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Abstract The plausibility of the catalytic cycle suggested
for the hydrosilylation of ketones by (NHC) cop-
per(I) hydrides has been investigated by a theoretical DFT
study. Model systems yield the necessary insight into the
intrinsic reactivity of the system. Computations show the
activation of the copper fluoride pre-catalyst, as well as
both steps of the catalytic cycle to involve a 4-center
metathesis transition state as suggested in the literature.
These results show the reaction to be favored by the for-
mation of van der Waals complexes resembling the tran-
sition states. Stabilizing electrostatic interactions between
those atoms involved in the bond-breaking and bond-
forming processes induces the formation of these latter.
Both steps of the actual catalytic cycle show a free energy
barrier of about 14.5 kcal/mol for the largest NHC ligands,
with respect to the isolated reactants, hereby confirming the
plausibility of the suggested cycle. The large overall exo-
thermicity of the catalytic cycle of about 35 kcal/mol is in
agreement with experimental observations.
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1 Introduction

Carbonyl bond reduction, specifically of aldehydes and
ketones, to the corresponding alcohol functionality via
hydride transfer is a fundamental transformation in organic
synthesis [1-5]. Transition metal catalysis has been suc-
cessfully applied in the reduction of many carbonyl com-
pounds via hydrogenation or hydrosilylation [I-5].
Hydrogenation reactions often proceed in good yields but
require high pressure or elevated temperature. Moreover, if
the reaction is part of a multistep synthesis, the resulting
free alcohol often requires protection prior to the next
synthetic step. In contrast, the softer reactions conditions of
hydrosilylation turned out to be a major advantage, in
addition to the fact that both the reduction and the pro-
tection steps are performed in a single, atom-efficient step.

The first catalytic hydrosilylation systems, based on
rhodium, were developed in the early 1970s [6-8]. Tradi-
tionally, catalytic hydrosilylation of the carbonyl func-
tionality was performed with precious, heavy metals
ranging from Re, Rh, and Ru to Ir [9-18]. As the main
drawback of these systems is the cost affiliated with these
metals, during the two last decades efforts were taken in
finding an efficient alternative system using less-expensive
metals such as titanium [19-26], iron [27-29], manganese
[30, 31], or zinc [32-35]. In 1984, Brunner and Miehling
reported the first asymmetric hydrosilylation using a cop-
per-diphosphine catalyst [36]. Since many copper-diphos-
phine catalytic systems were developed [37—43], the active
species formed in situ was postulated to be a copper
(I) hydride. Lipshutz and co-worker describe the formation
of the CuH species in a system combining a catalytic
quantity of CuCl/NaOt—Bu/diphosphine and a stoichiome-
tric quantity ofhydrosilylating agent [44-48]. At the same
time, Carreira et al. [49], as well as Riant et al. [41, 50-52],
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reported CuF, systems as interesting precursors to copper
hydride. Based on these results, Wu et al. [53] recently
developed a highly asymmetric copper(Il)-catalyzed
hydrosilylation system.

N-Heterocyclic carbene (NHC) ligands [54-57], partic-
ularly of the type developed by Arduengo et al. [58], have
emerged as efficient ligands in metal-mediated reactions
[59-62]. Compared to tertiary phosphines, the NHC
ligands are characterized by strong metal-ligand bonding,
hereby minimizing ligand dissociation [54-57]. This latter
is particularly interesting when performing mechanistic
studies, as this will simplify the system under study. NHC
ligands were shown to be interesting alternatives to phos-
phines for the copper-catalyzed hydrosilylation of carbonyl
compounds. While (IPr)-CuCl (IPr = 1,3-bis(2,6-diiso-
propylphenyl)imidazol-2-ylidene) was an efficient catalyst
for the hydrosilylation of unhindered ketones [63], (ICy)—
CuCl (ICy = 1,3-bis(cyclohexyl)imidazol-2-ylidene) or
(SIMes)-CuCl  (SIMes = 1,3-bis(2,4,6-trimethylphenyl)
imidazolin-2-ylidene) turned out to be effective for more
challenging ketones [64]. The active species, formed in situ
in the presence of a catalytic amount of NaOtBu and a
stoichiometric quantity of hydrosilylating agent, is a cop-
per(I) hydride. Yun et al. [65] reported that the use of
copper(Il) salts as catalytic precursor in combination with a
NHC also leads to an effective hydrosilylation of ketones.
Recently, a series of cationic bis-carbenic complexes,
[(NHC),—Cu]X (X = BF,™ [66, 67], PFs~ [66, 67], FHF ™~
[68]), has shown remarkable activity toward the hydrosi-
lylation of ketones. Although, once more, the reaction
pathway was not investigated, mono-carbenic intermedi-
ates are believed to be the active species. Interestingly, the
first asymmetric (NHC)copper(I)-catalyzed ketone hydro-
silylation was only developed recently by Gawley et al.
[69].

