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Abstract. The present study details the synthesis and characterization of novel Zn(II)-based
organocations of the type [IPr*-Zn-R]* (IPr* = 1,3-bis[2,6-bis(diphenylmethyl)-4-
methylphenyl]-1,3-dihydro-2H-imidazol-2-ylidene; R = alkyl, aryl) and their use in styrene,
alkyne and carbonyls hydrosilylation catalysis. The neutral IPr* adducts [IPr*-ZnR;] (1, R =
Me; 2, R = Et; 3, R = Ph) were prepared by reaction of IPr* with an equimolar amount of ZnR,
and isolated in good yields. Despite the severe steric hindrance of IPr*, compounds 1-3 are
robust in solution, reflecting the bulky-yet-flexible nature of carbene IPr*. Adducts 1 and 2 can
be readily ionized by [Ph;C][B(C¢F5s)4] to produce two-coordinate Zn(II) cations [IPr*-ZnMe]*
([4]") and [IPr*-ZnEt]" ([5]"), both isolated in high yields (> 85%) as [B(C¢Fs)4] salts.
Interestingly, the more Lewis acidic cation [IPr*-ZnC¢Fs]* ([6]7), prepared by reaction of
[4][B(CgFs)4] with a B(CgF5)3;/HSiEt; mixture, is further stabilized through 7 arene interactions
with the Zn(II), indicating that IPr* may provide steric and electronic stabilization to Zn(Il).
The latter certainly explains the improved hydrolytic stability of salt [6][B(C¢F5)4]. Zn cations
of the [IPr*-ZnR]" series are less Lewis acidic than their [IPr-ZnR]", yet displaying a distinct
reactivity in hydrosilylation catalysis. Thus, cation [6]" catalyzes at room temperature styrene
and alkyne hydrosilylation with HSiEt; as a silane source. Remarkably, it is also a highly
effective ketone/aldehyde hydrosilylation catalysis for a rather broad silane and ketone scope,
and perform much better than [IPr-ZnR]" systems. The DFT-estimated mechanism for
hydrosilylation benzophenone by [6]* suggests that Si-H activation by the cationic Zn(II) center
is required for the catalysis to proceed. Overall, the improved hydrolytic stability and
straightforward synthesis of a well-defined Zn-based Lewis acid such as [6][B(C¢Fs);] may

promote its further use in various Lewis-acid-mediated transformations.



Introduction

Thanks to their steric tunability and exceptional s-donating properties, N-heterocyclic carbenes
(NHCs) constitute a priviledged class of supporting ligands for the stabilization of various
metal/heteroatom centers, leading to widespread applications across chemical science over the
past 25 years.!»3%5 Most notably, the ability of NHC ligands to stabilize reactive
organometallics through coordination to various metal/heteroatom centers has led to significant
achievements in metal-mediated homogeneous catalysis and fundamental reactivity of
organometallics.578%10.11 First reported by Markéd and co-workers,'? highly sterically bulky
NHCs such as IPr* (Figure 1) and related have recently attracted interest for coordination to
several metal centers because of their bulky-yet-flexible nature: i.e. a severe steric bulk for
protection/stabilization of the metal center combined with flexibility of the bulky N-substituents
allowing substrate approach if need be.!>!415 Notably, Pd(II), Cu(I), Au(I), Ru(Il) and Pt
complexes of such ligands, which have been most studied,!6:17-18,19,20.21,22,23,24.25.26 \yere shown
to exhibit superior catalytic performances and/or enhanced stability (versus more classical
NHCs) on a number of occasions due to [Pr* steric protection to the catalytically active species.
In contrast, despite their attractive features, the coordination of IPr*-type ligands with
oxophilic, high-oxidation-state and Lewis acidic metal centers is unexplored with the exception
of couple of IPr* adducts of Ga(III)/In(IlI), found to exhibit significantly improved stability
versus analogous NHC-Ga/In adducts.?’

NHC-stabilized Zn(II) species have attracted a growing attention over the past few years
because the enhanced stability provided NHC ligation to Zn(II) may lead to novel/robust
organozinc species for use in catalytic applications, the use of a cheap and non-toxic metal
source such as Zn being particularly attractive.?®?* NHC-Zn compounds have thus far been used
for the catalysis of a variety of transformations ranging from hydrosilylation of unsaturated

substrates (primarily alkenes, alkynes, nitriles and CO,), allylic alkylation, alkyne



dehydroboration/diboration, alkyne hydroboration, C-H borylation of heteroarenes to
polymerization catalysis of polar monomers.?82%-3031.32.33 Tn the area, we earlier showed that,
thanks to NHC stabilization, two-coordinate organozinc cations of the type [IPr-Zn-R]* (R =
alkyl, aryl) are viable and isolable species despite their strong electrophilicity and Lewis acidity:
such electrophiles were found to be effective catalysts for CO,, alkene and alkyne
hydrosilylation as well as alkyne hydroboration.3**? However, the poor hydrolytic stability and
substrates tolerance of [[Pr-Zn-R]" cations prompted us towards the use of bulky-yet-flexible
NHC such as IPr* to access two-coordinate [IPr*-Zn-R]" cation with improved hydrolytic
stability, yet possibly retaining enough reactivity for substrates activation. In addition to steric
protection, a ligand such as IPr* may also provide additional electronic stabilization to
electrophilic Zn'! cations through arene m-stabilization (with the N-CHP#A, groups of the NHC
ligand). As recently observed, low-coordinate organozinc cations may form labile M-arene

complexes.3>-36.37
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Figure 1. Studied organozinc cations [[Pr*Zn-R]*



