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The copper-catalyzed asymmetric hydrosilylation of ketones
is an efficient method for the synthesis of chiral enantiopure
secondary alcohols. Herein, we present a detailed computa-
tional study (DFT/B3LYP) of the copper(l)-catalyzed reaction.
In particular, the two transition states involved in the cata-
lytic cycle have been determined. The insertion of the ketone
into the Cu-H bond was found to have a lower activation

barrier than the reaction of the copper alkoxy intermediate
with the silane, which regenerates Cu-H along with the silyl
ether product. Our findings also reveal the importance of the
copper hydride dimer in controlling the reactivity toward the
ketone. The conclusions are supported by experimental
mechanistic investigations including kinetic studies, kinetic
isotope effect, and isotope labeling measurements.

Introduction

Asymmetric hydrosilylation of ketones with silane (Si—H)
catalyzed by chiral transition-metal complexes followed by
hydrolysis provides an efficient route to chiral enantiopure
secondary alcohols. It is considered as an alternative to
asymmetric hydrogenation to access such molecules.['-?I The
first examplest! in the early 1970s provided the basis for the
development of efficient rhodium-based catalysts with chi-
ral phosphanes, nitrogen-, or sulfur-containing ligands, sev-
eral of which afforded products with enantiomeric excesses
above 90%.1 Efficient systems using less expensive metals
such as ruthenium,® zinc,!” titanium,® or iron!®! have been
used with success.'”7 Brunner and Michling reported in
1984 the first example of copper-catalyzed asymmetric
hydrosilylation.[''! They found that a catalytic amount of
copper hydride in the presence of the DIOP ligand pro-
moted the hydrosilylation of acetophenone. Although the
enantioselectivities were found to be low (ee values up to
39%), these results first established that copper/diphos-
phane systems were promising catalysts for this type of re-
action. In 2001, Lipshutz et al. reported that the combina-
tion of the bidentate phosphane 3,5-xyl-MeO-BIPHEP with
copper hydride is an efficient catalyst for the hydrosilylation
of ketones (Scheme 1).['%13] The active species of the system
was formed in situ by the now well-established procedure
involving Cu(Cl, NaO7Bu, and diphosphane
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(Scheme 2).1'%¢141 High levels of enantioselectivity were ob-
served with a low catalyst loading and under mild condi-
tions. Moreover, polymethylhydrosiloxane (PMHS), an in-
expensive silane, was used as a stoichiometric source of hy-
dride. Lipshutz et al. later on established that bulky diphos-
phanes of the SEGPHOS family were also efficient ligands
for the hydrosilylation reaction.l'”) More recently, we re-
ported that the commercially available chiral phosphane BI-
NAP may be a suitable supporting ligand for highly enan-
tioselective copper-catalyzed asymmetric hydrosilylation re-
actions of ketone substrates.'!

Cat.: CuCl, BuONa

JOI\ chiral diphosphane )0;8'R3 MeOH OH
A" R J—H I
r ReSI—H AR KeCOs AR
(>1 equiv.)

Scheme 1. Asymmetric hydrosilylation of aryl alkyl ketones with
copper(I) as catalyst.

Surprisingly, there have been relatively few mechanistic
investigations on these Cu/phosphane-mediated hydro-
silylation reactions. It has been originally proposed that the
mechanism by which the ketone undergoes stereoselective
insertion into the Cu—H bond would involve a four-mem-
bered transition state. Another subsequent four-membered
transition state between the formed copper alkoxide and
silane Si-H would give the silyl ether as the product along
with regeneration of the Cu—H species (Scheme 3). Lipshutz
et al. investigated the nature of the reagent by spectroscopic
and chemical means and found that the originally proposed
catalytic cycle depicted in Scheme 3 does not explain several
of the key observations.I'”] In particular, no reaction was
observed when a stoichiometric amount of (Ph;P)Cu-H
along with 20 mol-% of BIPHEP ligand and propiophen-
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CuCl + tBuONa + L*

Scheme 2. In situ generation of the active Cu-H catalyst.

one were mixed in the absence of a silane (Scheme 4). Sub-
sequent addition of PMHS to the reaction mixture afforded
the expected secondary alcohol in high yield. On the basis
of these results, a silyl hydrido cuprate (A, Scheme 4) was
conjectured as the active species rather than a discrete cop-
per hydride/diphosphane system.

R5Si— L,Cu—H

o)
“CHR,

RsSiH
L,Cu—O._ _H

R R
Scheme 3. Originally proposed catalytic cycle.

On the basis of our studies on the copper-catalyzed
hydrosilylation reaction (with BINAP as the ligand), we
reached the same conclusion, i.e., the silane is most likely
an integral part of the catalyst. These preliminary studies
prompted us to propose either a pentacoordinate silicon in-
termediate of type B or a copper(IIl) intermediate of type
C as the active species.'” However, further studies were
clearly needed to fully understand the mechanistic pathway.

In order to provide a rational catalytic cycle of the cop-
per-catalyzed hydrosilylation of ketones, we have further in-
vestigated the mechanism of this reaction. We report here
the results of these detailed mechanistic studies, which com-
bine DFT calculations, kinetic studies, kinetic isotope effect
(KIE) studies, and isotope labeling studies.['®] They all sup-
port — with some supplementary details — the catalytic cycle
that was originally suggested.

