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The plausibility of the catalytic cycle suggested for the hydrosilylation of ketones by Cu(I) hydrides has
been investigated by a theoretical DFT study. A model system made up of a CuH(PHs), catalyst, acetone
and SiH,4 gives us the necessary insight into the intrinsic reactivity of the system. This reactivity is con-
firmed, by introducing the more rigid CuH[C4H4(PH,),] catalyst, as well as tetra-coordinated, CuH(PHs)3
and CuH(PH3)[C4H4(PH>),] compounds. Computations show the activation of the copper fluoride pre-cat-
alyst, as well as both steps of the catalytic cycle to involve a 4 center metathesis transition state as sug-
gested in literature. These results show the reaction to be favored by the formation of a Van der Waals
complex resembling the transition states. The formation of these latter is induced by stabilizing electro-
static interactions between those atoms involved in the bond breaking and bond forming. Both steps of
the actual catalytic cycle show a free energy barrier of about 10 kcal/mol with respect to the isolated
reactants, hereby confirming the plausibility of the suggested cycle. We have found a substantial overall
exothermicity of the catalytic cycle of about 35 kcal/mol.
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1. Introduction

Selective reduction of unsaturated double bonds through
homogenous catalysis, is of great interest in synthetic organic
chemistry. It was not until the ‘70s, that the first Rh(I) based cata-
lyst, used for reductive hydrosilylation of ketones and imines,
yielding, respectively, alcohols and amines were developed [1-3].
The softer reaction conditions of hydrosilylation, turned out to be
a major advantage over other reduction reactions, such as hydroge-
nation. The cost of Rh catalysts, however, formed a major stum-
bling-block for their large scale industrialization. Over the last
two decades alternative efficient asymmetric hydrosilylation reac-
tions using titanium [4-7], zinc [8,9], tin [10], titanocene [5,11],
manganese [12], and copper [11,13-17] were developed.

In 1988, Stryker was the first to introduce the use of copper hy-
dride complexes for the reduction of o,B-unsaturated compounds
[18-20] using [CuHPPhs]g, as a stoichiometric reducing reagent.
This so called “Stryker’s reagent” calls for CuCl plus an equivalent
of NaOt-Bu to generate CuOt-Bu. To avoid this extremely air-sensi-
tive system advances have been made to form the Cu-H species
in situ [21,16,17,22]. By using silanes, as a stoichiometric hydride,
only catalytic quantities of the copper species are required (for a
review of CuH-catalyzed reactions see Refs. [14,15,18,31] and ref-
erences herein). Recently Lipshutz and Frieman [26] described a
chiral CuH species, which is exceptionally stable and can be stored
in solution if kept under argon. This so called “CuH in a bottle” can
be used directly without in situ preparation of a CuH species. As
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this system is air-sensitive, in situ preparations of CuH systems re-
mains attractive. As the goal of the current paper is to present a
first computational mechanistic study of these systems, a system
was chosen for which the CuH species is created in situ, as hereby
one not only investigates the actual catalytic cycle, but also the
activation mechanism of the pre-catalyst. CuF, systems were re-
ported by Carreira and co-worker [27], as well as Riant and co-
workers [28] as interesting precursors to copper hydride. These lat-
ter showed that a CuF,/Binap recipe used for the hydrosilylation of
ketones, leads to a CuH system, that is not only stable towards oxy-
gen, but shows accelerated reduction upon injection of oxygen into
the system [29]. These features make this type of system an inter-
esting candidate for a mechanistic study.

A scheme has been proposed to explain the observed reactivity.
This scheme involves the formation of a pre-catalyst through a two
step process, starting of with the transformation of CuF, to a
FCu(PPhs); complex, which through ligand exchange will lead to
the final diphosphine ligand as presented in Scheme 1.

A o-bond metathesis between the copper fluoride and the
hydrosilylation reagent then expectedly generates the copper hy-
dride species (Scheme 2) [30].

This catalyst then enters the suggested catalytic cycle [23-25]
shown in Scheme 3. In this cycle, the copper hydride reacts with
the ketone to form a copper alkoxyde. Next, the copper alkoxyde
undergoes a o-bond metathesis with the hydrosilylation agent to
regenerate the Cu-H complex and the silyl ether.