In all of the above-mentioned studies, the suggested
mechanism is based on the catalytic cycle shown in
Scheme 1 [43, 64, 68, 70, 71], illustrated using a
(NHC)copper(I) chloride complex. As the Cu—Cl bond
cannot be cleaved in an efficient manner by a hydride
source (such as silane), the complex needs to be activated
through ligand exchange, replacing chlorine with an alk-
oxide or a fluoride. As stated in our previous work [68],
depending on the reaction conditions, addition of a mild
source of fluoride (NEt;-3HF) can lead to either a
(NHC)Cu-F complex or a (NHC)Cu-FHF bifluoride
complex. The copper(I) (bi)fluoride complexes are then
expected to be activated through a o-bond metathesis
reaction with a silane to yield the desired copper(I) hydride
catalyst, thought to be the active species [72]. This active
species is then postulated to react with a ketone passing
through a four-center transition state to form a copper
alkoxide (step I). Finally, the copper alkoxide undergoes a
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Scheme 1 Suggested cycle for the asymmetric hydrosilylation of
ketones using (NHC) copper(I) catalysts

og-bond metathesis with the hydrosilylating agent to
regenerate the Cu-H complex and form the silylether
product (Step 2). Although it has been suggested that
(NHC)Cu-H species agglomerate in solution [73], no
experimental evidence of this agglomeration in solution is
available. However, this would imply that the equilibrium
between monomeric and polymeric species is of prime
importance for a complete understanding of the system
under study. In this work, we do not investigate this aspect
of the reaction, as it will only determine the final amount of
free catalytic species available for catalysis but not the
nature of the catalytic cycle itself.

This mechanism is relatively similar to the one proposed
for the hydrosilylation of ketones catalyzed by phosphine
copper(I) complexes [39, 42, 43]. Although some compu-
tational studies concerning the hydrosilylation reaction of
ketones using copper(I) diphosphine complexes have been
reported in the literature [74-78], surprisingly, no such
studies have been reported for (NHC)—Cu(I) complexes. As
these complexes are more stable compared to diphosphine
Cu(I) complexes, and hence are interesting from a mech-
anistic point of view, it is important to compare their
overall reactivity with the diphosphine complexes, to verify
if the plausibility of the suggested catalytic cycle still
stands, and to highlight possible differences. In this paper,
we use computational chemistry to verify the plausibility of
the suggested cycle, investigating energetic, electronic, and
structural properties. Differences in the diphosphine com-
plexes will also be highlighted.

Our calculations were made on models of increasing
complexity, ranging from the simplest acyclic NHC ligand
(“ADC_H”) to the experimentally used unsaturated NHC
ligands (shown in Scheme 2). Using a variety of NHC
ligands, their effect on the catalytic cycle is studied. As our
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Scheme 2 Structure and acronyms of NHC ligands used throughout
this work

first goal is to verify the plausibility of the catalytic cycles,
as well as the effect of the NHC ligand, other reactants are
modeled using formaldehyde and SiH, as model for,
respectively, the ketone and silane species. The effect of a
variation in ketone nature and silane nature could be
studied at later stages, but goes beyond the scope of this
contribution.

2 Computational details

Unless stated otherwise, all structures were fully optimized
using Becke’s three-parameter exchange functional [79]
and the correlation functional of Lee, Yang, and Parr
(B3LYP) [80], as implemented in the Gaussian 03 [81]
series of programs. All possible conformations have been
investigated and the most stable conformer is retained.
Optimized geometries are provided as Supplementary
material. Force constants were determined to characterize
the stationary points, as well as to determine their entropies
and free energies, based on a statistical thermodynamics
treatment. For the transition state (TS), the correctness of
the curvature and its corresponding eigenvector were
checked in order to guarantee the quality of the obtained
results. Accordingly, in some cases, intrinsic reaction
coordinate (IRC) calculations were made to confirm the
transition state corresponded to the actual reaction mech-
anism [82-85]. Reactants were allowed to interact on the
potential energy surface (PES) and formed a van der Waals
(VDW) intermolecular pre-reaction complex. van der
Waals interaction energies should be taken as indicative, as
DFT methods do not correctly account for dispersion
interactions [86]. 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 [87-
89]. The latter were described with a triple zeta contraction

of the original double zeta basis set, and this combination is
referred to as the LANL2DZ basis set. All non-metal atoms
were described using the diffused and polarized 6-31
++G(d,p) basis set [90, 91]. Natural bond orbitals (NBO)
analysis was used to investigate electronic properties and
charge distributions [92-95]. Density difference drawings
were made using GAUSSVIEW [96]. Orange and blue
zones indicate, respectively, an increase and decrease in
electron density. Isodensity surfaces are shown at 0.01 e™/
Bohr® for Figs. 2 and 8 and at 0.005 e /Bohr® for Fig. 5.