L*-Cu—O1tBu + NaCl

RaSi—H

—_—

L*~Cu-H + RySi—OBu

Results

Theoretical Studies

DFT-B3LYP calculations were carried out on models of
increasing complexity for the catalyst, namely Cu(H)-
(PH3), (1a), Cu(H)[H.P(C4Hs)PH,] (1b), Cu(H)[H,P-
(Cleg)PHz] (lc), and Cu(H)[thP(Cleg)Pth] (ld) As
the four models turned out to yield similar results,['”] we
will concentrate here on systems that lie at the two ends of
this complexity scale, namely Cu(H)(PH3), (1a) and
Cu(H)[Ph,P(C,,Hg)PPh,] (1d). The ketone was modeled by
either acetone or acetophenone, and the silane by SiH,Me..
Note that we considered for 1d a (R)-[Ph,P(C,,Hg)PPh,]
ligand, as in the experimental studies. For the sake of sim-
plicity, we will denote in the following the (R,R) and (R,S)
diastereoisomers of the products, intermediates, and transi-
tion states by (R) and (S) respectively, according to the chi-
rality of the carbon atom of the acetophenone.

The energetic results obtained for the reactants, interme-
diates, transition states, and products of the conventional
catalytic cycle (Scheme 3), with catalysts la and 1d, are
summarized in Table 1. The corresponding free energy pro-
file for 1d and acetone is given in Figure 1. Starting from
the three model reactants, namely the bis(phosphane) cop-
per hydride catalyst, Me,CO, and SiH,Me,, we first ob-
tained a weak adduct between the copper complex and ace-
tone, with a stabilization enthalpy of 5.1 and 6.3 kcalmol™!
for 1a and 1d, respectively. Note that this precursor is some-
what destabilized with respect to the reactants when en-
tropic effects are taken into account with the underlying
assumption that all molecules are in the gas phase (Table 1).
Such an assumption is known to yield an entropy decrease
that is too large, however, and the true AG value for the
adduct lies more likely closer to the AE or AH values.””!

9] excess (PhsP)CuH OH
20 mol-% Ligand PMHS
Et - No Reaction — > Et
No silane, -50°tor.t.,, 4 d 0° overnight
Ligand = 3,5-xyl-MeO-BIPHEP >91% conversion
Suggested active species:
F’\ ,H —I R Hao R /SiR3
P’ 'SiRg RaSi p H P H
A B (o

Scheme 4. Impact of the silane on ketone reduction and suggested active species that may explain the unexpected unreactivity of CuH

with propiophenone.
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We also found other adducts with various geometries be-
tween the copper complex and SiH,Me,, but their stabiliza-
tion energy was smaller by about 4 kcalmol ! (vide infra).
The geometry of the [bis(phosphane)copper hydride]--
Me,CO adduct does not correspond to a copper—ketone ©
complex, because, as shown in Figure 2, the C=0 bond and
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the Cu-H bonds are almost coplanar (the O—C-Cu—H dihe-
dral angle is 7.4°). The oxygen atom sits at the apex of the
copper, and the carbon atom is at the apex of the hydride,
the corresponding distances being 3.207 A and 3.170 A,
respectively. These values show that the Cu—O bond is not
made yet and that the geometry is more likely due to di-

Table 1. Free energy differences and enthalpy differences (in kcalmol ') between the reactants and the intermediates and transition states
of the hydrosilylation reactions of acetone and acetophenone catalyzed by [Cu(H)(PH3),] (1a) and CuH[Ph,P(C;,Hg)PPh,] (1d). The
model silane is SiH,Me, in both cases. The zero of energy refers to the separated reactants.

Rz = (CH3)2 la 1d

AG AH AG AH
CuHL, + R,CO + SiH,Me, 0.0l 0.0 0.0fal 0.0
CuHL,R,CO + SiH,Me, +4.4 5.1 +5.3 6.3
TS1 + SiH,Me, +15.6 +1.5 +13.8 -2.1
CuL,(OCHR,) + SiH,Me, -6.5 -18.9 8.7 -22.3
CuLz(OCHRz)"'SinMez -0.7 -22.2 - -
TS2 +24.3 4.1 +28.4 -0.4
CuHL,*«(HMe,SiOCHR,) 1.3 -30.5 - -
CuHL, + (HMe,SiOCHR,) ~16.1 28.7 ~16.1 28.7
Rz = (CH‘;)(CSHS) la 1d

AG AH AG AH
CuHL, + R,CO + SiH,Me, 0.0°1 0.0 0.0 0.0
CuHL,R,CO + SiH,Me, +5.5 41 +6.7 (R), +6.1 (S)  —4.5 (R), —4.4 (S)
TSI + SiH,Me, +16.1 +2.8 +15.3 (R), +16.0 (S)  +0.3 (R), +1.6 (5)
CuL,(OCHR,) + SiH,Me, 73 185 9.5 (R), 8.1 (S) 23.4 (R), -20.3 (S),
CuL,(OCHR,)~+SiH,Me, 03 213 - -
TS2 +25.1 13 +31.0 (R), +24.4 (S) 3.5 (R), ~2.9 ()
CuHL,(HMe,SiOCHR ,) 21 258 - -
CuHL, + (HMe,SiOCHR,) 144 259 _14.4 (R), -14.4(S) 259 (R), ~25.9 (S)

[a] The sum of the B3LYP total free energies (in au) of the reactants 1 + (CH3),CO + SiH,Me, are: —2890.79617 (for 1a), —4275.48940
(for 1d). [b] The sum of the B3LYP total free energies (in au) of the reactants 1 + CH3;COC4Hs + SiH,Me, are: —3082.48563 (for 1a),