To verify the plausibility of the above mentioned cycle, we use
computational chemistry in this paper to examine energetic, elec-
tronic, and structural properties of the suggested cycle. Our calcu-
lations use two different models. First we consider, the CuH(PH3),
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Scheme 2. Catalyst formation.

catalyst, which is convenient for a mechanistical study as it in-
volves fewer atoms than the large catalytic systems used experi-
mentally, but will give us the necessary insight into the intrinsic
reactivity of the system. Using smaller systems facilitates the iden-
tification of stationary points. This would become cumbersome
when using a true experimental system, without prior approxi-
mate knowledge of these points. Secondly, by introducing
CuH[C4H4(PH,);] catalysts we strive towards a conformationally
more rigid system. Doing so, one can determine whether or not
the mechanism of the cycle studied is strongly affected by the nat-
ure of the diphosphine used. This information can guide further
computational studies on large experimental systems. As concern
might rise, whether or not the actual catalyst contains a supple-
mentary PHs ligand, hence being tetra-coordinated, CuH(PHs)3
and CuH(PH3)[(C4H4(PH3)2] compounds are also considered.

2. Computational details

All structures were fully optimized using Becke’s three parame-
ter hybrid functional (B3LYP), as implemented in the caussian 03
[32] series of programs. Optimized geometries are provided in
the Supplementary material. Force constants were determined
for the stationary points to characterize these latter, as well as to
determine their entropies and free energies, based on a statistical
thermodynamical treatment. Solvent effects are not yet included,
as the main purpose of this paper is to verify the plausibility of
the suggested mechanism. The Cu atom was described using an
effective core potential to represent all but the valence nd and
(n+1)s and outer core ns and np electrons [33]. The latter were de-
scribed with a triple zeta contraction of the original double zeta ba-
sis set, this combination is referred to as the LANL2DZ basis set. All
non-metal atoms were described using the standard 6-31G(d,p)
basis set (with only the five spherical harmonic d functions). Atom-
ic charges were calculated using the NBO method [34]. As concern
may rise concerning the adequacy of the chosen basis set, calcula-
tions using a larger, all electron basis set were performed for the
CuX(PH3), model system.! Results (Table 2) show a consistent shift
of about 5 kcal/mol for species involved in the transformation of the
pre-catalyst to the catalyst, with respect to isolated reactants, and is
due to a basis set superposition error involving the fluorine and sil-

! For this system a TZVP [35] basis set was used for the Cu atom, and a 6-
31++G(d,p) basis set for all other atoms. Structures were optimized using this basis
set, and transition states checked for their validity.

icon atoms.? This effect is no longer observed for the actual catalytic
cycle (Tables 4 and 6). As the main objective of this paper is to study
the plausibility of the actual catalytic cycle, with the possibility of
transposing the basis set used to larger systems in order to study
the enantioselectivity, the smaller basis set was chosen throughout
this work.

3. Results and discussion
3.1. Formation of the pre-catalyst

The pre-catalyst is formed by placing a CuF,/PPhs mixture at re-
flux in methanol. The structure of the formed CuF(PPhs); com-
pound has been determined experimentally by X-ray diffraction
of both the FCu(PPhs);-2MeoH [36] and FCu(PPhs)s-2EtoH [37]
solvates.?

Table 1 compares some theoretical and experimental bond
lengths for these complexes.

Table 1 shows a shorter Cu-F bond compared to Cu-P bonds.
The discrepancies between theoretical and experimental bond
lengths, can be due to a multitude of effects, such as crystalline
packing effects, or the fact that calculations have been performed
in a gas phase model using the DFT level of theory.

Although Kagan and co-worker [38] showed that asymmetric
hydrosilylation of ketones is possible using a Cu hydrate complex
coordinated by monophosphine ligands, the low enantiomeric ex-
cess obtained, favored the use of diphosphine ligands. These latter
were furthermore shown to have a positive influence on the reac-
tion kinetics.

The diphosphine complexes are usually obtained by ligand ex-
change as presented in scheme 1. As mentioned above, in this pa-
per we study the CuH(PH3)[(C4H4(PH3)2] complex to mimic these
substances. The free energy difference (AG°) of —4.4 kcal/mol
shows the overall process to be spontaneous.