To examine the basis set dependence, calculations using
a larger basis set, 6-311G(2d,p) for all non-metal atoms and
a def2-TZVP [97] basis set for Cu, were made using the
(IMes)Cu-X model system. Results (Table S3 in the Sup-
porting material) show a consistent shift up to 4 kcal/mol
for all species involved in the transformation of the pre-
catalyst, and of about 3 kcal/mol for the second step of the
catalytic cycle, while almost no effect is observed for the
first step. While these shifts do not change the energy
ordering of the reactions paths, keeping the overall dis-
cussion unaltered, they are due to a basis set superposition
error involving the fluorine and silicon atoms. The BSSE
for the (IMes)Cu-F/SiH, and (IMes)Cu—OCH;/SiH, com-
plexes is a mere 1.0 kcal/mol using the LANL2DZ/6-31
++G(d,p) basis set, but increases to 3.5 kcal/mol for these
complexes using the def2-TZVP/6-311G(2d,p) (See Sup-
porting Info, Table S1). This effect is no longer observed
for the first step of the catalytic cycle, the BSSE for the
(IMes)Cu—H/H,CO system being a mere 0.3 kcal/mol with
the def2-TZVP/6-311G(2d,p) basis set (instead of 0.9 kcal/
mol for the LANL2DZ/6-31 ++4G(d,p) basis set). This
important BSSE for the CuF species can be reduced when
introducing diffuse basis functions on the F and Si atoms.'
Indeed, single-point calculations on the (IMes)Cu-X sys-
tem with the all electrons def2-TZVP/6-311 ++G(2d,p)
basis set show the basis set dependence on the whole cat-
alytic cycle being negligible. 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. To
further check the reliability of our results, we have also
decided to make additional calculations on the (IMes)Cu-X
system using the pure GGA functional BP86 [98], and the
B3PWO91 [79, 99, 100] and MPWI1PWO91 [101] hybrid
functionals, as these three were also proven effective for
transition metal chemistry [102—-104]. Results of single-point

! The BSSE contributes to an overestimation of the stabilization of
these complexes with respect to isolated reactants. Excluding this
contribution, the van der Waals complexes remain stabilized with
respect to isolated reactants, and the overall discussion therefore
remains unaltered.
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calculations obtained with these functionals did not affect
either the relative ordering of the reaction paths or the
conclusions drawn from the energy ordering of the struc-
tures (i.e., consistent results with B3LYP). These numbers
are therefore discussed in the Supporting Information only
(Table S2). Finally, as concerns could arise because no
polarization function is included in LANL2DZ, while
polarization is taken into account for all non-metal atoms,
single-point calculations were also made with the
LANL2TZ(f) [89, 105, 106] basis set for Cu, which uses
f polarization functions developed by Frenking’s group
[106]. In addition, we compared our results to the Stuttgart
RSC 1997 (SDD) RECP [107-109] that contains an
f function for the first-row transition elements. Once more,
basis set dependence was found negligible (Table S3).

3 Results and discussion

The different parts of the catalytic cycle will be discussed
separately, starting with a discussion on the activation of
the pre-catalyst, followed by an investigation of the two
steps of the actual catalytic cycle.

3.1 Activation of the pre-catalyst

Once the pre-catalyst formed, this species reacts with a
hydrosilane via a ¢ bond metathesis reaction to yield the
active copper hydride species. As shown in Scheme 3, the
formation of a ¢ bond between the copper and hydrogen
atoms occurs through transmetalation [46, 72, 110] passing
by a 4-center transition state.

Table 1 shows the relative energy, enthalpy, and free
energy of the van der Waals complexes and transition
states. The reaction is guided by the initial formation of an
energetically favored van der Waals complex between the
pre-catalyst and the SiH, hydrogenating agent.

The electrostatic interaction between the negatively
charged fluorine atom and the positively charged copper
atom, as well as the interaction between the negatively
charged hydrogen atom and the positively charged silicon
atom (Table S4), most likely explains the driving force for
the formation of this complex.