We herein report on the synthesis and structure of [[Pr*-Zn-R]" organocations (R =
alkyl, aryl; Figure 1) and their use as catalysts in styrene, ketones, aldehydes and CO,
hydrosilylation. As shown below, besides improved stability, such cations were found in some
instances to perform better than benchmark [IPr-Zn-R]" catalysts also tested for comparison.
DFT calculations were also performed to support experimental results and provide mechanistic

understanding of ketone hydrosilylation catalysis.

Results — Discussion

Synthesis and structure of the NHC-supported Zn(II) complexes 1-3 and [4-6][B(C¢Fs)4l.
Access to [IPr*-Zn-R]" organocations was carried out through ionization of the corresponding
neutral precursors [[Pr*-ZnR,] (R = Me, Et, Ph; 1-3, Scheme 1), thus requiring the initial
preparation of adducts 1-3. The latter were readily accessed by reaction of carbene IPr*,
prepared according to a literature procedure,'® with 1 equiv of ZnR, (R = Me, Et, Ph; toluene,
2 h) to quantitatively afford adducts 1-3, all isolated in high yields as analytically pure colorless
powders. In solution, NMR data support adducts formation with, in particular, a characteristic
upfield chemical shift of the Cypene signal in 1-3 (ranging from 185 to 188 ppm versus 220.0
ppm for free IPr*), indicating effective NHC coordination to the Zn(II) center despite the
greater steric hindrance imposed IPr*.3® The solid state molecular structures of adducts 1 and 3
were established through X-ray crystallographic analysis (see Supporting Information for
further details), and are depicted in Figures 2 and 3. Both complexes contain a central NHC-
stabilized and three-coordinate Zn(II) center with Zn-NHC bond distances (2.112(3) and
2.089(1) A in species 1 and 3, respectively) nearly identical to that in [IPr-ZnMe,] (2.112(2)
A), reflecting that the bulky-yet-flexible nature of IPr* 38 Thus, in adducts 1 and 3, all Ph groups
of the N-R substituents of the [Pr* ligand point away from the ZnR, moiety so that to minimize

steric repulsions (Figures 2 and 3). Also in line with robust [IPr*-ZnR,] adducts, DFT-estimated



binding energies (WB97XD/6-31+G** theory level) between IPr*/IPr and ZnMe, were done for
comparison, and suggest that adduct [IPr*-ZnMe,] (DG = -6.4 kcal.mol') is even more stable

then [IPr-ZnMe;] (DG = -2.1 kcal.mol!), which is probably due to stronger London dispersion

Ph
PH Ph

interactions in [IPr*-ZnMe,].

N Ph ZnR, N>_Ph R [Ph3Cl[B(CgF5)4] N>_Ph
N> o toluene N Ph TR PhF N Ph O
Ph Ph Ph
o Ph pr, B(CeFs)a
Ph Ph Ph
1, R=Me [4]", R=Me
2, R=Et [5]*, R = Et

3, R=Ph

Scheme 1. Synthesis of IPr* adducts [1-3] and derived Zn-alkyl organocations

Figure 2. Molecular structure (ORTEP view) of neutral adduct [[Pr*-ZnMe,] (1). Selected bond
distances (A) and angles (°). Zn1-C1 = 2.112(3), C1-N1 = 1.364(4), C1-N2 = 1.359(5), Zn1-
C70 =1.985(4), Zn1-C71 = 1.994(4), C70-Zn1-C71 = 134.02(18), C70-Zn1-C1 = 115.61(16),
C71-Zn1-C1 = 110.10(15).



Figure 3. Molecular structure (ORTEP view) of neutral adduct [IPr*-ZnPh;,] (3). Selected bond
distances (A) and angles (°). Zn1-C1 = 2.089(1), C1-N1 = 1.360(2), C1-N2 = 1.362(2), Zn1-
C70=1.981(1), Zn1-C76 =2.001(1), C70-Zn1-C76 = 125.62(6), C70-Zn1-C1 = 118.6(6), C76-
Znl1-C1 = 115.52(6).