—4467.17886 (for 1d).
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Figure 1. Free energy profile for the hydrosilylation reaction of Me,SiH, with Me,CO catalyzed by [Ph,P(C,,Hg)PPh,]CuH.
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polar attractive interactions. However, the copper complex
and the ketone are perfectly aligned to undergo the inser-
tion process that leads to the alkoxy Cul,-
(OCHMe,) intermediate. Despite its 6> + n> nature, which
makes it formally forbidden in the Woodward-Hoffmann
sense, the one-step process in this weak precursor is rela-
tively easy: the computed free energy barrier from the sepa-
rated reactants is 15.6 and 13.8 kcalmol™!' for 1a and 1d,
respectively. Similar values are found when the ketone is
acetophenone. As shown in the interaction diagram in Fig-
ure 3 (based on a thorough analysis of the wave function),
this relatively low barrier is the result of a two-electron sta-
bilizing interaction between the empty m* orbital of the
ketone and the doubly occupied Cu-H c-bond orbital that
more or less counteracts the four-electron repulsive interac-
tion between the doubly occupied 7 orbital of acetone and
the doubly occupied o*-bond orbital of Cu-H. As far as
the enantioselectivity of this step is concerned and in the
case of the reaction of 1d with acetophenone, one may note
that the most stable diastereoisomeric form of the transition
state [the (R) one] leads to the most stable diastereoisomer
for the alkoxy intermediate. Figure 4 shows these (R) and
(S) transition states. In the (R) transition state, the aceto-
phenone comes slightly closer to the copper hydride com-
plex than in the (S) transition state: the Cu-+O and H---C
distances are to 2.35 A and 1.87 A, respectively, in the (R)
form and 2.37 and 1.90 A, respectively, in the (S) form. One
also finds shorter distances between the phenyl group of
acetophenone and the ortho and meta hydrogen atoms of
the phenyl group in the [Ph,P(C,,Hg)PPh,] ligand.

Figure 2. Optimized structures (DFT-B3LYP/BSI) of the adduct
between acetone and [Ph,P(C,Hg)PPh,]CuH.

The alkoxy complex may then very weakly interact with
the silane before undergoing the c-bond metathesis that
yields the silyl ether product and restores the Cu(H)L, cata-
lyst. We again found an adduct between the alkoxy interme-
diate and the silane for both Cu(PH;),(OCHMe,) and
Cu(PH;),(OCHC4H;sMe), stabilized by a few kcalmol™!
(AH value, see Table 1). We did not optimize such an ad-
duct in the case of catalyst 1d, because of the computational
time required, but one may reasonably expect its presence
from the similar results found for 1a and 1d for the other
results (Table 1). The o-bond metathesis step appears to be
driven by the formation of the silyl ether product: the cou-
pling between Me,CO and SiH,Me, is exoergic by
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Figure 3. Orbital interaction diagram between the frontier orbitals
of the bis(phosphane) copper hydride complex and of a ketone.

16.1 kcalmol™!. Yet the associated barrier is relatively high,
especially in the case of the more realistic 1d catalyst (see
Table 1 and Figure 1). The corresponding transition state
is the highest point on the whole energy profile, 31.0 and
24.4 kcalmol™! above the separated reactants for the cou-
pling reaction between C¢HsMeCO and SiH,Me, catalyzed
respectively by the R and S enantiomers of Cu(H)-
[Ph,P(C,,Hg)PPh,] (Table 1). This rather high barrier is
best explained, as shown in the schematic interaction dia-
gram in Figure 5, by a four-electron destabilizing interac-
tion between the double d.. orbital of CuL,(OCHR,) and
a Si—H bonding orbital of SiH,Me, (based again on a thor-
ough analysis of the wave function). There is also a four-
electron destabilizing interaction between the HOMO of the
SiH,Me, and the out-of-plane lone pair of the OCHR, li-
gand, but the antibonding combination of these two orbit-
als is stabilized by an in-phase mixing of the LUMO of
the deformed silane. It is interesting to note here that the
deformation around the silicon atom in the transition state
is such that one gets a trigonal-bipyramidal geometry,
known to be a stable geometry for pentavalent silicon com-
pounds.?!] Indeed, as shown in the Scheme 5, the three-
orbital mixing depicted in Figure 5 yields for the HOMO of
the transition state the typical nonbonding orbital of such
compounds.[*?l The relative facility of Si to achieve hyper-
valency, also from a steric point of view,!?*! is therefore one
of the factors that accounts for a barrier not too high in
energy.

Figure 6 shows the optimized geometries, in the case of
1d, for the two diastereoisomeric forms of transition state
TS2. In contrast to the results obtained for TSI, there is

Eur. J. Inorg. Chem. 2010, 529-541
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Figure 4. Optimized structures (DFT-B3LYP/BSI) of the (R) and (S) transition states for the insertion of acetophenone in the Cu-H

bond of [thP(Cleg)Pth]CuH

M
< P, IH—‘S‘TRAE Me
Cu—0 P, 1 HY H-Si”
P %hR, C by P
P CHR,

Figure 5. Orbital interaction diagram between the frontier orbitals
of [thP(C]zHg)Pth]CuOCHRZ and SinMez.