3.2. Activation of the pre-catalyst

The active species for the selective reduction of ketones to alco-
hols is a copper hydride. This later is formed through a ¢ bond
metathesis between the hydrosilane compound and the copper
fluoride pre-catalyst. As shown on Fig. 1, the formation of a ¢ bond
between the copper and hydrogen atom, occurs through trans-
metalation [18,17,30] passing by a 4 center transition state.

For the tetra-coordinated complexes, two energetically and
structurally similar transition states are observed, which are con-
nected through a Van der Waals complex being a mere 0.5 kcal/
mol more stable than both transition states. This intermediate
should therefore be considered as a very labile complex, that will
not be observed experimentally and which origin can be related
to the almost planar energy surface around the transition states.
For simplicity the highest energy transition state will be discussed
hereafter.

To arrive at the 4 center transition state, the pre-catalyst forms
an energetically favored Van der Waals complex with the SiH,4
hydrogenating agent. Table 2 shows the relative energy, enthalpy

2 The BSSE for the CuF(PHs),/SiHs and CuH(PH3),/CH,0 is a mere 1.5 kcal/mol
using the TZVP/6-31++G(d,p) basis set, but increases to 3.8 kcal/mol for the
CuH(PH3),/CH,0 and as high as 9.3 kcal/mol for the CuF(PHs),/SiH4 complex using
the LANL2DZ/6-31G(d,p) basis set. This important BSSE for the CuF species can be
reduced when introducing diffuse basis functions on the F atom. The BSSE contributes
to an overestimation of the stabilization of these complexes with respect to isolated
reactants. Excluding this contribution, the Van der Waal complexes remain stabilized
with respect to isolated reactants, and the overall discussion therefore remains
unaltered.

3 Theoretical structures are given in Supplementary material.



T. Gathy et al./Journal of Organometallic Chemistry 694 (2009) 3943-3950

RsSi

P

C
/
p

\\\O
)k\
R R
\
R;Si-H Cu—o0

3945

u—H
\
(

PPhj3),

R
*

(0]
R)km
R4

/\

P

(PPhg)n

Scheme 3. Catalytic cycle.

Table 1
Experimental X-ray distances (A) for FCu(PPhs);-2MeoH and FCu(PPhs)s.2EtoH and
theoretical distances obtained for the FCu(PH3); complex.

Distance (A) FCu(PPhj3);-2MeoH FCu(PPh;)3-2EtoH FCu(PH3)s
Cu-F 2.11 2.06 1.87
Cu-P 2.32 2.32 2.39
T
G
LCuF + HSiR; ——— : : — > LCuH + FSiR;

LCulF

Fig. 1. Activation of the pre-catalyst.

and free energy of the Van der Waals complexes and transition
states.

Table 2 shows, the formation of the initial Van der Waals com-
plex between the copper fluoride pre-catalyst and the SiH, reac-
tant to be energetically favored, although not spontaneous. The
electrostatic interaction between the negatively charged fluorine
atom and the positively charged copper atom, as well as the nega-
tively charged hydrogen atom and the positively charged silicon
atom as shown in Table 3, explains the driving force for this ener-
getically favorable formation of the Van der Waals complex. The
alignment of both dipoles orientates the formation of the 4 center
transition state as shown on Fig. 2 for the CuF[C4H4(PH,),] — SiH4
and CuF(PH3), - SiH4 complexes.

As shown by Fig. 2 and Table 2 the transition states lie energet-
ically and structurally close to the Van der Waals complexes. As ex-
pected for a o bond metathesis, the transition states are
characterized by increased Cu-F and Si-H bond lengths, while
Cu-H and Si-F bonds become shorter.

