
11, for which the deuterium incorporation was measured. The
overall incorporation was 58% at the 3 positions (unre-
solved), 20% at the syn-o position, and 8% at the anti-
o position, giving a modest but significant syn-a/anti-o ratio of
71:29."°1 Even though the exact composition and distribution
of this complex mixture of isotopologues cannot be deter-
mined, the overall imbalance of deuterium incorporation at
the a position will reliably track configurational changes at
the silicon atom. With silane 11, we have developed a proxy
for 7 and a viable prototype.

With this new probe in hand,'® we initially sought to
perform a classical Walden cycle!"”! using reactions of known
stereochemical outcome (Scheme 2, top). Silane 11 was
treated with a solution of Cl, in CCl, at 0°C to give
chlorosilane 12 in high yield with retention of configuration
at the silicon atom. This was followed (in a separate run) by
reduction with LiAlH, to give back 11 with overall inversion
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Scheme 2. Tracking the Walden inversion at the silicon atom during
chlorination of the Si—H bond and subsequent chloride/hydride
displacement.

of configuration.'®! A comparison of the >H NMR spectra of
the starting and final material revealed that the a position
signals had swapped their intensities (Scheme 2, bottom). An
important feature of this sequence is that unlike for the
traditional chiral silane approach, the configurational change
at the silicon atom of 12 is seen without the need for chemical
correlation.

Dehydrogenative couplings of hydrosilanes and alcohols
are achieved using many catalysts and pass through a variety
of mechanistic manifolds. Using hydrosilane 1, Sommer and
Lyons have already shown that Pd/C catalyzes a Si—O
coupling with inversion of configuration at the silicon
atom.'”! Several years ago, our laboratory developed a
Cu—H-catalyzed version for the kinetic resolution of racemic
donor-functionalized alcohols using hydrosilane 3.1°! Mecha-
nistic experiments together with quantum-chemical calcula-
tions established that this reaction proceeded with retention
of configuration at the silicon atom. Recently, the [{Ru(p-
cymene)ClL},] dimer was recognized as a particularly potent
catalyst for this class of reactions.” Couplings of 11 and
methanol under the above setups give silyl ether 13 and
provide a useful setting for illustrating our method (Scheme 3,
top). These reactions also highlight its ability to detect the
three stereochemical extremes, namely inversion, retention,
and scrambling/racemization (Scheme 3, bottom). The Pd/C-
and Cu—H-catalyzed reactions proceeded as expected with
a minimal decrease in the diastereomeric ratios. The Ru'-
catalyzed reaction showed complete scrambling with a 1:1
integration ratio in the ’H NMR spectrum. Mizuno and co-
workers had studied this reaction using Sommer’s hydrosilane
1 and found that it proceeded with inversion of configuration
at the silicon atom. However, they observed extensive
racemization when an excess of the alcohol component was
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reaction conditions
g\Si,nHeX [T
D 'H MeOH
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n-pentane, RT, 83%
II: CuCl (2.0 mol%), (3,5-Xylyl)3P (4.0 mol%), NaOtBu (2.0 mol%),
MeOH (10 equiv), toluene, RT, 96%
II: [{Ru(p-cymene)Cl,},] (0.50 mol%),
MeOH (neat), RT, 94%

2H NMR 1 with [Pd]:
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Scheme 3. The three stereochemical extremes of dehydrogenative
Si—O couplings.

used. This result is in line with our observations as methanol
was used as the solvent.

We then turned our attention to Si—H bond activation
with B(CgFs)s,*"! a process that we had shown to obey an Sy2-
Si mechanism.®*! To further demonstrate the utility of our
probe, we (re-)investigated the B(C4Fs);-catalyzed carbonyl
hydrosilylation and the related Si—O coupling (Scheme 4).
Hydrosilylation of acetophenone with 11 afforded the corre-
sponding silyl ether 14 in high yield. The new stereogenic
center at the carbinol carbon atom breaks the symmetry of
the silolane ring, rendering all eight protons magnetically

11:
synlanti =71:29

B(CgFs)3 | PhC(O)Me B(CgFs)3 | ArCHO B(CgFs)3 BnOH
(5.0 mol%) | (1.0 equiv) (5.0 mol%) | (1.0 equiv) (5.0 mol%) | (1.0 equiv)
toluene toluene toluene
RT Inversion RT Inversion 60 °C Inversion

.nH nH .nH
Dg\Sig ex I:)g\Si‘n ex Dg\&\n ex

O
PN J

Ph™ "Me Ar Ph
14: 96% 15: 99% 16: 98%
syn/anti = 36:64 synlanti = 36:64 synlanti = 32:68
(after Si-O bond Ar = 4-tolyl

cleavage with DIBAL-H)