Scheme 5.
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now a rather large energy separation between these two, the
(R) diastereoisomeric form being destabilized with respect
to the (S) diastereoisomeric form by more than
6 kcalmol™!, regardless of whether entropic effects are taken
into account (see Table 1). Figure 6 clearly shows the main
reason for this destabilization: In the (S) form, the phenyl
ring of the phenylethoxy ligand and the O-C bond are
roughly coplanar (the O-C-C,,,;,,—H,,s, dihedral angle is
—-19.7°), due to the existence of a hydrogen bond between
the ortho hydrogen of the phenyl ring and the oxygen atom.
In the (R) form, the ortho hydrogen atom cannot form such
a hydrogen bond because of strong steric repulsions of this
phenyl ring with one of the phenyl rings of the ancillary
[Ph,P(C;,Hg)PPh,] diphosphane ligand (the one at the rear,
almost hidden by the Cu—O bond in Figure 6). The phenyl
group of the phenylethoxy ligand is therefore turned up, the
0-C-C,,n—Hymno dihedral angle now being 53.2°. Note
that such a discriminating feature is not present for the TS1
transition state, in which the acetophenone moiety has, as
expected,>*29 its phenyl ring and the C=0 bond roughly
coplanar in both (R) and (S) forms (see Figure 4). Quite
interesting is also the fact that in gaseous acetophenone the
experimental and theoretical values for the torsional barrier
around the Cppeny~Cearbony1 bond range between 3.1 and
5.6 kcalmol 1.[21:22]

From the results in Table 1, it is also clear that the ener-
getic results do not change appreciably on going from L, =
(PH3), to L, = [Ph,P(C,,Hg)PPh,] and on going from ace-
tone to acetophenone. The same is true for the results, not
reported here, that were obtained for the two other models
of the catalysts.['”) One finds some variations, but they do
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O Ph ph H—SiHMe,
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\
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Figure 6. Optimized structures (DFT-B3LYP/BSI) of the (R) and (S) transition states for the insertion of SiH,Me, in the Cu-O bond of

[Ph,P(C,,Hg)PPh,]Cu-OCHMePh.

not exceed a few kcalmol™'. In particular, the second step
remains the most difficult step. At this stage one may stress
that improving the size of the basis set and/or taking into
account the scalar relativistic effect by the use of a pseudo-
potential also did not alter our conclusions. This is best
exemplified by the values obtained with BSII, BSIII, or
BSIV for the first step of the reaction with 1la or 1b
(Table S1 of the Supporting Information). We also carried
out CCSD(T) single-point calculations for the Cu(H)-
(PH3),*OCMe, — Cu(PH;),(OCHM,) acetone insertion
reaction and found no influence of the basis set and a de-

crease in the energy barrier by a few kcalmol™! only (see
Table S1). Moreover, recent calculations performed for vari-
ous isomers of [Cu(PhOH)]* did not reveal severe discrep-
ancies with the results obtained at the DFT and CCSD(T)
levels.?”!

As far as the reaction mechanism is concerned, we
checked (for 1a) our previous suggestion that a pentacoor-
dinate silicon intermediate of type B or a copper(IIl) inter-
mediate like C might be involved (Scheme 4). We did not
succeed in optimizing such intermediates. All attempts led
invariably back to structures corresponding to Cu(H)-

(R.R)

O Ph ph Ph Ph O
P H \Ié
~ why, -
CU‘H'CU‘P

P/
N /\
Ph Ph Ph Ph

(R.S)
Ph ph Ph Ph
0 bh
pOuy iou
N /\
Ph Ph Ph Ph

Figure 7. Optimized structures (DFT-B3LYP/BSI) of the (R,R) and (R,S) {[Ph,P(C,,Hg)PPh,]JCuH}, diastereoisomers.
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(PH3), + SiH,Me,, in which the silane interacts very weakly
with the copper complex.['”) The stabilization energy for
these adducts is found to range between 2.2 and
3.5 kcalmol ™, i.e., values which are even lower than that
obtained for the adduct between Cu(H)(PH3), and
O:CMez.

We finally investigated the dimer of -catalyst 1d,
{Cu(H)[Ph,P(C,,Hg)PPh,]},, for which two diastereoiso-
meric forms, either R,R or R,S, are possible. The optimized
structures are shown in Figure 7. They are more stable than
two monomers by 30.5 and 25.5 kcalmol™!, respectively
(AH value). These values are of course strongly reduced by
entropic effects, down to 13.7 and 9.2 kcalmol!. Note that
taking into account basis set superposition error effects
would reduce this value further. Quite interestingly too, the
R,R diastereoisomer is more stable than the R.S dia-
stereoisomer by 4.5 kcalmol™! (AG value, the AH value is
4.9 kcalmol '), owing to less steric hindrance in the homo-
chiral stereoisomer.

Mechanistic Investigations

Influence of the Temperature on the Selectivity: The tem-
perature dependence of the catalyst performance was
studied for the hydrosilylation of acetophenone for the tem-
perature range from —78 °C to 23 °C by using CuCl/Na-
O1Bu/(R)-BINAP as catalyst (5 mol-%) and (o-tol)PhSiH,,
PhMeSiH,, or Ph,SiH, as the silane. In all cases, a linear
relationship was observed between the temperature and the
enantiomeric excess, which is consistent with a selectivity
determining step that remains the same over the whole tem-
perature range (see Figure S8 in the Supporting Infor-
mation).