(NHC)Cu-F  + RgSiF-H ——»

Scheme 3 Activation of the pre-catalyst
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As expected for a ¢ 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.
Investigation of how the electronic density changes upon
the formation of the transition state can help to clarify the
actual reaction mechanism. Figure 2 shows the differential
density between, respectively, the transition state and the
sum of both reactants at transition-state geometry. As
shown in this figure, the transition state is characterized by
a strong decrease in electron density around the copper
atom, and a strong increase between the Si and F atoms,
corresponding to the breaking of the Cu—F bond, in favor of
the formation of the Si—-F bond. The formation of the
copper hydride bond and breaking of the Si—H bond can
also be observed, but seem less advanced. The 4-center o
bond metathesis should therefore be characterized as an
asynchronous concerted reaction, with the breaking of the
Cu-F bond (or formation of the Si-F bond) being slightly
more advanced than the transfer of the silicon-linked
hydrogen atom to the copper atom.

To get a more quantitative measurement of synchroni-
city/asynchronicity, Wiberg indexes [111] and NBO bond
orders (B;) were calculated. B; were computed using the
NBO program as implemented in Gaussian 03, and the
synchronicity (S,) was estimated using the concept pro-
posed by Moyano et al. [112-114] (for more details, see
section V in the Supporting information).

Bond indexes were calculated for the four bonds
involved in the o-bond metathesis reaction, meaning Cu-F,
Cu-H, Si-H, and Si-F bonds (Fig. 2); all other bonds
remain practically unaltered during the process (Fig. 1).

Calculating Wiberg indexes B; for reactant complexes,
TS, and products complexes allows locating the position of
the TS between reactant and product (Table 2). For sim-
plicity, only results for NHC = ADC_H, IH, and IMes are
shown in Table 2 as these are representative of the entire set
of species studied (See Supporting material, Table S5-S7).

Table 2 shows that the Cu—F bond has disappeared up to
approximately 90 % at the TS, while this is a mere 44 %
for the Si—H bond. In parallel, the Si—F bond has formed to
an extent of 67 %, whereas the Cu—H bond has barely been
formed (38 %). A similar observation is made for all
studied NHC ligands, leading to synchronicity values of
S, = 0.78-0.80, which is in agreement with the structural

———>  (NHC)Cu-H + RgSi-F
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Table 1 Relative energy AE, enthalpy, and free energy (AH; AG) with respect to reactants for the pre-catalyst activation reaction

Pre-catalyst van der Waals complex TS van der Waals complex Products
(ADC_H)Cu-F —1.2 (0.0; 6.2) 5.7 (6.0; 17.2) —3.8(—3.2; 4.8) 0.3 (—=0.3; —0.6)
(IH)Cu-F —1.2 (0.1; 6.0) 5.8 (6.1; 17.0) —4.3 (=3.6; 4.4) 0.5 (=0.1; —0.4)
(IMe)Cu-F —1.4 (-0.1; 6.4) 6.0 (6.4; 17.5) —1.2 (—-0.6; 7.4) 0.9 (0.3; 0.1)
(IiPr)Cu-F —1.4 (-0.2; 5.8) 6.3 (6.7; 17.2) —1.0 (—0.3; 6.8) 1.0 (0.4; 0.1)
(ItBu)Cu-F —1.5(-0.3; 5.9) 7.3 (7.6; 17.8) —0.7 (0.0; 7.1) 0.3 (-0.3; —0.4)
(IPh)Cu-F —1.8 (—0.5; 6.7) 6.5 (6.9; 17.6) —1.0 (—0.4; 7.0) 0.8 (0.2; —0.1)
(IMes)Cu-F —1.7 (—0.4; 6.1) 6.4 (6.8; 17.6) —0.5 (0.1; 9.0) 1.4 (0.7: —0.9)
(IPr)Cu-F —1.6 (—0.3; 8.2) 6.6 (7.0; 18.8) ~0.1 (0.6; 9.9) 1.1 (0.5; 0.2)

Values are given in kcal/mol
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Fig. 1 Initial van der Waals complex and transition-state structure for the reaction between (ADC_H)Cu-F and SiH,. Bond lengths are given in A

Table 2 NBO analysis for the activation of the pre-catalyst

Pre-catalyst Cu-F Cu-H Si-F Si-H 0By Sy
(ADC_H)Cu-F
B 0.2351 0.0011 0.0280 0.9473 0.597 0.79
BIS 0.0250 0.2298 0.3548 0.5342
BF 0.0030 0.6084 0.5169 0.0017
%Ev 90.52 37.66 66.84 43.69
(IH)Cu-F
BE 0.2326 0.0011 0.0295 0.9471 0.599 0.78
BIS 0.0225 0.2296 0.3552 0.5337
BY 0.0021 0.6159 0.5129 0.0061
%Ev 91.15 37.17 67.38 43.93
(IMes)Cu-F
B 0.2170 0.0006 0.0327 0.9484 0.582 0.79
BIS 0.0297 0.2107 0.3664 0.5523
B 0.0028 0.5802 0.5371 0.0256
%Ev 87.44 36.25 66.16 42.82