Chemical reactions occur through reorganization of electron
density between different nuclei. Investigation of how this density
changes upon formation of the transition state therefore helps clar-
ify the reaction mechanism. Fig. 3 shows the differential density
between, respectively, the transition state, and the sum of both
reactants at transition state geometry. Red and blue zones indicate,
respectively, an increase and decrease in electron density. As
shown on this figure, the transition state is characterized by a
strong decrease of electron density around the copper atom, as
well as a strong increase in the F-Si area, which corresponds to
the breaking of the Cu fluoride bond, in favor of the formation of
the Si-F bond. Although one observes a polarization of the electron
density of the Si atom towards the hydrogen atom that will be

transferred to the Cu atom, no significant increase in electron den-
sity is observed along the Cu-H axis at the transition state. The for-
mation of the copper hydride bond and breaking of the Si-H bond
is thus expected to be less advanced. The 4 ¢ bond metathesis can
therefore be characterized as an asynchronous concerted reaction,
with the breaking of the Cu-F bond in favor of the formation of the
Si-F bond occurring slightly earlier than the transfer of the silicon
linked hydrogen to the cupper atom.

For the formation to take place a free energy barrier of about
6 kcal/mol and 9 kcal/mol* has to be crossed for, respectively, the
tri- and tetra-coordinated copper reactants.”> The more important
barrier for the tetra-coordinated copper pre-catalysts, can be ex-
plained by an increased steric effect and slight differences in bonding
to the Cu atom explained by an additional ¢ donating and 7 acceptor
effect of the phosphine ligand.

The activation mechanism of the pre-catalyst is exothermic by
about 8 kcal/mol (AH° = —8.10 kcal/mol for the CuF(PHs),) pre-cat-
alyst) and spontaneous as shown by the difference in free energy of
about —10 kcal/mol and —8 kcal/mol for, respectively, the tri- and
tetra-coordinated copper reactants (Table 2). The fluorine atom
seems essential to the activation of the pre-catalyst, as other cop-
per halogen complexes show little to no reduction of ketones to
alcohols. This observation could be explained by the less important
electronegativity of the other halogen atoms, leading to less stabi-
lized initial Van der Waals complexes due to decreased electro-
static interactions, but other factors such as bond strengths,
steric effects, etc. could also be of importance. Further work is
ongoing to understand these observations.

3.3. Catalytic cycle

Once activated, the copper hydride enters the catalytic cycle.
The proposed mechanism for the hydrogenation of ketones by
these hydride catalysts [14,15,31] occurs through a two step cycle
as presented in Fig. 4. A first step concerns the formation of a cop-
per alkoxyde, through a ¢ metathesis transition state similar to
that observed for the activation of the pre-catalyst. In a second
step, this alkoxyde reacts with a hydrosilane to yield a silylated
ether, and the reactivated catalyst. Once more, the suggested
mechanism passes through a four center transition state. The final
alcohol is generated by hydrolysis of the silylated ether. Due to the
fact that the alkoxyde complex is not observed experimentally the
reduction of the ketone is suggested to be the rate limiting step
[14].

4 Free energy barriers are reported with respect to isolated reactants.
5 Calculations were performed in the gas phase. As a consequence experimental
AS° and AG° values are expected to be smaller.
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Table 2

Relative energy (AE°), enthalpy (AH®) and free energy (AG®°) with respect to pre-catalyst and SiH, reactants during the activation of the pre-catalyst. AE° (AH®, AG®) in kcal/mol.
(Values in italic are those for the larger basis set (TZVP on Cu and 6-31++G(d,p) on all other atoms.)

Pre-catalyst Van der Waals complex TS Van der Waals complex Products
CuF(PH3), -6.5(-4.2; 2.7) —4.6 (-3.6; 4.9) -10.8 (-9.2; -5.1) -7.9 (-8.1; -10.7)
-2.8(-14; 8.5) 0.1(0.5; 11.4) —5.2(-4.7; 2.5) -2.3(-3.0; -2.6)
CuF[C4H4(PH,),] —4.6 (—-3.3; 3.64) -3.6 (-3.3; 6.6) —10.0 (-10.1; —2.0) -7.3(-7.9; -10.0)
CuF(PH3)3 —6.3 (—4.4; 4.8) -4.1(-3.2; 8.9) -9.4(-8.2; -04) ~7.7(-8.4; -7.8)
CuF(PH3)[C4H4(PH3),] —6.8 (-5.5; 4.2) —3.4(-3.3; 8.5) -9.2 (-8.7; -1.0) —-6.5(-7.1; -7.4)

Table 3

Atomic charges on F, Cu, Si, and H atoms for the initial Van der Waals complexes.
Pre-catalyst F Cu Si H
CuF(PH3), -0.71 0.72 0.85 —0.34
CuF[C4H4(PH2),] -0.72 0.72 0.67 -0.19
CuF(PH3)3 -0.72 0.72 0.75 -0.23
CuF(PH3)[C4H4(PH3)>] -0.72 0.74 0.77 -0.23

As for the activation of the pre-catalyst, a stabilizing Van der
Waals complex is observed between the catalyst and the reacting
ketone during the first step of the cycle. In this complex, the orien-
tation of the molecules favors the formation of the 4 center transi-
tion state. Table 4 shows the relative energies, enthalpies, as well
as free energies of the species involved in the first step of the cat-
alytic cycle.