Kinetic Studies: In order to gain more insight into the
mechanism, we conducted kinetic studies on two different
catalytic systems, namely CuCl/NaO7Bu/BINAP and CuCl/
NaO¢Bu/DMDP [DMDP = 1,3-dimethyl bis(diphosphan-
yl)propane]. Conversion of acetophenone into the product
was monitored by 'H NMR spectroscopy as a function of
time at a constant temperature with PhMeSiH, as the hy-
dride source. We then determined the initial rate values
from an exponential fitting analysis of the conversion
curves. For each component (silane, substrate, and precata-
lyst), we measured the initial rate at five different initial
concentrations, while keeping the concentrations of the
other reactants constant. Thus the kinetic dependence mea-
sured at 298 K in deuteriobenzene was found to obey first
order in silane, first order in ketone, and half order in cata-

o CuCl/NaO#Bu/Ligand

1 mol%
M ( o)

Ph,SiH, (1 equiv.)
Ph,SiDs (1 equiv.)

Ligand = BINAP or DMDP

Eur|IC
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lyst. For example, Figure 8 displays the linear dependence
between v; and the square root of the total concentration
of copper with DMDP as ligand, which indicates that a
dimer most likely equilibrates with a small quantity of
monomer catalyst, which is the active catalytic species. The
same profile was confirmed with the BINAP ligand, which
contradicts with our preliminary conclusions (conducted
with less data).[16]

0.14

0.12 -

0.1 - A

0.08 -

0.06

0.04 -

Initial Rate (mM/min)

0.02 A

0 0.05 0.1
[cat.]o'5

0.15 0.2

Figure 8. Plot of the initial rates of reaction (mm/min) vs. the
square root of the initial concentration of copper/DMDP catalyst
(mol/L). The initial concentrations of the other reactants were con-
stant.

Kinetic Isotope Effect: The KIE in the hydrosilylation of
acetophenone was also investigated with the two different
diphosphanes. One equivalent of acetophenone was allowed
to react with one equivalent of silane Ph,SiH, and one
equivalent of the corresponding deuteriosilane Ph,SiD, by
using the catalytic systems CuCl/tBuONa/BINAP or CuCl/
tBuONa/DMDP. The degree of deuteriation in the alcohol
was determined by '"H NMR spectroscopy. A product ratio
of 2 to 1 for proton and deuterium incorporation, respec-
tively, was measured, thus giving an isotope effect of ky/kp
= 2.0 (Scheme 6). In another experiment, we measured the
initial rate values by using either Ph,SiH, or Ph,SiD, as a
silane source and confirmed the ky/kp value: the ratio be-
tween the initial rates was found to be vjqy)/vipy = 2. This
observed primary KIE is similar to that observed in the
reduction of sulfoxide by silane, where the cleavage of a Si—
H bond in a four-membered ring transition state is believed
to be the rate determining step.’®! Chan and Zheng also

OSiHPh, B
Me NaOH
—_— Me
HD MeOH H/D
Kufkp = 2.0

Scheme 6. Isotope effect on the hydrosilylation of acetophenone (solvent: toluene).
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observed such a KIE in rhodium-catalyzed hydrosilylation,
where the ketone inserts into the Si—-H bond to yield an
alkoxysilyl intermediate.[>"!

Isotope Labeling: To examine whether a discrete Cu-H
species is the active intermediate that may interact with the
ketone to form the corresponding copper alkoxide, we con-
ducted several deuterium labeling studies. Indeed, on the
basis of the originally proposed catalytic cycle, the Cu-H
hydride should bind to the C=0 carbon of the ketone sub-
strate. Therefore, stoichiometric experiments that may pro-
vide support for this pathway were carried out. Reaction of
a stoichiometric amount of LCu-H (L = diphosphane) with
one equivalent of ketone and one equivalent of deuteriated
silane should lead to the hydrogenated product R'CH(OH)-
R? (Scheme 7). On the other hand, the reaction of LCu-D
with the ketone and hydrogenated silane should afford the
deuterium-enriched product R!CD(OH)R2. Other sug-
gested mechanistic pathways (i.e. Scheme 4) may lead to H/
D scrambling with an H/D ratio resulting from the KIE.
We conducted such experiments with BINAP and DMDP
as phosphane ligands, and the results are summarized in

Table 2. When BINAP was used as ligand, the H/D ratio in
the product was found to be independent of the reagents:
H/D ratios of 64:36 and 60:40 were observed. In contrast,
with DMDP as ligand, 80% hydrogen incorporation was
observed with (DMDP)Cu-H as reagent and 76% deute-
rium incorporation was observed when (DMDP)Cu-D was
used. Thus, whereas the use of DMDP as ligand cleanly
confirms the classical pathway, that of BINAP leads to val-
ues close to the KIE. This different behavior may be ex-
plained by a possible scrambling of deuterium between
LCu-H and Si-D (or LCu-D and Si-H), which can be con-
sidered as an interfering reaction (Scheme 8). We could
quantify this scrambling rate by '"H NMR spectroscopic ki-
netic studies. The reaction of H/D scrambling between
Ph,SiD, and PhMeSiH, was studied in the presence of
1 mol-% of CuCl/NaO¢Bu/BINAP or CuCl/NaOrBu/
DMDP in Cg¢Dg as solvent. It appeared that the H/D
scrambling is much faster than the hydrosilylation reaction
in the case of BINAP. The scrambling is somewhat less im-
portant with DMDP, which is consistent with the observed
results.

R o RsSi—O -SiRs R
\ \ H,O
( cu-Q + I — = ? * ( Cu-O :
P R'”TR2 1 p
R
R2
Q/O HDorDH
Q/ R2
. R R
via /Cu—O
P

Scheme 7. Stoichiometric H/D labeling experiments.

