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Abstract: The trinuclear cationic zinc hydride cluster
[(IMes);Zn;H,(THF)](BPh,), (1) was obtained either by
protonation of the neutral zinc dihydride [(IMes)ZnH,], with
a Brgnsted acid or by addition of the putative zinc dication
[(IMes)Zn(THF)]**. A triply bridged thiophenolato complex
2 was formed upon oxidation of 1 with PhS—SPh. Protonolysis
of 1 by methanol or water gave the corresponding trinuclear
dicationic derivatives. At ambient temperature, 1 catalyzed the
hydrosilylation of aldehydes, ketones, and nitriles. Carbon
dioxide was also hydrosilylated under forcing conditions when
using (EtO);SiH, giving silylformate as the main product.

Since its discovery by Schlesinger etal. in 1947, zinc
dihydride (ZnH,)™ has been used as hydride transfer reagent
in organic synthesis.) Owing to its pronounced thermal
sensitivity, the precise structure of zinc dihydride in the
bulk!'* has remained unknown until this day. More recently,
zinc dihydride was stabilized as thermally robust dimeric N-
heterocyclic carbene (NHC) adducts,®! following several
reports on zinc monohydrides of the general formula
(LX)ZnH (LX =monoanionic ligand).") While anionic zinc
hydrides® such as structurally characterized Na,[Zn,Et,(p-
H),] and Na;[Zn,iPrs(u-H)]® had been known, a cationic
zinc hydride [(IPr)ZnH(THF)](OTf) (IPr=1,3-bis(2,6-diiso-
propylphenyl)imidazol-2-ylidene) was reported only recently
by Rivard et al.*! We describe here the synthesis, reactivity,
and enhanced hydrosilylation activity of a trinuclear cationic
zinc hydride cluster [(IMes);Zn;H,(THF)](BPh,), (1)
(IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene)
stabilized by an N-heterocyclic carbene.!”!

The cationic zinc hydride [(IMes);Zn;H,(THF)](BPh,),
(1) was obtained by protonation of [(IMes)ZnH,],l*! with
[PhNMe,H]|BPh,, a Brgnsted acid containing a weakly coor-
dinating anion, under dihydrogen generation, and isolated in
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Scheme 1. Preparation of a cationic zinc hydride cluster 1.

86 % yield (Scheme 1). Alternatively, 1 was prepared in 82 %
yield by treatment of [(IMes)ZnH,], with the putative zinc
dication [(IMes)Zn(THF)]*!, generated in situ by salt meta-
thesis of [(IMes)ZnCL]" with two equiv of NaBPh,
(Scheme 1). The zinc hydride cluster 1 is moderately soluble
in THF and stable for over a week in THF solution. Isolated
crystals of 1 are stable for months at —35°C and decompose
only at temperatures above 165°C.

Formation of a new hydrido complex was revealed by
a hydride signal at 6 =1.79 ppm (showing no correlation in
the “C—'"H HSQC NMR spectrum) in the "H NMR spectrum
in [Dg] THEF. One set of signals was observed for both the IMes
and (BPh,)” anions. Variable temperature (—80 to 50°C)
'"H NMR spectra in [Dg] THF did not lead to decoalescence of
the hydride signals, which is most likely due to fast exchange
among the hydrido ligands. The coordinated THF in 1 was
detected as broad signals at 6 =1.61 and 3.16 ppm in CD,Cl,.
In the BC{'H} NMR spectrum, the zinc-coordinated NHC
signal was detected at 0 =169.25 ppm in [Dg]THF, in the
range of other zinc(IT)-NHC complexes.>”!

The structure analysis of crystals grown from THF/hexane
solution of 1 shows a trinuclear zinc dicationic core connected
by four hydrides (Figure 1). Hydride 1 can be regarded as the
[(IMes)Zn(THF)]** dication bonded to the neutral
[(IMes)ZnH,], through two terminal hydrides. To the best
of our knowledge, 1 is the first example of a hydride-bridged
cationic molecular zinc cluster.