Scheme 4. Stereochemical course of B(C¢Fs);-catalyzed reactions at the
silicon atom. Bn=benzyl.
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non-equivalent. For 14, we therefore could not resolve and
assign the key a position signals. Reduction to 11 with
DIBAL-H allowed us to interpret the hydrosilylation as
occurring with the expected inversion of configuration at the
silicon atom (not shown). We also conducted the hydro-
silylation of 4-methylbenzaldehyde, which provided a similar
result. As expected, the dehydrogenative coupling of 11 and
benzyl alcohol proceeded with inversion. These results are
consistent with our earlier work®! and that of Kawakami and
co-workers.”?! Additional control experiments allowed us to
throw further light on this class of reactions. Probe 11 was
combined with B(C4Fs); (10 mol%), and the solution was
analyzed using “H NMR spectroscopy. The configuration at
the silicon atom was seen to slowly scramble over the course
of days. Conversely, treatment of 11 with B(C¢Fs);
(5.0 mol %) and di-tert-butyl ketone (5.0 mol %) resulted in
a configurational scrambling process that was complete within
minutes (see the Supporting Information for details). This
suggests that 11 is subject to a donor-promoted configura-
tional scrambling process, leading to racemization for silicon-
stereogenic hydrosilanes, that competes with hydrosilylation
or Si—O coupling to some extent.*!

Finally, we investigated a class of reactions that have been
difficult, if not impossible, to study using the traditional
silicon-stereogenic silane approach: Si—C bond-forming reac-
tions. For the elucidation of the absolute configuration,
complex and indirect chemical correlation networks need to
be constructed. Sommer built such a network within his
family of silicon-stereogenic silanes and was able to inter-
rogate the mechanisms of a range of alkylation and hydro-
silylation reactions.? As chemical correlation is not a require-
ment of our method, we were able to directly examine
examples of Si—C bond-forming reactions (Scheme 5). Both

hex-3-yne
(5.0 equiv)
MelLi [Pt(cod),Cly] .nHex
(2.0 equiv) Si»”HeX (5.0 mol%) §:3i
; ————— "D V\Et

g\sn,nHex
I\

D Me THF/EL,0 D H benzene
RT 60 °C Et
17: 96% Retention 1 Retention 18: 86%
synlanti = synlanti = synlanti =
69:31 71:29 71:29
[{Ir(cod)(OMe)},] nHex
H (5.0 mol%) <J :Si'
<;s| nHex (/\/O dtbpy (10 mol%) D —
D H S rzgrgorne_nt)e S
; i .0 equiv
(1.1equiv) (1.0 equiv) TH(?:
1 80 °C 19: 23%
synlanti = 71:29 Retention synlanti = 71:29

Scheme 5. Representative stoichiometric and catalytic Si—C bond-form-
ing reactions. cod = cycloocta-1,5-diene, dtbpy =4,4'-di-tert-butyl-2,2"-
bipyridine.

alkylation with MeLi (11—17) and Pt’-catalyzed alkyne
hydrosilylation (11—18) occurred with the expected retention
of configuration at the silicon atom. Catalytic dehydrogen-
ative C—H silylation has emerged as a powerful method for
the direct functionalization of arenes, heteroarenes, and
alkanes.! Current proposals as well as a recent detailed
mechanistic study® predict Si—H bond activation to occur
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through traditional oxidative addition and reductive elimi-
nation pathways. Based on this hypothesis, the process was
predicted to occur with retention of configuration at the
silicon atom. Obtaining experimental evidence of this impor-
tant mechanistic detail using traditional chiral triorganosilane
probes (cf. Figure 1, top) is likely to fail owing to the severe
structural constraints of the reaction with respect to the silane
component. Our silane, however, being fully alkyl-substituted
and sterically compact, is suitable for this task. Lu and Falck
have developed and optimized the Ir'-catalyzed C—H silyla-
tion of heteroarenes using triethylsilane.””’ We adapted these
conditions to couple silane 11 and benzo[b]thiophene (11—
19, Scheme 5). The reaction worked, and *H NMR analysis
revealed that it did indeed proceed with complete retention at
the silicon atom.

In conclusion, we have designed and employed a new type
of silane mechanistic probe to conveniently track the config-
uration at the silicon atom. The simple technique is fast to use
and overcomes the limitations of previous methods by
monitoring of the stereochemical changes by straightforward
NMR analysis. In future, a synthetic strategy that provides
access to silane 7 as a single isotopologue as well as
alternatively substituted examples will be devised. This
would further improve the sensitivity of the technique and
allow for quantitative analysis.

Keywords: configuration determination - hydrogenation -
isotopic labeling - reaction mechanisms - silicon
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