Table 2. Stoichiometric H/D labeling experiments with BINAP or DMDP as phosphane. Experimental conditions: acetophenone as
substrate, toluene as solvent, reaction performed at —78 °C, ¢ = 0.0125 mmol/mL.

OH
Produ_ctb Me
H/D ratiolb] H/D
Experiment(a] BINAP DMDP
R
acetophenone + C Cu—H + PhySiD, 64 : 36 80: 20
P
N
acetophenone + ( Cu—D * PhySiH, 60 : 40 24 .76
P

[a] See Experimental Section for details. [b] Determined by 'H NMR spectroscopy.

SoW
X

BINAP
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R R
C Cu-H + RgSI—D ( Cu-D + RgSi—H
P P

Scheme 8. H/D scrambling that may interfere with the stoichiomet-
ric labeling experiments.

Equilibrium between Copper Alkoxide and Copper Hy-
dride? In the generally accepted mechanism, the copper hy-
dride species is proposed to react with the ketone substrate
by insertion of the carbonyl group into the Cu-H bond,
this step determining the stereochemical outcome of the
hydrosilylation reaction. The question of reversibility of this
step may be of particular interest. To examine whether equi-
librium exists, we reacted racemic BINAP with one equiva-
lent of CuCl in the presence of one equivalent of sodium
(R)-1-phenylethanolate (99% ee) in toluene at room tem-
perature. After stirring for three hours, diphenylsilane was
added, followed by hydrolysis with a NaOH/MeOH solu-
tion (Scheme 9). The resulting solution was analyzed and
no acetophenone was observed; in addition, the starting 1-
phenylethanol was recovered in quantitative yield by flash
chromatography. Chiral GC analysis revealed that the enan-
tiomeric excess remained unchanged (99% ee), which sug-
gests that ketone insertion into the Cu-H bond is an
irreversible step.

ONa

@A oH
NaOH -
toluene, r.t. ©/\
-NaCl

MeOH
no racemisation

(rac)-BINAP + CuCl

Scheme 9. Investigation of the equilibrium between copper alk-
oxide and copper hydride.

Discussion

The in situ reaction of CuCl, NaO7Bu, and phosphane
followed by the addition of a silane is an easy way to gener-
ate copper hydride species (Scheme 2), and this has been
well documented by now.['%I It is established that the ligand
should be present prior to silane addition since nonligated
Cu-H is regarded as unstable. Although there are plenty of
examples of in situ generation of (phosphane)Cu-H species,
only very few examples of such species have been fully char-
acterized. We note that in the solid state only two well-de-
fined Cu-H complexes have been characterized by X-ray
crystallography (with phosphane as the supporting ligand).
The (PPh;)CuH species (“Stryker reagent”)i?’! was deter-
mined to be a [(PPh;)CuH]s hexamer in 1971 by Osborn.[3%
Later on, Caulton found that a triphos type ligand could
act as a dipode with copper to give a dimeric species.*!1 We
also note that, more recently, an N-heterocyclic carbene was
used to stabilize Cu-H, and the resulting complex was
found to be also dimeric (Figure 9).3%-33
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Figure 9. [LCu-H] species that have been characterized by X-ray
crystallography.

The Stryker reagent [(PPh;)CuH]s has been studied in
solution, and its '"H NMR spectrum displays a Cu-H hy-
dride resonance at 6 = 3.52 ppm in C¢Dg.*4 Lipshutz et al.
highlighted the difficulty to isolate and characterize such
diphosphane complexes. More recently, they studied by 'H
NMR spectroscopy the in situ reaction of copper acetate,
PMHS, and SEGPHOS ligand and tentatively assigned a
new peak at & = 2.55 ppm as the hydride. Unlike Stryker’s
reagent, all attempts to locate the Cu—H with BINAP as
ligand failed. Numerous attempts to crystallize such species
by different techniques (layering, temperature cooling, or
solvent evaporation) resulted in all cases to the formation
of crystals of the free BINAP. The use of DFT calculations
revealed to be much more informative.

A salient feature of these calculations is that, regardless
of the modeled catalyst and the ketone, the first step of the
catalytic process, that is, the insertion of the ketone into the
Cu-H bond to yield an alkoxy intermediate, is rather facile,
and more so than the second step involving the silane. This
may appear somewhat contradictory with our experimental
observations and those of Lipshutz et al., which point to
the absence of reaction between a stoichiometric amount
of the hydrido copper complex and the ketone.'>! We can
rationalize this feature by the presence of a pre-equilibrium
between the hydrido copper complex and its dimer. The cal-
culations carried out for Cu,(pu-H),(PH;3)4 and Cu,(p-H),-
[Ph,P(C;,Hg)PPh,], suggest that the dimeric form is more
stable than the monomeric one by a few kcalmol™! and as
stable as the alkoxy intermediate. The kinetic studies also
support the formation of a dimeric [LCu—H], species, as a
half-order dependence on catalyst concentration was ob-
served. It is noteworthy that sterically crowded diphos-
phane/Cu systems display higher catalytic activity, which
may reflect their decreased tendency to aggregate.l10¢-33

Additional elements regarding the dimerization of the
catalytically active species may be obtained from experi-
ments in which the enantiomeric excess of the starting li-
gand was varied.[3®] Akin to Lipshutz et al.,l'! a linear rela-
tionship between the ee of product and the ee of the ligand
was observed at —78 °C and at room temperature.’”7 How-
ever, the absence of a nonlinear effect may be possible if the
homo- and heterochiral dimers exhibit a similar stability
and if they also have an equal propensity for dissociation
into catalytically active monomers.’¥ According to the
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DFT computations, the homochiral dimer (R,R) of the cat-
alyst {Cu(H)[Ph,P(C;,Hg)PPh,]}, (1d) is more stable than
the heterochiral dimer (R,S) (Figure7) by only
4.5 kcalmol™'. This confirms the assumption that the
homo- and heterochiral dimers exhibit a similar stability,
as observed in dialkylzinc addition to benzaldehydel**! and
accounts for the absence of nonlinear effects.