All three zinc centers in 1 are tetrahedrally coordinated.
As expected for a cationic compound, the Zn—p-H (1.65(3)-
1.75(4) A) and Zn—Cyyc bonds (1.974(4)-1.995(4) A) are
shorter than those in the neutral parent complex
[(IMes)ZnH,],®) (Zn—p-H 1.71(4)-1.81(3) A and Zn—Cyyc
2.052(3)-2.054(3) A), reflecting the higher Lewis acidity of
the zinc atoms in 1. Three zinc atoms form a triangle with two
hydrides bridging the short Zn2--Zn3 distance (2.4137(7) A,
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Figure 1. Molecular structure of the dication [(IMes);Zn;H,(THF)* in
1-2THF (the hydrogen atoms except those connected to zinc, co-
crystallized THF molecules, BPh, anions, and the methyl groups of the
mesityl moieties are omitted for clarity).

as found in RZn(u-H)ZnR)® and one hydride bridging each
of the two long Zn--Zn separations (Znl-Zn2 2.8116(7) A,
Znl--Zn3 2.8008(7) A). The (BPh,)~ anions do not show
significant interactions with the cationic part.

The hydrido ligands in 1 did not exchange with D, (1 bar)
in [Dg]THF over a week at 25°C; [(IMes)ZnH,], was also
found to be inert.’! The concentration dependence of the
"HNMR chemical shifts of the IMes together with the
hydrido ligands and the observation of free THF in [Dg]THF
solution indicate that the coordinated THF is labile. When
1 was reacted with 1 equiv of PMe; in CD,Cl,, the coordinated
THF was completely replaced, as revealed by the 'H NMR
spectrum, and the coordination of PMe; to the zinc center is
indicated by a signal at d = —46.96 ppm in the *'P{'H} NMR
spectrum.”) No v, ; stretching frequencies for 1 could be
assigned, as they overlap with the aromatic vibrations of the
IMes ligand.B*!

Bonding analysis of 1 at the DFT level (see the Supporting
Information) gave geometric parameters close to the exper-
imental values. The computed Zn—H bond lengths (1.69-
176 A) agree with the experimental values (1.65(3)-
1.75(4) A). Similarly, the Zn--Zn distances are reproduced:
the short Zn2--Zn3 distance (2.43 A vs 2.4139(7) A) as well as
the two long Znl--Zn2/Zn3 distances (2.86-2.88 A vs.
2.8008(7)-2.8116(6) A). The NBO analysis indicates that the
charge at Zn1 is almost twice of that at Zn2 and Zn3 (+0.92
vs. +0.50), in line with a formal + 2 charge located at Znl.
While the Wiberg index of 0.33 for the Zn2---Zn3 distance
indicates a partial bonding interaction, the Wiberg bond
indexes of 0.14 calculated for Zn1--Zn2 and Zn1--Zn3 point
to weaker interactions.

With 2.25 equiv of PhS—SPh, the hydrido ligands in 1 were
readily oxidized to dihydrogen with concomitant reduction of
PhS—SPh to (PhS)™ to give the dinuclear thiophenolato
complex [(IMes),Zn,(SPh);](BPh,) (2) as colorless crystals in
69 % yield (Scheme 2). Dihydrogen formation was observed
by '"HNMR spectroscopy. Complex 2 is formed by one-
electron oxidation of one of the (BPh,)™ anions under release
of BPh; (detected by "B NMR spectroscopy; 6 =67 ppm in
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Scheme 2. Reactivity studies of 1.

C¢D;) and biphenyl (detected by GC-MS analysis). Similar
oxidation of (BPh,)™ has also been observed with other metal
complexes.'”! Complex 2 is readily soluble in dichlorome-
thane, but sparingly soluble in THF. The '"H NMR spectrum
of 2 in CD,Cl, shows one set of signals for each of the IMes
and thiophenolate ligands and (BPh,)™ anions in 2:3:1 ratio, in
agreement with the formulation of 2 as [(IMes),Zn,(SPh);]-
(BPhy).

Single crystals of 2 suitable for X-ray diffraction were
grown from a saturated THF solution. The molecular
structure contains a non-crystallographic C;-symmetric
Zn,S; core with three sulfur atoms forming an almost
equilateral triangle connected to a zinc atom on each side
of the plane (Figure 2). The Zn1--Zn2 distance of 2.791(6) A
is close to the Zn---Zn separations in 1 that are bridged by one
hydrido ligand.

Zinc hydride cation 1 reacted readily with four equiv-
alents of methanol or water at room temperature under
immediate evolution of dihydrogen to give the methoxy

Figure 2. Molecular structure of the monocation [(IMes),Zn,(SPh),]"
in 2THF (hydrogen atoms, co-crystallized THF molecules, BPh,
anions, and the methyl groups of the mesityl moieties are omitted for
clarity).
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[(IMes);Zn;(OMe),(THF)](BPh,), (3a) and hydroxy
[(IMes);Zn;(OH),(THF)](BPh,), (3b) complexes in 83 and
80% yield, respectively (Scheme 2). All of the hydrido
ligands in 1 reacted within 15 min; no protonation of the
IMes ligands was observed under these conditions. Com-
plexes 3ab are readily soluble in THF and dichloromethane
and are stable at —35°C as solids.