Wiberg bond indexes (B;), % evolution through the reaction coordinate (%E,), average bond index variation (dB,y), and synchronicity

parameters (S,)

and electronic parameters (See Supporting material, Table
S11), and confirms the qualitative interpretation shown in
Fig. 2. As the Cu-F bond breaking (%E, ~ 90 %) is more
advanced than all of the other bond changes at the transi-
tion state, the Cu’*_F°~ polarization of this bond is
expected to be a determining factor in this reaction.

The activation reactions show a free energy barrier” of
about 18 kcal/mol (Table 1). The more important barrier
for the IPr NHC ligand can be explained by an increased
steric effect around the copper atom. Table 1 confirms the

2 Free energy barriers are reported with respect to isolated reactants.
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Fig. 2 Density difference between transition state and sum of
reactants at transition-state geometry

importance of such a steric effect, showing a slight increase
in free energy barrier when going from NHC = ADC_H to
NHC = IMes.

These free energy barriers are relatively important,
especially for a catalytic reaction, and in particular when
compared to the ones obtained for diphosphines ligands
[74]. The high barriers could be indicative of a different
activation mechanism in solution. Calculations in solution
on alternative mechanisms are currently ongoing.

The activation mechanism is nearly thermoneutral
(AH = —0.3-0.7 kcal/mol). As mentioned above, the
fluorine atom is essential to the activation of the pre-cat-
alyst, as other copper halogen complexes show little to no
reactivity. Our results show that this observation is most
likely due to the strong polarization of the Cu-F bond.

3.2 Catalytic cycle

Once activated, the copper hydride species enters the cat-
alytic cycle. The proposed mechanism for the hydrogena-
tion of ketones occurs through a two-step cycle as
presented in Scheme 4. A first step concerns the formation
of a copper alkoxide, through a ¢ metathesis similar to that
observed for the activation of the pre-catalyst. In a second
step, another 4-center transition state between this alkoxide
and a hydrosilane leads to a silylated ether, and the reac-
tivated catalyst. The alcohol can be recovered through
hydrolysis of the silylated ether. Due to the fact the
alkoxide complex is not observed experimentally, the
reduction of the ketone is suggested to be the rate-limiting
step.

As for the activation of the pre-catalyst, a stabilized van
der Waals complex is observed between the catalyst and
the reacting ketone during the first step of the cycle. The
orientation of the molecules in this complex is favorable to
the formation of the 4-center transition state (Fig. 3).
Table 3 shows the relative energies, enthalpies, as well as
free energies of the species involved in the first step of the
catalytic cycle.

@ Springer
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Scheme 4 The proposed mechanism for the hydrogenation of
ketones by copper(I) hydride catalysts

The results show the formation of the van der Waals
complex to be energetically favored by about 5 kcal/mol.
The more important stabilization for NHC = ADC_H and
IH complexes is not due to reduced steric effects but due to
the formation of a strong hydrogen bond between the
ketone oxygen atom and hydrogen atom fixed on the het-
erocyclic nitrogen (See Fig. 3). In true experimental sys-
tems, such interaction is not expected to occur. On the
other hand, the slightly less important stabilization for the
ItBu and IPr ligands can be explained by an increased steric
hindrance around the copper atom.

As shown in Fig. 3, the van der Waals complexes are
structurally close to the transition state, hence explaining
the small energetic differences between both. At the tran-
sition state, elongated C—O and Cu-H bonds and reduced
Cu-O and C-H distances characterize the complexes.

As for the activation of the pre-catalyst, the density
differences at the transition state (Fig. 4) point toward an
asynchronous concerted reaction mechanism, with the Cu—
H-C rearrangement being more advanced than the forma-
tion of the Cu-O bond. Figure 4 shows a decrease in
electron density along the Cu—H axis, as well as an increase
along the H-C axis. The electron density of the C=0
double bond is apparently displaced yielding a supple-
mentary lone pair on the oxygen atom. In a second
instance, the increased electronic density on the oxygen
atom will be transferred to the Cu atom to complete the o
bond metathesis.