Scheme 10 displays the overall catalytic cycle as deduced
from our theoretical studies. These results suggest that
ketone insertion is the enantioselectivity determining step
(Step I). Further calculations with acetophenone as the
ketone substrate showed that the (R) configuration of BI-
NAP would favor the diastereomeric form that give rise to
the (R)-1-phenylethanol, which is consistent with the exper-
imental results (see Figure 4).141 However, this step would
be the enantioselectivity determining step only if the reac-
tion is irreversible, which appears to be the case on the basis
of the in situ reaction of racemic BINAP, CuCl, and
enantiopure sodium (R)-1-phenylethanolate. An equilib-
rium between the copper alkoxide and the copper hydride
would lead to a racemization of the alkoxide, which is not

observed in the present case.[*!]
L, _H, L
Cu_ Cu
L/ \H/ \L
Step Il Step |
rate limiting step | enantioselectivity
determining step
L,
i— Cu-H
R3SI O\CHR2 v o
O
=g
RsSiH L
L'Cu O\(,,H L t
R Cu-H
) R i
H—SiR; O-CR,
'Cu-O.
" USCHR,

Scheme 10. Catalytic cycle displaying the two steps in the copper-
catalyzed hydrosilylation process.

Step II, which corresponds to the reaction of the copper
alkoxide with the silane to form the silyl product and regen-
erate copper hydride, is found to be the rate determining
step. Investigation of the kinetic isotope effect in the hydro-
silylation of acetophenone also supports this step as the rate
limiting one. Thus, the ky/kp value of 2 is consistent with
the interaction of Cu alkoxide with the Si-H bond to yield
the product and regenerate the Cu—H species via transition
state TS2.4? The free energy barriers computed for the
model systems may be considered somewhat too high if one
takes into account the fact that, experimentally, the overall
reaction seems to occur rather easily. We have already men-
tioned that the inclusion of the entropic effects with the
underlying assumption that all molecules are in the gas
phase leads to an entropy decrease that is too large for asso-
ciative processes and therefore to free energy differences
that are too positive. Another factor might be the use of
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SiMe,H, to model the silane. The silanes that are used ex-
perimentally all bear at least one aryl group, which might
give rise to some additional stabilizing interactions.

We finally conducted an isotope labeling experiment that
allowed us to follow the hydride pathway in the Cu—H spe-
cies. Stoichiometric reaction of in situ generated LCu-H
with acetophenone, followed by addition of one equivalent
of hydrogenated silane, leads to incorporation of deuterium
in the product, whereas reaction of LCu-D with aceto-
phenone, followed by addition of one equivalent of deuter-
iated silane, leads to incorporation of hydrogen in the prod-
uct (Scheme 7). In addition, the latter experiment also ruled
out our originally postulated intermediates displayed in
Scheme 4.

Conclusions

The combination of theoretical and experimental studies
provides a insightful mechanistic proposal for the enantio-
selective hydrosilylation of ketones catalyzed by copper di-
phosphane complexes. The data presented here support a
mechanism in which the rate limiting step is the formation
of the silyl ether product and concomitant regeneration of
copper hydride species. On the other hand, the enantio-
selectivity determining step is the reaction of the prochiral
ketone with the copper hydride species. The fact that the
copper hydride species does not react with a stoichiometric
amount of ketone may be due to aggregation of the Cu-H
species. Thus, the reaction occurs only in the presence of a
silane, which is the driving force of the reaction leading to
the formation of a stable silyl ether product.

Experimental Section

Computational Details

The calculations were carried out at the DFT-B3LYP level®¥! with
the Gaussian 03 program. 4 The geometries of the reactants, prod-
ucts, intermediates, and transition states were optimized by the gra-
dient technique, using first the 6-31G** basis set*’! for the nonme-
tallic atoms and for Cu, the Karlsruhe def2-SVP basis set,®) which
we modified slightly by contraction of the 5d GTO set [3,1,1] in a
TZ type fashion, following an earlier recommendation of Ahlrichs
et al.¥7] This basis set will be referred to as BS-1. The nature of the
optimized structures, either transition states or intermediates, was
assessed through a frequency calculation. The changes of Gibbs
free reaction energies were obtained by taking into account zero-
point energies, thermal motion, and the entropy contribution at
standard conditions (temperature 298.15 K, pressure 1 atm) from
the B3LYP/BSI//B3LYP/BSI calculations.

We tested the effects of larger basis sets in pilot calculations and
for some selected intermediates and transition states of the catalytic
cycle (vide supra). We first combined the 6-311++G** for the non-
metallic atoms®! with either the Karlsruhe def2-TZVP basis set
(BS-II) or the Stuttgart quasi-relativistic pseudopotential and SDD
basis set of Dolg et al. for Cu (BS-III).[*) We also checked the
TZVPP basis set!®! for all atoms (BSIV), which was used by Oestre-
ich et al. in their recent theoretical study of the copper-catalyzed
alcohol silylation.[®! Either the optimized geometries or the ener-
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getic results turned out to be quite similar. Finally, single-point
CCSD(T) calculations (which can be considered as state of the art
calculations) were carried out for a few intermediates and transi-
tion states involving the smallest catalyst 1a. Here too, the energy
differences were not severely affected. We will therefore concentrate
our discussion on the B3LYP/BS-I results.