The methoxy unit in 3a is characterized by one singlet at
6=2.20 ppm in the "H NMR spectrum and by one signal at
0 =155.62 ppm in the *C{'H} NMR spectrum ([Dg] THF). The
hydroxy unit in 3b was detected as singlet at d = —1.36 ppm in
the 'H NMR spectrum ([Dg]THF) and at 3648 cm ™" in the IR
spectrum, which are in the same regions of those of other
hydroxide bridged zinc complexes.'! "H NMR patterns
similar to those of 1 were observed for both the IMes and
BPh, counterions in 3ab and the integration ratios of
methoxy/hydroxy units: IMes ligands: (BPh,)~ anion of
4:3:2 confirmed the retention of the trinuclear structures as
for 1. The molecular structure of 3b, confirmed by single
crystal X-ray diffraction, showed a trinuclear structure similar
to that of 1, with zinc centers bridged by p,-hydroxide ligands
(see the Supporting Information). As observed for 1, the THF
ligands in 3a,b are also labile in [Dg]THF. IMes coordination
to zinc was revealed by signals at 0 =170.14 (3a) and 171.83
(3b) ppm in the “C{'H} NMR spectra in [Dg]THF. '"H NMR
spectroscopic monitoring showed that 3a react with silanes
PhSiH;, PhMeSiH,, or (EtO);SiH at room temperature to
generate 1 quantitatively.

Preliminary studies showed fast insertion of PhCHO into
the Zn—H bonds in 1, even though a single product could not
be isolated from the reaction with 4 equiv of benzaldehyde.
This observation along with the conversion of the alkoxy
complex 3a into 1 when reacted with silanes prompted us to
probe the suitability of 1 as catalyst for hydrosilylation
reaction. Recently, zinc hydride species have proved to be an
alternative to precious-metal-based catalysts for various
organic transformations.? Hydrosilylation of carbonyl and
nitrile substrates results in reduction to form silyl ethers and
silyl imines, respectively.>!

Employing 0.5 mol % of 1, quantitative hydrosilylation of
PhCHO with primary silane PhSiH; (Table 1) to give 95% of
PhSiH(OCH,Ph), was observed within 10 min at room
temperature. PhCHO can also be inserted into all three Si—
H bonds of PhSiH; to give PhSi(OCH,Ph);, an alternative
synthetic approach towards PhSi(OR), derivatives.'*! Sec-
ondary silane PhMeSiH, works also efficiently (entries 2 and
7). While the tertiary silane PhMe,SiH was less reactive,
comparatively inexpensive (EtO);SiH shows high activity.!™!
PhCHO is hydrosilylated with (EtO),SiH to the correspond-
ing silyl ether within 1h (entry 3). Notably, this catalytic
system tolerates different substituents on aldehydes, such as
nitro, cyano, halide, and alkoxy groups (see the Supporting
Information). While an electron-withdrawing group margin-
ally increases the reaction rates (entries 4-5), an electron-
donating group (OMe) slows down the rate (entry 6). Beside
aromatic aldehydes, alkyl aldehyde nBuCHO (entry 8) as well
as ketones (entries 9 and 10) were also efficiently hydro-
silylated at room temperature. Complex [(IPr)ZnH(THF)]-
(OTf) was found to catalyze the hydrosilylation of Ph,CO
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Table 1: Hydrosilylation of aldehydes and ketones catalyzed by 1.
R3Si—

0 ) catalyst 1 o
e R s AT
R2
Entry R', R? Silane Time Catalyst ~ Conv.
[min] loading [
[mol %]
1 Ph, H PhSiH, 10 0.5 >98
2 Ph, H PhMeSiH, 15 2.2 >98
3 Ph, H (EtO),SiH 60 2.2 >98
4 4-F-CH,, H (EtO),SiH 45 22 > 98
5 4-Br-CeH,, H (EtO),SiH 50 22 >98
6 40Me-CH, H  (EtO),SiH 120 2.2 >98
7 4OMe-CiH, H  PhMeSiH, 30 22 > 98
8 nBu, H (EtO);SiH 180 2.7 97
9 Ph, Ph (Et0),SiH 180 3.3 95
10 Ph, Me PhMeSiH, 60 33 87
[a] determined by "H NMR spectroscopy.
Table 2: Hydrosilylation of nitriles catalyzed by 1.1
talyst 1 R!
R-CEN + RySH e A SC=N__
[DgTHF, 25°c  H SiRy
Entry R Silane Time Conv.
th] [%6]"
1 Ph (EtO),SiH 9 >98
2 Ph PhMeSiH, 7 >98
3 3-Br-CH, (Et0),SiH 4 90
4 4-OMe-CH, (EtO),SiH 8 94
5 2-naphthyl (EtO),SiH 6 >98
6 tBu (EtO),SiH 48 92
7 4-pyridyl (EtO),SiH 24 ne