Bond indexes were, once more, calculated to give a more
quantitative analysis of the transition-state asynchronicity.
For this analysis, Cu-H, Cu-O, n(C-O), and C-H
bonds were considered. Calculated Wiberg indexes for
NHC = ADC_H, IH, and IMes are reported in Table 4.
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Fig. 3 Reactant van der Waals

complex (left) and transition-
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Table 3 Relative energy AE,

enthalpy, and free energy (AH: NHC= van der Waals complex TS Products

AG) with respect to (NHOCu- spc g 7.9 (—6.4; 3.1) ~1.8 (—0.8; 9.9) ~333 (—28.5; —18.8)

H and H,CO reactants during i i i

the first step of the catalytic H —9.1 (—7.6; 2.3) —2.5 (—1.6; 8.8) —33.3 (—28.5; —18.9)

cycle Me —4.9 (-3.6; 4.2) —0.9 (—0.0; 11.2) —33.5 (—28.7; —18.7)
TiPr —4.9 (=3.5; 4.4) —0.3 (0.6; 10.9) —33.3 (—28.5; —18.9)
ItBu —3.6 (—2.2; 5.0) 2.3 (3.2; 13.9) —32.8 (—28.7; —18.5)
IPh —4.9 (-3.5; 5.0 0.4 (1.3; 12.6) —33.5(—28.7; —18.5)
IMes —5.1 (=3.6; 7.4) —0.6 (0.4; 14.5) —33.8 (—28.9; —18.5)
IPr —3.9 (—2.4;7.0) 0.1 (1.0; 14.2) —33.6 (—28.8; —19.6)

Values in kcal/mol

Fig. 4 Density difference between transition state and sum of
reactants at transition-state geometry

According to these results, the Cu—H and n(C-O) bonds have
been broken to approximately 50 % and 45 % at the TS,
whereas the C—H bond has formed up to about 40-48 %. In
agreement with the electronic density differences, the Cu—O
bond has only been formed to a mere 4-13 %. Considering
the Cu—H-C rearrangement to be more advanced than the
formation of the Cu—O bond, the TS can be characterized as
asynchronous, with the calculated S, values ranged from
0.70t00.75. 0B,y average values of about 0.35 can be seen as
indicative of early transition states.

For the reaction to take place, free energy barriers
ranging from 9 to 15 kcal/mol with respect to the isolated
reactants have to be overcome (Table 3).

As this first step of the catalytic cycle involves an
electron transfer from the Cu—H bond to the ketone carbon
atom, a more pronounced hydride character of the active
Cu-H complex possibly explains the difference in reac-
tivity for the different NHC ligands [76]. However, no
relationship is found between the electronic population of
the hydride and the free energy activation barrier AG”.
Table S8 (in Supporting information) also confirms there to
be almost no difference in charge of the hydrogen atom in
the initial van der Waals complexes as NHC ligands con-
sidered in this study are similar from an electronic point of
view (i.e., weak influence of the N substituents on elec-
tronic properties), and hence, this factor does not explain
the difference in reactivity. However, the series of ligands
considered here strongly differ from a steric point of view.
To study steric effects, the “percent buried volume”
(%Vg,,) defined as the percent of the total volume of a
sphere occupied by a ligand, introduced by Nolan and
Cavallo [115-123], is used. To measure the %Vg,, we
examined the DFT-optimized geometries of the free
ligands by using a software developed by Cavallo et al.,
which is available free from charge [124, 125].2 Table 5

3 Optimized structures of (NHC)Cu—H complexes were transformed
to xyz format using the Open Babel 2.3.0 program [126] keeping only
the atomic coordinates of elements belonging to the NHC ligand.
These were used as raw data for % Vg, calculations with a distance of
2.10 A for the metal-ligand bond. A compilation of % Vg, values is
presented in Table 5.
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Table 4 NBO analysis for the first step of the catalytic cycle

Catalyst Cu-H Cu-O c-O0 C-H OBy Sy
(ADC_H)Cu-H
B 0.5657 0.0221 1.7823 0.0473 0.384 0.73
BFS 0.2629 0.0436 1.4264 0.4630
BY 0.0021 0.3267 1.0107 0.9373
%Ev 53.73 7.06 46.12 46.71
(IH)Cu-H
BE 0.5612 0.0302 1.7554 0.0551 0.378 0.71
BTS 0.2655 0.0444 1.4681 0.4794
BY 0.0020 0.3245 1.0138 0.9373
%Ev 52.88 4.83 45.42 48.1
(IMes)Cu-H
B 0.5523 0.0144 1.8068 0.0530 0.347 0.75
BT 0.2900 0.0387 1.4622 0.4002
B 0.0018 0.3093 1.0152 0.9365
%Ev 47.65 8.24 43.53 39.30