The Zn—alkyl organocations [[Pr*-ZnR]" ([4]", R = Me; [5]", R = Et; Scheme 1) were readily
accessed via alkyl abstraction of the corresponding neutral precursors 1 and 2, respectively.
Thus, reaction of 1-2 with 1 equiv of [Ph;C][B(C¢Fs)4] (PhF, 2 h, RT) quantitatively yielded
the corresponding [[Pr*-ZnR]" (R = Me, Et; [4]" and [5]"), which were isolated in a pure form
as [B(C¢Fs)4] salts in 85% and 87% yields, respectively. In contrast, ionization of adduct [[Pr*-
ZnPh,] (3) with 1 equiv of [Ph3C][B(C¢F5)4] led to an intractable mixture of unknown products
on the basis of 'TH NMR data, indicating that Zn-P#h abstraction by [Ph3C][B(CsFs);] may not
readily and cleanly occur at NHC-ZnPh, systems. Salts [4-5][B(C4Fs)4] are stable for weeks in
CD,Cl, under inert atmosphere. NMR data for cations [4]" and [S]" are all consistent with the
formation of [IPr*-ZnR]" cations. In particular, taking the example of [4]", the Ccapene °C NMR
resonance (d = 165.3 ppm) is significantly upfield shifted compared to that of neutral precursor
1 (d = 185.5 ppm), in line, as expected, with a much more Lewis acidic Zn(II) center in [4]*.3°
Salts [4-5][B(C¢Fs)4] were also analyzed by 2D 'H and '""F DOSY NMR to evaluate

cation/anion interactions in solution. In CD,Cl, (RT), the 2D 'H and '°F DOSY NMR data for



[4][B(CgFs)4] lead to estimated hydrodynamic radii of 1834 A and 939 A (see Supporting
Information). The difference between those two values and the fact that the estimated volume
for the [B(C4Fs)s]" anion is around 900 A (from solid state data) strongly suggest fully
dissociated [IPr*-ZnMe]" and [B(C4Fs)4] ions in CD,Cl,. Similar hydrodynamic volumes
(2234 A and 1070 A from 'H and '9F DOSY NMR data, respectively) were also estimated for
[5][B(C¢Fs),4], indicating dissociated ions in CD,Cl,. However, DOSY NMR data for
[5][B(C¢Fs)4] recorded in C¢DsBr, a less polar and dissociative solvent, are consistent with the
presence of [5]7/[B(C¢Fs)4] contact ions pairing to some extent, likely in equilibrium with fully
dissociated ions (estimated hydrodynamic volumes from 'H and '°F DOSY NMR in C¢DsBr:
2554 A and 2054 A, respectively).

In the solid state, as established through XRD studies, salt [5][B(C¢Fs)4] crystallizes as discrete
and fully dissociated [IPr*-ZnEt]* and [B(C¢Fs)4] ions (Figure 4). The cation displays a central
sp-hybridized and two-coordinate Zn(II) center with Zn—C,pene and Zn—alkyl bond distances
(1.968(3) and 1.944(4) A, respectively), similar to those in cation [IPr-ZnMe]*.34 Interestingly,
due to the enhanced Lewis acidity of the Zn(II) and the steric relief upon going from a ZnR; to
Zn—R" moiety (vs. neutral precursor [2]), two of the Ph groups of the NHC N-R substituents
now point towards Zn(II) with short electrostatic contacts (Zn1--C25 = 3.071 A and Zn1--C26

=3.081 A) close to the sum of van der Waals radii of Zn and Cqy, atoms (3.10 A).40



Figure 4. Molecular structure (ORTEP view) of Zn cation [(IPr*)ZnEt]". Selected bond
distances (A) and angles (°). Zn1-C1 = 1.968(3), C1-N1 = 1.346(3), C1-N2 = 1.357(3), Znl-
C70 =1.944(4), C70-Zn1-C1 = 149.4(2).

Access to the Zn—C¢F5 cationic derivative [IPr*-ZnCgFs]* ([6]", Scheme 2), expected to
more Lewis acidic than Zn-alkyl cations [4]" and [5]*, was also achieved. Thus, cation [IPr*-
ZnMe]" ([4]") smoothly reacted with a 1/2 B(C4Fs);/HSiEt; mixture (PhF, 24 h, RT) through a
Me/CgFs ligand exchange reaction, to quantitatively form [6][B(C4Fs);] along with organo-
boron/-silicon side-products that were not further studied and characterized. Salt [6][B(C¢Fs)4]
was isolated in 84% yield and its molecular structure was established through XRD studies.
The latter salt crystallizes as fully dissociated [6]* and [B(C¢Fs)4] ions. As shown in Figure 5,
cation [6]" consists of a two-coordinate Zn(II) cationic center stabilized by a IPr* ligand and a
[C¢Fs] moiety. While the geometrical/bonding parameters of [6]" are for the most part similar
to those in the Zn—Et" cation [4]", the Zn(II) center in [6]", unlike that in [4]", is however
sandwiched by two Ph rings (of the NHC substituents) with rather short Zn-Ph contacts
(Zn1--C44=2.743 A, Zn1--C49 = 2.862 A; Figure 5) well below the sum of the corresponding
van der Waals radii (3.10 A),% likely indicative of Zn-Ph z-interactions. In line with the latter,