[a] 3.3 mol % catalyst loading. [b] Determined by '"H NMR spectroscopy.
[c] Catalyst deactivation.

only with PhMeSiH,, no catalysis was observed with tertiary
silanes.”” Complex 1 shows comparatively better catalytic
activity than some transition-metal systems, which requires
either higher temperature or longer reaction time.['!

Nitriles can also be catalytically hydrosilylated by 1 to give
monoreduced N-silyl imines at room temperature (Table 2).
This is a rare example where such a process is catalyzed by
a non-transition-metal catalyst.'>!! Benzonitrile was hydro-
silylated with both PhMeSiH, and (EtO),;SiH (entries 1-2).
Electron-withdrawing/releasing substituents on the phenyl
ring are tolerated and facile hydrosilylation was observed
(entry 3-4). 2-Naphthonitrile was hydrosilylated faster than
benzonitrile (entry 5). Alkyl nitrile tBuCN was reduced
slowly (entry 6). For 4-pyridinecarbonitrile, only 41 % con-
version was observed within 1d before the catalyst was
deactivated (entry 7). Complex 1 shows catalytic activity
comparable with that reported for [(Dipp-nacnac)ZnH]
(Dipp-nacnac = CH{(CMe) (2,6-iPr,CsH;N)},).12

Competitive hydrosilylation experiment with 1:1 mixture
of benzaldehyde and benzonitrile when using PhMeSiH,
(22mol% 1, 25°C) showed that only benzaldehyde was
quantitatively reduced to PhSiHMe(OCH,Ph) within 15 min
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at room temperature, leaving benzonitrile unchanged (see the
Supporting Information).

Based on the observations that 1 readily inserts benzal-
dehyde and the resulting alkoxy compound (not isolated) as
well as 3a regenerates 1 when reacted with silanes (see the
Supporting Information), the following catalytic cycle is
proposed. Insertion of carbonyl functions into the Zn—H
bonds is followed by the reaction of the resulting alkoxy
intermediates with silanes to regenerate 1 along with the
release of silyl ethers. This proposal is supported by NMR
experiments. When the deuterium isotopomer 1-D, was
reacted with 4 equiv of PhCHO followed by addition of the
silane PhSiH;, PhMeSiH,, or (EtO);SiH, quantitative forma-
tion of 1-H, was observed. On the other hand, when 1-H, was
treated with 4 equiv of PhCHO followed by PhSiD;, the
deuterium isotopomer 1-D, was obtained quantitatively (see
the Supporting Information). A similar mechanism has been
postulated for the hydrosilylation catalyzed by
a [(NHC)Cu'H]" and a [{2,6-(iPr,PO),C;H;)NiH] cata-
lyst.'*1 - Alternatively, coordination of Si—H o-bond or
oxidative addition of silanes to a zinc center,”®! proposed
for other systems, is quite unlikely to operate here, as 1 did not
react with PhMeSiH, or (EtO);SiH over one day at room
temperature in [Dg]THF.

Compound 1 was also found to catalyze the hydrosilyla-
tion of more challenging substrate CO, (40 bar, THF, 60°C).
Complete conversion was achieved after 64h when
(EtO);SiH and 1 mol % of 1 were used. Triethoxysilylformate
("HNMR: 8.01 ppm (CHO); *C NMR: 157.9 ppm (CHO);
»Si NMR: —86.4 ppm) was identified as the major product
(>80%) along with bis(triethoxysiloxy)  methane
(<20%).0121

In conclusion, we have isolated a cationic zinc hydride
cluster™ that retains hydridic character and shows versatile
hydrosilylation activity toward electrophiles such as carbonyl
compounds, nitriles, and importantly more challenging sub-
strate carbon dioxide. Detailed mechanistic studies including
the nature of the active species are underway.
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