Wiberg bond indexes (B;), % evolution through the reaction coordinate (%E,), average bond index variation (dB,y) ,and synchronicity

parameters (S,)

Table 5 %Vg,, for selected systems

Entry NHC= % Viur
1 ADC_H 20.4
2 IH 19.4
3 IMe 25.9
4 IiPr 27.0
5 ItBu 40.8
6 IPh 332
7 IMes 34.4
8 IPr 42.7

Fig. 5 Evolution of computed
free activation barriers as a
function of the %Vg,, for the
first step of the catalytic cycle

Activation barrier AG* (kcal/mol)

@ Springer
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shows this parameter to increase as could be expected by
looking at the size of the ligand, although the overall
variation is small. Larger ligands such as the IMes ligand
can be characterized by lower values, highlighting the
importance of the structural occupation. Strong steric hin-
drance is shown for ItBu and IPr ligands, as they bring
crowded methyl groups in the area surrounding the Cu
atom (entries 5 and 8).

Analyzing the variation in free activation energy with
respect to this parameter (Fig. 5), the importance of steric
hindrance on the activation barrier of the first step of the
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Table 6 Relative energy AE,

enthalpy, and free energy (AH: NHC= van der Waals complex TS van der Waals complex  Products

AG) with respect to (NHOCu- Apc g 26 (—1.1; 8.5) —1.0 (=05: 11.2)  —10.1 (=8.7; 1.6) ~5.0 (=5.0; —3.9)

OCHj3; and SiH, reactants during i i ) .

the second step of the catalytic H —2.8 (—1.3; 8.6) —-1.0(-0.5;9.7)  —11.2(-9.8; 0.6) —5.0 (—5.0; =3.8)

cycle IMe —2.8 (—1.3; 8.4) —0.6 (0.1; 11.7) —5.8 (—4.6; 3.6) —4.8 (—4.8; —4.0)
TiPr —29 (—1.4;8.5) —0.5(-0.5; 13.6)  —5.7 (—4.5;4.0) —4.9 (—5.0; —4.6)
ItBu —2.1 (-0.5;9.1) —0.9 (-0.3; 11.1)  —4.1(-2.9;34) —5.4 (—5.5; —4.6)
IPh —2.3 (—0.8; 8.6) —1.0 (—1.0; 12.3)  —5.0 (—3.8;2.3) —4.7 (—4.8; —4.3)
IMes —29 (—14;84) —0.1 (0.4; 13.1) —4.8 (—3.5; 5.0 —4.5 (—4.6; —4.2)
IPr —2.5(—0.8; 11.1) 0.6 (1.3; 15.6) —4.5(—4.5;8.1) —4.6 (—4.7; =3.1)

Values in kcal/mol

Fig. 6 Reactant van der Waals
complex (left) and transition-
state (right) structure for the
reaction between (IH)Cu—OCHj;
and SiH,. Bond lengths are
given in A

catalytic cycle is clearly highlighted, showing this step to
be mainly under steric control.

The second step of the catalytic cycle concerns the
regeneration of the catalyst, through the reaction of the
Cu-alkoxide species with a silane molecule, yielding a
silylated ether product. As for the previous steps, a ¢
metathesis reaction is suggested passing through a 4-center
transition state. As for the previous steps, an energetically
stabilized van der Waals complex is obtained between both
compounds. The stabilizing interaction of about 3 kcal/mol
(Table 6) is comparable to the energetic stabilization
observed for the first step of the catalytic cycle. This
interaction places the compounds in an orientation favor-
able to the 4-center transition state. As expected, the
transition state is characterized by shortened Cu-H and
Si—O bonds, and elongated SiH and Cu—O bonds, as shown
in Fig. 6.

Density differences (Fig. 7) once more qualitatively
show an asynchronous transition state with the Cu—O bond
breaking/O-Si bond formation being more advanced
compared to the hydrogen transfer toward the Cu atom.
Wiberg indexes (Table 7) confirm this asynchronicity,
although it being less pronounced compared to the previous
steps (S, = 0.90-0.95). At the TS, the Si-H and Cu-O
bonds are broken at approximately 75 and 85 %, while
almost 85 % of the Si—O bond has been formed. The Cu-H
bond has only been formed up to about 60-65 %. 9By

Fig. 7 Density difference between transition state and sum of
reactants at transition-state geometry

average values of about 0.75 indicate late transition states,
which could be anticipated from their structure as shown in
Fig. 6.