DFT-estimated Non Covalent Interactions (NCI) of a model of cation [6]", VI (Figure 6),
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further confirm substantial attractive Van der Waals interactions between the Zn center and the
two “sandwiching” Ph rings. These structural and computational data are in line with a more
Lewis acidic Zn(II) in [6]" vs. cations [4]" and [5]*, as expected when going from Zn-alkyl to
Zn-C¢F5 organocations. In solution, all NMR data for [6][B(C¢Fs)4] agree with the proposed
formulation. 'H and '"F 2D DOSY NMR data are consistent with dissociated [6]" and
[B(C¢Fs)4] ions in CD,Cl, at room temperature (see Supporting Information). In particular, the
F 2D DOSY NMR data agree with two distinct molecular entities under the studied conditions
with hydrodynamic volumes of 2213 A and 1094 A, which matches well the respective volumes

of [IPr*-ZnC¢Fs]* and [B(C4Fs),4] (from solid state data).

Ph Ph
Ph Ph Ph Ph
N Phg B(CeF<)s/HSIEL, (1:2 N Phg
[ »—2Zn—Me (CeFsls 3 (12) [ »—2Zn—CgFs
N Ph o PhF, RT N Ph o
Ph Ph B(CeF
o B(CoFs) . B(Cesl
Ph Ph
[4][B(CgF5)4] [6][B(CsF5)al

Scheme 2. Synthesis of the Zn—C¢F5 cation [6]"
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Figure 5. Molecular structure (ORTEP view) of Zn cation [(IPr*)Zn-C¢Fs]*. For clarity, two
N-CHPH, substituents are not represented. Selected bond distances (A) and angles (°). Zn1-C1
=1.953(4), C1-N1=1.348(5), C1-N2 = 1.358(5), Zn1-C70 = 1.930(4), C70-Zn1-C1 = 160.4(2).

Figure 6. Non covalent interactions (NCI) isosurface (h = 0.65) for model cation [(IPr*)Zn—
CeFs]* (VI), as estimated by DFT calculations at the wB97XD/6-31+G** theory level. Green
areas correspond to attractive Van der Waals interactions and red areas indicate repulsive steric

congestion.
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The Lewis acidity of the characterized IPr*-stabilized Zn(II) cations [4-6]" was
experimentally evaluated in CD,Cl, using the Gutmann-Beckett method (the 3'P NMR
chemical shift of Et;P=0 Lewis pair adduct is recorded to probe the Lewis acidity and compared
to that of free Et;P=0).414> According to these measurements, cation [6]" is the strongest Lewis
acid of the IPr*-Zn series [Acceptor number (AN) = 55.7, 45.3 and 43.3 for [6], [4]" and [S],
respectively] and exhibit a comparable Lewis acidity to [(IPr)Zn-C¢Fs]" and landmark Lewis
acid B(CgFs); [AN = 54.6 and 58.3 for [(IPr)Zn-C¢Fs]" and B(C¢F5s)s, respectively]. However,
the limits of validity of such method are well-known.** In particular, in the present [[Pr*—Zn-
R]" systems, the presence of a number of aromatic rings close the Zn(Il) center may
significantly affect the *'P chemical shift of the coordinated O=PEt; regardless of the actual
Lewis acidity of metal center. Thus, for additional estimation of Lewis acidity, the Fluoride Ion
Affinity (FIA) of [4-6]" was also DFT-computed (B3LYP/6-31+G**, PhBr as solvent through
a PCM model; see Supporting Information for more details). According to FIA estimations,
[IPr*~Zn-CgFs]" is indeed the most Lewis acidic IPr*-Zn species ([6]", FIA = 167.7 kJ-mol;
[4]F, FIA = 148.7 kJ-mol!; [5]", FIA = 147.5 kJ-mol-") but is significantly less Lewis acidic
than [IPr—Zn-CgFs]* cation and B(C¢Fs); (FIA = 185.5 and 220.5 kJ-mol-!, respectively).3*
Significant steric hindrance around Zn(II) along with its electronic stabilization by p-Ph
interactions clearly account for the decreased Lewis acidity at Zn(II) in [[Pr*—Zn-C¢Fs]" vs.
[[Pr—Zn-C¢Fs]".