The results show the formation of the van de Waals complex to
be energetically favored by about 5 kcal/mol. The slightly less
important stabilization of the tetra-coordinated complexes could
once more be due to an increased steric hindrance, as well as to
changes in electronic density around the copper atom coming from
interaction with the added phosphine ligand.

As shown on Fig. 6, the Van der Waals complexes are structur-
ally close to the transition state activated complexes, hence
explaining the small energetic differences between both. At the
transition state the complexes are characterized by elongated, C-
0 and Cu-H bonds, as well as reduced Cu-0 and C-H bonds.

As for the activation of the pre-catalyst, the density differences
at the transition state (Fig. 5), point towards an asynchronous con-
certed reaction mechanism, with the Cu-H-C rearrangement being
more advanced than the formation of the Cu-0 bond. Fig. 5 shows
a decrease in electron density along the Cu-H axis, as well as an in-
crease along the H-C axis. The electron density of the C=0 double
bond is furthermore displaced towards a lone pair on the oxygen
atom. In a second instance, this electronic density on the oxygen
will be transferred to the Cu atom to complete the ¢ bond
metathesis.

For the reaction to take place, a free energy barrier of about
10 kcal/mol with respect to the isolated reactants has to be crossed

J

Fig. 3. Density difference between transition state and sum of reactants at
transition state geometry. Red and blue zones indicate, respectively, an increase
and decrease in electron density. Isodensity surfaces given at 0.01 and 0.008 e~ /V.
Plots were made using the caussview program [39]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

which is more important than the barrier observed for the activa-
tion of the pre-catalyst. It can therefore be assumed that the total
of the Cu-F species will have been transformed into Cu-H catalyt-
ical species at the onset of the ketone reduction. As for the activa-
tion of the pre-catalyst, the tetra-coordinated species are
characterized by a slightly more important free energy barrier. A
replacement of two PH3 ligands by a diphosphine ligand, slightly
lowers the free energy barrier. As shown on Fig. 6, an increase in
P-Cu-P bond angle, could release the tension of the cisoid diphos-
phine ligand, hereby stabilizing the transition state with respect to
reactants, and thus lower the free energy barrier. Such an effect of
changes in bite angle on rate and selectivity is common to diphos-
phine ligands [40].

The formation of the copper alkoxyde is furthermore strongly
exothermic (AH° = -26.3 kcal/mol for the CuH(PHs), molecule)
(see Table 5).

The second step of the catalytic cycle concerns the regeneration
of the catalyst, through the reaction of the Cu-alkoxyde species
with a silane molecule, yielding a silylated ether product. As for
the previous steps, a ¢ metathesis reaction is suggested with a 4
center transition state. Computations indeed show a stabilizing
energetic interaction of about 5 kcal/mol (Table 6) between the al-

1.49 (1.69)/ tH H
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.m\\\\ H

1.57 (1‘68)\
H——s

Fig. 2. Alignment of both dipoles for the CuF[C4H4(PH,),] - SiH4 and CuF(PH;), - SiH,. Bond lengths are given in A for the Van der Waals complexes, as well as the transition

states (between brackets).
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Table 4

Relative energy (AE°), enthalpy (AH®) and free energy (AG°) with respect to catalyst
and ketone reactants during the first step of the catalytic cycle. AE° (AH°, AG®) in
kcal/mol. (Values in italic are those for the larger basis set (TZVP on Cu and 6-
31++G(d,p) on all other atoms.)