For the reaction to take place, free energy barriers
ranging from 9.5 to 15.5 kcal/mol have to be overcome

@ Springer
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Table 7 NBO analysis for the second step of the catalytic cycle

Catalyst Cu-0O Cu-H Si-H Si-O OBy Sy
(ADC_H)Cu-H
BR 0.2739 0.0056 0.9079 0.1233 0.804 0.95
BS 0.0407 0.4242 0.1791 0.5377
BP 0.0030 0.6140 0.0005 0.6040
%Ev 86.08 68.80 80.32 86.21
(IH)Cu-H
B 0.2707 0.0056 0.9079 0.1310 0.760 0.91
BS 0.0334 0.3686 0.2645 0.5321
BF 0.0019 0.6158 0.0002 0.6012
%Ev 88.28 59.49 70.88 85.30
(IMes)Cu-H
BR 0.2614 0.0037 0.9191 0.1280 0.745 0.92
B 0.0298 0.3630 0.2566 0.5355
BP 0.0012 0.6092 0.0004 0.6535
%Ev 89.01 59.34 72.11 77.55

Wiberg bond indexes (B;), % evolution through the reaction coordinate (%E,), average bond index variation (dB,y), and synchronicity
parameters (S,)

o=,
- Mes Mes | j',H
10 N N— ! | Me,
EN}CU-H [N}CU_H E*Mes = }—@*Me
Mes +H,CO Mes
2 TS Me
o0 -0.6
01 — .
i e -
e - \
-
- - ‘
—
-5.1 X
Van der Waals \
-10 4 \
\
i \
_0 A
E \
= 20 1 \ H
o \ H—S8i,
-~ A} Mes | H L
= \ NP
i \ [N}Cuqo\
‘\ Mes CHy
-30 1 HaC Mes, \ 15
PN N \ -33.9
O—CHN] 33.8 - —— Mes
Mes “"‘"—"' \“'-. [N}CLI'H
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-36.7 e ,
=40:7 Van der Waals -38.2 FHHO0Hs
-50

Reaction Coordinate

Fig. 8 Calculated B3LYP/6-31 ++G(d,p) potential energy surface (kcal/mol) for the catalytic cycle of hydrosilylation of formaldehyde by the
(IMes)Cu—H catalyst

(Table 6), which are comparable to the barriers observed  explain the variation in activation barrier as well as for the
for the first step of the cycle (Fig. 8), and hence, the rate-  first step. Other effects such as bond strength and electronic
determining step cannot be decided upon. Although the  effects are likely also important to explain the differences
steric effect (% Vg,,) once more is important, it does not in activation barrier.

@ Springer
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Steric effects likely have an increasing importance for
the more crowed NHC ligands, as well as for larger ketones
and silanes.

Energetic barriers are, nevertheless, substantially lower
than free energy barriers of 51.13 and 56.70 kcal/mol
calculated for the non-catalyzed hydrosilylation of form-
aldehyde and acetone, respectively. The low energetic
barriers calculated in this work show the plausibility of the
suggested catalytic cycle and furthermore explain the high
turnover number observed for these types of catalyst.

The overall catalytic cycle shows an exothermicity of
about 35 kcal/mol (AH = 33.5 kcal/mol for the (IH)Cu-H
molecule), which is driven by the transformation of a
nC = O bond and a ¢ Si-H bond into more stable ¢ C-H
and ¢ O-Si bonds, and is in agreement with experimental
observations.

4 Conclusions

In this paper, we have shown the theoretical validity of the
suggested catalytic cycle for the hydrosilylation of ketones
using N-heterocyclic diaminocarbenes Cu(I) hydride cata-
lysts. The activation of the catalyst from a copper fluoride
complex, as well as both steps of the catalytic cycle,
involves a 4-center ¢ metathesis transition state. The
reactants are guided toward these transition states, through
the formation of energetically favored van der Waals
complexes, formed through favorable electrostatic inter-
actions. Analysis of transition states shows that the &
metathesis reactions studied here can be described as
asynchronous concerted mechanisms, with the transfer
from Cu-linked atoms occurring prior to the transfer
toward the metal center.

For the reductive hydrosilylation of a ketone by SiH, to
take place, a free energy barrier of about 14 kcal/mol (for
the more realistic ItBu, IMes, and IPr models) with respect
to the isolated reactants has to be overcome. Comparable
energy barriers are obtained for the two successive steps of
the catalytic cycle, not allowing to identify a rate-limiting
step, if there should be one.

Finally, we noted an overall exothermicity of the cata-
lytic cycle of about 35 kcal/mol, driven by the transfor-
mation of a 7C = O bond and a ¢ Si—H bond into more
stable ¢ C-H and ¢ O-Si bonds.
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