As stated the Introduction, access to [NHC—Zn-R]" cations with improved hydrolytic
stability is a core objective of the present study. The stability of [[Pr*~Zn-C¢Fs]" cation towards
hydrolysis and O, was therefore estimated under controlled conditions and compared to that of
the less sterically protected [IPr—Zn-C4Fs]* cationic analogue. As monitored by 'H and '°F
NMR, the reaction of [IPr*—Zn-C4Fs][B(C¢Fs)4] (0.01 M in C¢DsBr) with 1 equiv of H,O at

room temperature led to the immediate formation of the corresponding Zn-OH, adduct, i.e.
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[[Pr*—Zn(CsF5)(H,0)]*, with the presence of an additional singlet assigned to a H,O-Zn moiety
(6 = 2.49 ppm; for comparison, 6 = 1.29 ppm for free HO in C4DsBr). Remarkably, such an
organozinc cationic water adduct is stable for the studied conditions, with no apparent
decomposition/hydrolysis reaction after 12 h, as deduced from NMR data (see SI). In sharp
contrast, in the presence of one equiv of H,O, cation [IPr-Zn-C4¢Fs]* (0.01 M in C4¢DsBr) is
completely hydrolyzed within an hour at RT (as evidenced by 'H and '°F NMR data, see SI) to
afford C¢FsH and unidentified organozinc species. The greater steric and electronic stabilization
provided by IPr* vs. IPr certainly accounts for the improved stability towards hydrolysis.

Regarding their reactivity with O,, both cations [IPr*—Zn(C4Fs)(H,O)]" and [[Pr—Zn-
CsFs]* (0.01 M in C¢DsBr) exhibit no apparent reaction with O, (1 bar) at room temperature
after 24 h as monitored by 'H and '°F NMR.

Styrene and alkyne hydrosilylation catalysis with cations [4-6]*. The prepared Zn
cations were initially tested for alkene/alkyne hydrosilylation catalysis since examples of Zn-
catalysed/initiated alkene/alkyne hydrosilylation remain rare to date.**3*45 At room temperature
(in CD,Cl,) or 90 °C (in C¢DsBr), cations [4-6]* showed no catalytic activity in 1-hexene
hydrosilylation using HSiEt; or PhSiH; as a silane source. Given that such process likely
operates through Lewis-acid type catalysis, the lower Lewis acidity of [4-6]" vs. [IPr—Zn-C4Fs]*
most likely explains the absence of activity. However, cation [6]* (5 mol%) slowly
hydrosilylates styrene at room temperature in the presence of HSiEt; to the corresponding anti-
Markovnikov product 7 (Scheme 3), albeit with poor activity (70 % conversion to 7 after 4
days). 'H NMR monitoring of the catalysis agree with cation [6] retaining its integrity as the
reaction proceeds, in line with a Lewis-acid-type catalysis. Interestingly, under identical
conditions, the more Lewis acidic [IPr—Zn-C¢F5]" cation (5 mol%) polymerizes styrene within
a few hours (CD,Cl,, RT, 5 h, quantitative styrene conversion to atactic polystyrene) and no

hydrosilylation product was observed.
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— _ [6]* (5 moI%) SiEtg
+ HSIEt; CD.CL.RT ©/\/
2V12;

7

Scheme 3. Styrene hydrosilylation catalysis by cation [6]*

Cation [6]" (5 mol%) is also active in alkyne (phenylacetylene and 1-octyne)
hydrosilylation to afford the Z-selective anti-Markovnikov products 8 and 9, respectively
(Scheme 4),%47 albeit with moderate activity (53% and 70 % conversion to 8 and 9,
respectively, after 24 h in CD,Cl,). Here again, catalyst [6]* is stable and not consumed as the
catalysis occurs, in line with [6]* acting a Lewis acid catalyst. In addition, the much higher
activity of stronger Lewis acid [(IPr)Zn-C¢Fs]* under identical conditions (quantitative

formation of 8 and 9 within 10 min, CD,Cl,, RT) further hints at a Lewis-acid-mediated process.

6]* (5 mol%
R—— + HSiEtg [6I" ( ) /N
CD,Cl,, RT SiEt;
Ph
CgH13

R
8, R
9,R

Scheme 4. Alkyne hydrosilylation catalyzed by cation [6]"

Carbonyls and CO, hydrosilylation Catalysis by cations [4-6]". Zinc-
mediated/catalyzed hydrosilylation of carbonyls such as ketones and aldehydes is well-
established in the literature,*® though the use of well-defined Zn complexes for such catalysis
remains rather limited.*%-30->1,52,33,5455 Cationic Zn complexes have rarely been explored as
ketone and aldehyde hydrosilylation catalysts: with the exception of strongly Lewis acidic
“pseudo-naked” Zn?" of the type Zn[X], (X = carborate, ammoniododecaborate),’*>7 they all
consist of Zn-H cationic complexes that perform such catalysis through a