General Procedures: All experiments were carried out under N, by
using standard Schlenk techniques or in a Mbraun Unilab
glovebox. THEF, dichloromethane, and toluene were first dried
through a solvent purification system (MBraun SPS) and stored
for at least a couple of days over activated molecular sieves (4 A)
in a glovebox prior to use. CD,Cl, and C¢Dg were purchased from
Eurisotope (CEA, Saclay, France), degassed under a N, flow, and
stored over activated molecular sieves (4 A) in a glovebox prior to
use. (R)-1-phenylethanol was purchased from Fluka. DMDP phos-
phane was provided by Clariant (Huningue). NMR spectra were
recorded with Bruker AC 300 or 400 MHz NMR spectrometers.
'H and '>C NMR chemical shifts are reported vs. SiMe4 and were
determined by reference to the residual 'H and '3C solvent peaks.
Gas chromatography analysis was performed with a chiral capillary
column Chiraldex B-PM, 50 m X 0.25 mm.

Representative Procedure for the Hydrosilylation of Acetophenone:
(Example from Figure 1) A Schlenk tube was charged with CuCl
(0.025 mmol), NaO-tBu (0.025 mmol), and (R)-BINAP
(0.025 mmol). Dry toluene (5.0 mL) was added under argon, and
the solution was stirred for 20 min at room temperature. After cool-
ing to —78 °C, the silane (PhMeSiH,, 1.0 mmol) was added drop-
wise, followed by the acetophenone (0.5 mmol). The yellow solu-
tion was stirred at —78 °C for 16 h. Upon completion of the reac-
tion, a solution of NaOH in methanol was added (2 mL, 1.0 m),
and the resulting mixture was stirred for 1 h at room temperature.
Column chromatography provided the desired alcohol (60.4 mg,
99% yield). GC analysis on a chiral column gave a 93% ee (R).
The absolute configuration was determined by comparison of the
optical rotation with literature values.

Kinetic Studies: Hydrosilylation studies were carried out at 298 K
with [Dg]benzene as solvent. The general procedure was followed,
and the solution was transferred into an NMR tube with a Teflon
valve. The sample was allowed to stand at 298 K before the desired
silane was added at #y. The progress of the reaction was monitored
by measuring the disappearance of the ketone and the appearance
of the product by 'H NMR spectroscopy. The initial rates of the
various reactions were determined from an exponential fitting
analysis of the conversion curves.

Kinetic Isotope Effect: The general procedure for the hydro-
silylation of acetophenone was followed, and a 1:1 ratio stock solu-
tion of the silane (Ph,SiH,) and the deuteriosilane (Ph,SiD,) was
used. The crude mixture and the purified product were used to
measure the ratio of nondeuteriated and deuteriated products by
comparing the integrations in the 'H NMR spectrum of
PhCH(OZ)CH; (q at 6 = 4.78 ppm) and PhCH(OZ)CH; +
PhCD(OZ)CHj; (pseudo-s+d at 6 = 1.38 ppm). Independently, the
initial rates of hydrosilylation of acetophenone were determined
with Ph,SiH, or Ph,SiD, as silane and by using the representative
procedure.

Isotope Labeling (Representative Procedure): In the glove box, a
Schlenk tube was charged with CuCl (0.25 mmol), NaOrBu
(0.25 mmol), DMDP (0.25 mmol), and dry toluene (20 mL). The
Schlenk tube, equipped with a stirring bar and a septum cap, was
then taken out of the glove box, and the solution was stirred for
30 min at room temperature. The desired silane (Ph,SiD,,
0.25 mmol) was added dropwise, and the resulting solution was
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stirred for 2 h at room temperature (the color changed to yellow).
The Schlenk tube was then cooled to —78 °C, and acetophenone
followed by Ph,SiH, (0.25 mmol each) were added. The resulting
solution was allowed to react at this temperature for 1 h. A solution
of NaOH in methanol was added, and the resulting mixture was
stirred for 1 h at room temperature. After evaporation of the sol-
vents, the product was purified by flash column chromatography,
which afforded 1-phenylethanol in 98% yield. The H/D ratio was
determined by "H NMR spectroscopy, which revealed 76% of deu-
terium incorporation.

Racemization Experiment with Enantioenriched 1-Phenylethanol: In
a glove box, a Schlenk tube was charged with CuCl (0.25 mmol),
racemic-BINAP (0.25 mmol), and sodium (R)-1-phenylethanolate
(99% ee). Dry toluene (20 mL) was added, and the resulting solu-
tion was stirred for 3 h (the color changed to yellow, and a white
precipitate appeared). Diphenylsilane (0.3 mmol) was added fol-
lowed, after 30 min, by a solution of NaOH in MeOH. After evap-
oration of the solvents, the crude product was purified by flash
column chromatography to give the 1-phenylethanol in 94 % yield.
Chiral GC analysis revealed an >99% ee.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details for the kinetic studies, plot of observed
ee of product as a function of ee of the ligand, influence of the
temperature on the selectivity. Tables of energies and Cartesian co-
ordinates for all structures (XYZ).
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