Catalyst Van der Waals TS Products
complex
CuH(PH3), ~6.0 -31 -33.1
(~4.9; 4.6) (~1.8;9.9) (-27.9; —18.4)
-6.2 —4.5 -32.1
(~4.7; 6.0) (-34; 8.2) (~27.2; —17.4)
CuH[C4H4(PH2),] 53 -1.8 -328
(—4.4; 5.1) (-0.3; 8.5) (-27.7; —15.9)
CuH(PH3); —48 -19 312
(-3.8; 5.1) (-0.8;11.9)  (-26.3; —16.2)
CuH(PH3)[C4Ha(PH,),]  —4.8 -28 -32.1
(-4.2;5.7) (~1.7;10.2)  (-27.1; —16.8)

koxyde catalyst and the silane molecule, which is comparable to
the energetic stabilization observed for Van de Waals complexes
obtained during the activation of the pre-catalytic CuF species, as
well as that obtained during the first step of the catalytic cycle.
This interaction orientates the compounds once more to the 4 cen-
ter transition state, characterized by shortened Cu-H and Si-O
bonds, as well as elongated Si-H and Cu-0 bonds, as shown on
Fig. 7.

Density differences (Fig. 8), once more indicate an asynchro-
nous transition state with the Cu-0O bond breaking/O-Si bonding
being more advanced compared to the hydrogen transfer towards
the Cu atom. Although a polarization of electron density from the
silicon atom towards the transferable hydrogen is observed, no
density increase is yet observed along the H-Cu axis.

For the reaction to take place, a free energy barrier of about
9 kcal/mol and 12 kcal/mol with respect to isolated reactants for,
respectively, the tri- and tetra-coordinated complexes has to be
crossed, comparable to the barriers observed during the activation
of the pre-catalyst, as well as the first step of the catalytic cycle.

The comparable energy barriers for the two steps of the cata-
lytic cycle are shown in Fig. 9 for the CuH(PHs), complex. They

F

\

J
Fig. 5. Density difference between transition state and sum of reactants at
transition state geometry. Red and blue zones indicate, respectively, an increase
and decrease in electron density. Isodensity surfaces given at 0.004 and 0.002 e™/V.
Plots were made using the caussview program [39]. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of
this article.)

J

do not allow identifying the rate limiting step. Steric effects most
likely have an increasing importance, for more complex diphos-
phine ligands (e.g. the binap ligand), as well as with increasing ke-
tone size. The identification of the rate limiting step, will be
discussed in future contributions. Energetic barriers, are neverthe-
less substantially lower than the free energy barrier of 50.16 kcal/
mol calculated for the non catalyzed hydrosilylation of acetone.
The low energetic barriers calculated in this work show the plausi-
bility of the suggested catalytic cycle, and furthermore explain the
high turnover number observed for these types of catalyst.

The tetra-coordinated species are once more characterized by a
slightly more important free energy barrier. The second step of the
catalytic cycle shows an exothermicity of (AH°) —8.4 kcal/mol for
the CuH(PHs3), molecule, comparable to the exothermicity ob-
served during the preparation of the catalysis from the CuF species.
The overall catalytic cycle shows an exothermicity of about
35 kcal/mol (AH° = —34.7 kcal/mol for the CuH(PHs), molecule),
which is driven by the transformation of a m (=0 bond and a &
Si-H bond, into more stable ¢ C-H and o O-Si bonds.
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Table 5
Atomic charges on H, Cu, C, and O atoms for the Van der Waals complexes at the first

step of the catalytic cycle.
Catalyst H Cu C (0]
CuH(PH3), -0.49 0.55 0.12 -0.59
CuH[C4H4(PH,),] -0.47 0.47 0.15 -0.57
CuH(PH3); -0.55 0.60 0.20 -0.57
CuH(PH3)[C4H4(PH>),] ~0.53 0.57 0.21 —0.57

Table 6
Relative energy (AE®), enthalpy (AH°) and free energy (AG®) with respect to alkoxyde

catalyst and silane reactants during the second step of the catalytic cycle. AE° (AH°,
AG®) in kcal/mol. (Values in italic are those for the larger basis set (TZVP on Cu and 6-

31++G(d,p) on all other atoms.)