coordination/insertion/s-bond metathesis sequence.>8-31,59:60
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The zinc alkyl cations [4-6]" and [(IPr)Zn—C¢F5]" cation were tested in ketone/aldehyde
hydrosilylation as potential Lewis acidic catalysts. Benzophenone was initially used as a model
substrate in the presence of HSiEts;, and the results are compiled in Table 1. While the Zn alkyl
cations [4]" and [S]" displayed no hydrosilylation activity (room temperature or 60 °C for
prolonged time), the more Lewis acidic [6]* proved to be higly effective at room temperature.
Thus, complete complete conversion of a 1/1 Ph,C=O/HSiEt; to the corresponding mono-
hydrosilylated product Ph,CHOSIEt; (10a) is achieved within 30 min at RT using [6]" (5 mol
%) as catalyst (entries 1 and 2, Table 1). Conversely and contrasting with the reactivity trend
observed in alkene/alkyne hydrosilylation, [(IPr)Zn-C¢Fs]* is significant less effective with no
activity at room temperature (after 24 h), but the quantitative formation of product 10a is
observed after 6 h at 60 °C (entries 3 and 4, Table 1). The selectivity in mono-hydrosilylated
product 10a is also retained in the presence of excess HSiEt; using catalyst [6]" with no
formation of the over-/double-reduction product, PhCH,Ph (11), over prolonged time (RT and
60 °C). Catalyst [6] is also efficient at lower loadings such as 2% and 1% mol (entries 6-8,
Table 1). Thus, 86 equiv of Ph,C=0 may be converted to 10a within 30 min at room temperature
(TOF = 172 h'!) in the presence of HSiEt; and [6]" (1% mol), and complete conversion is
reached after 2 h (entries 7 and 8, Table 1). Further increase in benzophenone feed ratio to
1000/1 (0.1% mol of [6]7) also allowed the quantitative formation of 10a within 6 h at 60 °C
(entry 9, Table 1). Overall, these results suggest that Lewis acidic cation [6]" stands as an

effective and robust ketone hydrosilylation catalyst under mild conditions.

Table 1. Hydrosilylation of benzophenone by HSiEt, catalyzed by [6]* and [(IPr)Zn-
C4Fs]* cations.”

0 [6]*/[(IPrZn—CgFs]* (cat.) OSiEts
HSiEts O O
>
(T AT
10a
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Entry  Cat. (mol %) T (°C) t(hh NMR TOF

yield (h?)
(Y0)
1 [6]" (5) 25 0.5 100 40
2 [6]" (5) 25 0.5 100 40
3 [(IPr)Zn—CFs]* 25 24 0 0
©N
4 [(IPr)Zn—CFs]* 60 6 100 33
©N
5 [6] (5)¢ 25and 60  24+2 100 40
6 [6]" (2) 25 0.5 98 98
7 [6]" (1) 25 0.5 86 172
8 [61" (1) 25 2 100 50
9 [6]" (0.1) 60 6 100 167

@ Conditions for a typical run: [Cat]y = 0.0174 M, C¢DsBr (unless indicated otherwise). > NMR
yield in the mono-reduction product 10a, as determined by 'H NMR analysis using 4-
fluorotoluene as internal reference. < CD,Cl, as solvent. ¢ A 1/2 Ph,C=0O/HSiEt; initial ratio

was used.

To further probe the reactivity of cation [6]*, hydrosilanes scope in benzophenone
hydrosilylation catalyzed by [6]" (2% mol) was also conducted, and the results are summarized
in Table 2. Silane HSiMe,Ph performs similarly to HSiEt; with the quantitative formation of
the corresponding hydrosilylation product, Ph,CHO-SiMe,Ph (10b), within 1 h at room
temperature (entry 1, Table. 2). In contrast, the use of silane HSiPh; only led to a 17%
conversion to Ph,CHO-SiPh; (10¢) under identical conditions, likely due to its high steric
hindrance (entry 2, Table 2). Also, no hydrosilylation was observed with HSi(OEt); as a Si—H
source due its poor stability in the presence of [6]7.6! The use of hydrosilanes bearing several
Si—H moieties such as H3SiPh and H,SiPh; significantly modified products outcome. Thus, a

1/1 H3SiPh/Ph,C=0 mixture was quantitatively and selectively converted to diphenylmethane
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(11), the double reduction product of Ph,C=0O, within 30 min at room temperature (entry 4,
Table 2). The formation of 11 likely occurs through the initial formation of hydrosilylation
products of the type (Ph,CHO),SiH;,Ph (x = 1 to 3; 10d: Ph,CHO-SiH,Ph; 10d’:
(Ph,CHO),SiHPh; 10d”’: (Ph,CHO);SiPh; none were observed), that undergo deoxygenation
reactions mediated by Lewis acid [6]* leading to the formation of 11 and siloxanes by-products,
as previously observed in carbonyls hydrosilylation mediated by strong Lewis acids (entry 5,
Table 2).56:6263 Hydrosilylation starting with a 1/3 H3SiPh/Ph,C=0 ratio, i.e. with one Si-H
moiety per carbonyl, quantitatively led to a mixture of (Ph,CHO),SiH;_,Ph and 11 in a roughly
1/1 ratio, in line with the limited stability of species (Ph,CHO),SiH;<Ph and their ready
conversion to 11 under the reaction conditions. A similar reactivity trend is observed for
benzophenone hydrosilylation performed with H,SiPh, as a Si—H source (entries 6 and 7, Table
2), but the corresponding reduction products of the type (Ph,CHO),SiH, (Ph, (x = 1, 2; 10e:
Ph,CHO-SiHPh,; 10e’: (Ph,CHO),SiPh,) exhibit improved stability towards Lewis acid-
mediated deoxygenation. Overall, mono-hydride silane such as HSiEt; and HSiMe,Ph appear

best suited for the fast and selective formation of silyl ether products using Lewis acid [6].