Catalyst Van der Waals TS Products
complex
CuH(PH3), —4.6 (—4.5; 7.4) —4.1 -7.0
(-3.4;8.7) (-7.4; -6.7)
-3.8(-2.5;9.0) -32 -6.2
(-2.4; 10.1) (-6.5; —6.1)
CuH[C4H4(PH,),] -4.8 (-4.6; 6.2) -41 -7.3
(-3.4; 8.2) (=7.5; -9.2)
CuH(PH3)3 —5.8 (—5.0; 6.0) -2.8 -89
(-1.6; 12.0) (-9.0; —-8.9)
CuH(PH3)[C4H4(PH3),] —6.0 (-5.3; 5.8) —-43 -8.0
(-3.3; 7.0) (-8.1; -8.3)

4. Conclusions

In this paper, we have shown the theoretical validity of the sug-
gested catalytic cycle for the hydrosilylation of ketones using Cu(l)
hydride catalysts. The activation of the catalyst from a copper-fluo-
ride complex, as well as both steps of the catalytic cycle involve a ¢
metathesis 4 center transition state. The reactants are guided to-

PH;

AN

.

L\Q_’" )J
(" 9

Fig. 8. Density difference between transition state and sum of reactants at
transition state geometry. Red and blue zones indicate, respectively, an increase
and decrease in electron density. Isodensity surfaces given at 0.008 and 0.004 e~ /V.
Plots were made using the caussview program [39]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of

this article.)

wards these transition states, through the formation of energeti-
cally favored Van der Waals complexes, which energetically and
structurally resemble the transition states. The driving force be-
hind the formation of the Van der Waals complexes is a stabilizing
electrostatic interaction. The transition states are characterized by
an increase in bond length of those bonds that are breaking, and a
decrease in bond length of the newly formed bonds. Density differ-
ences furthermore show that the ¢ metathesis reactions studied
here should be described as asynchronous concerted mechanisms,
with the transfer from Cu linked atoms being more advanced than
the transfer towards this metal center.

For the reductive hydrosilylation of a acetone by SiH4 to take
place, a free energy barrier of about 10 kcal/mol with respect to
the isolated reactants has to be crossed. Comparable energy barri-
ers are obtained for the two successive steps of the actual catalytic
cycle. To identify the rate limiting step, larger ligands will have to
be introduced in order to account for the steric effects. Introduc-
tion of larger ligands, might also shown more important differ-

H
1.58 (1.64) /‘“\\\\H
H

N - T

H ~N o ¥y

HaPy, > | @

//////I/ \03 l,’ =

:,,"." ',, :&c

T TRETIRN

HsP/ ek
CHs

CHs

Fig. 7. Alignment of both dipoles for the H3COCu[C4H4(PH,),] - SiHy4 and H3COCu(PHs), - SiHa. Bond lengths are given in A for the Van der Waals complexes, as well as the

transition states (between brackets).



T. Gathy et al./Journal of Organometallic Chemistry 694 (2009) 3943-3950

10
HiE, &
ou—H =%
HE
HP  + H,CO 2: 1 H
0.0 ICu—H
- <
0 .~ Hel TS
hs -3
~ .
S e T
o e \
- \
6.0 v
Van der Waals v
A
- \
10 ‘
A
Al
1
1
1
- 1
= 1
E )
= .2
z 20
=
=
H
/
R H—si.,
. . 4,
‘\ Hafy ; :\H H
30 \ ) !
H,c\ \ Cu—0
PHy
W
—_—cu HP CH
o Cu\ 350 T . £ TS 3
e 372
e eemm—=- -
378 el
-40 Van der Waals -
-40.1
HP,
'CU_H
H,pl + H38i0CH,
=50

Reaction Coordinate

Fig. 9. Calculated B3LYP/6-31Gxx potential energy surface (kcal/mol) for the catalytic cycle of hydrosilylation of formaldehyde by the HCu(PH3), model catalyst.

ences between tri- and tetra-coordinated copper complexes, which
show little to no difference for the small systems studied here. As
mentioned previously, reduction by this system is accelerated by
oxygen, invoking a possible change in nature of the catalyst. These
points will be discussed in future work.

Finally, we have found a substantial overall exothermicity of the
catalytic cycle of about 35 kcal/mol, driven by the transformation

of a 1 C=0 bond and a o Si-H bond, into more stable ¢ C-H and
o 0-Si bonds.
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