Table 2. Hydrosilane scope for benzophenone hydrosilylation catalysis using Zn cation [6]".4

R R
)O\R 0Xz 0
PO
Ph Ph Ph)\ Ph Ph/k Ph Ph Ph
10b, R = SiMe,Ph  10d’, R =SiHPh  10d”, R = SiPh 1
10c, R = SiPh; 10e’, R = SiPh,
10d, R = SiH,Ph
10e, R = SiHPh,
Entry Silane t Ph,C=0 Conv. NMR Yield NMR Yield
(h) 0 10 (% 11 (%)
(%) in 10 (%) in 11 (%)
1 HSiMe,Ph 1 100 99 (10b) -
2 HSiPh; 1 17 17 (10¢) -
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3 HSi(OEt); 1 0 - -
4 HiSiPh 0.5 100 - 100

5¢ H:SiPh 0.5 100 54 46
(10d+10d°+10d"")

6 H,SiPh, 0.5 100 16 (10e+10e”) 84

74 H,SiPh, 0.5 100 100 (10e+10e’) -

@ Conditions: NMR scale reaction, 2 mol % of [6][B(C¢Fs)4] ([Cat]y = 0.007 M), ratio
[Ph,C=0]y/[Silane]y/[Cat], = 50/50/1 (unless specified otherwise), CsDsBr, RT. » NMR yields
in all reduction products were determined by 'H NMR analysis using 4-fluorotoluene as internal

reference. ¢ A 3/1 Ph,C=0/H;SiPh ratio was used. ¢ A 2/1 Ph,C=0/H,SiPh, ratio was used.

Following silane scope, the ability of cation [6]" to hydrosilylate various
ketones/aldehyde was evaluated using HSiEt; as a silane source. The results are summarized in
Table 3. In the presence of HSiEt; and [6]" (5 mol %), aromatic ketones such as acetophenone
and p-fluoroacetophenone are readily reduced to the corresponding silyl ethers 12 and 185,
respectively, as the major products, with 90% and 100% ketone conversion as well as complete
silane consumption within 30 min at room temperature (entries 1 and 2, Table 3), as deduced
from 'H NMR and GC-MS analysis. Both catalysis also produce the ether products 13 and 16,
respectively (along with Et;SiOSiEt;), as minor products (5% and 35% yield, respectively).
Such a reductive etherification reaction leading to 13 and 16 is well-known to occur in acid-
mediated organosilane reduction of ketones/aldehydes.®* The reduction of acetophenone also
produces minor amount of doubly reduced product ethylbenzene (14). In contrast,
hydrosilylation of p-cyanoacetophenone and benzaldehyde proceed much slower to selectively
afford the mono-reduction products 17 and 18, respectively (entries 3 and 4, Table 3). Those
substrates likely form very robust adducts of the type [(NHC)Zn(CgFs)(L)]", L =
ketone/aldehyde) upon coordination to [6]": given that Zn-L dissociation appears required for

hydrosilylation to occur (vide infra, DFT calculations), decreased catalytic activity is expected
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with more stable [(NHC)Zn(C¢Fs)(L)]" adducts. Aliphatic ketones such as cyclohexanone may
also be efficiently reduced using cation [6]" with a nearly complete conversion to the
corresponding silylether 19 within 30 min at room temperature (entry 5, Table 3), while the
reduction of conjugated ketone 2-cyclohexen-1-one is significantly slower to selectively and
quatitatively afford the 1,4 hydrosilylation product 20 after 22 h at room temperature (entry 6,

Table 3).

Table 3. Ketone/aldehyde scope in hydrosilylation catalysis with HSiEt; catalyzed by Zn
cation [6]".¢

OSiEts
OSiEts ;\ 1 o
Ph)\ Ph” 07 Ph PR
X F F
12 13 14 15, X =F 16
17, X =CN

OSiEt, OSiEt,

OSiEt,
Ph
18 19 20
Entry Substrate t(h) Conv. Yield (NMR) Selectivity
(%) (%)
1 i 0.5 90 70 (12+13+14) 12/13/14
ratio: 86/7/7
2 ij 0.5 100 100 (15+16) 15/16
F ratio: 65/35
3 i 24 48 48 (17) N/A
SO
4 i ] 2 19 19 (18) N/A
5 i?j 0.5 100 97 (19) N/A
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6 @ 22 100 100 (20) N/A

@ Conditions: NMR scale reaction, 5 mol % of [6][B(C¢Fs)4] ([Cat]y = 0.007 M), ratio
[Ph,C=0]y/[HSiEt;]o/[Cat], = 20/20/1, CD,Cl,, room temperature. ” Ketone/aldehyde

consumption. ¢ Calculated by "H NMR vs. an internal standard (4-fluorotoluene).

Control experiments and DFT calculations for mechanistic insights on ketone
hydrosilylation catalysis by [6]*. Benzophenone hydrosilylation catalyzed by [6][B(CgFs)4]
was further studied as representative of these Lewis-acid-type hydrosilylation catalysis. 'H
NMR monitoring of a 1/10/10 [6][B(C¢Fs)4]/HSiEt;/Ph,C=0 catalysis showed that the
benzophenone adduct [(IPr*)Zn(C¢F5)(O=CPh,)]* ([21]") is the only observable Zn species as
the catalysis proceeds, thus the likely resting state of the process. Further, salt [21][B(CgF5),4]
was isolated as a yellow solid from the latter catalytic run, and its identity was deduced from
'H, 13C and 2D NMR analysis, which are consistent with benzophenone coordination to the Zn
center. The independent NMR-scale generation of adduct [21][B(C¢Fs)4] by reaction of
[6][B(C¢Fs)4] with 1 equiv of benzophenone (CD,Cl,, room temperature) further confirmed its
identity. Also, a 1/10/10 [21][B(CgF5)4]/HSiEt;/Ph,C=0 catalysis led to an identical outcome
and catalytic activity to that performed with [6][B(CsFs)4], in line with cation [21]" being the
catalyst resting in these hydrosilylation reactions.

To gain additional insight, a possible mechanism of benzophenone hydrosilylation catalysis by
[6]" was studied through DFT computation at the wB97XD/6-31+G** theory level using a
QMMM approach (see Supporting Information for further details). The proposed DFT-
estimated mechanism is depicted in Figure 7, starting from the experimentally observed
benzophenone adduct of cation [6]* (model XXI). From XXI, a direct attack of HSiEt; on the
coordinated benzophenone in XXI was initially computed (see Supporting Information, Fig.
S52), but such an approach only led to an unrealistically high barrier (> 40 kcal.mol™"). Rather,

as shown in Figure 7, an initial dissociation of XXI (AG = -13 kcal.mol!) in the presence of
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HSiEt; appears required to afford the corresponding Et;SiH-Zn adduct XXII along with free
benzophenone (AG = 5.4 kcal.mol"). Model XXII is only a fleeting intermediate that may react
fast through a backside nucleophilic attack of benzophenone at Si-H proceeding at little energy
cost through transition state TS1 (AG = 16.3 kcal.mol™!) to afford the benzophenone silylium
cation XXIII and the neutral Zn-H species (IPr*)Zn(H)(C¢Fs), XXIV (AG = 7.3 kcal.mol).
The latter is unstable and further reacts through a hydride transfer from the Zn to the Si center
(via TS2, DG = 10.6 kcal.mol!) to afford reduction product Ph,CHOSIiEt; (XXV), the most

thermodynamically stable species of the reaction, and re-generate catalyst [(IPr*)Zn—C4Fs]*.

AG (kcal.mol™") Ph
Ph. Et Et IPr >FO®—SiEt3
)=0---8i--H--Zn® PH 4
PH Et CeFs “n—IPr*
CeF
ISt oS
16.3 TS2
//—
10.6",
28 . )
XXI R 7.3
30 - EBLE Pr Ph o
SimHZn® )=0=siEt, .
Et xxn CeFs PH —
IPr 16.4
Ph / * XX
rodl  meo 0
Ph CeFs H +
\ . O—SiEt
+ HSiEt; /Zn—IPr ’ 3
cr W,
ors XXV
XXIV N
®
IPr*—Zn—Cg¢Fs5

Figure 7. DFT-estimated mechanism of benzophenone hydrosilylation catalyzed by Zn cation
[6]" (WB97XD/6-31+G** theory level). Solvent (PhBr) effects were considered by mean of a
PCM.

The overall hydrosilylation reaction is thus clearly thermodynamically driven and may
readily occur at low energy cost via successive transition states TS1 and TS2 from trace amount

of Et;SiH-Zn adduct XXII that continuously form. Access to silane adduct XXII thus appears
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crucial for the catalysis to operate but its formation requires dissociation of the benzophenone
cationic adduct: in that regard, this may rationalize the lower catalytic activity of the more
Lewis acidic [(IPr)Zn—CgFs]" Zn cation, which forms a more robust [(IPr)Zn(CgF5)(O=CPh,)]"
adduct than less prone to dissociation than the more sterically hindered
[(IPr*)Zn(CeF5)(O=CPh,)]*. For the less Lewis acidic Zn-alkyl cations [4]" and [5]%, the
absence of activity probably reflects the absence of any silane activation by such cations.
Overall, such mechanism is reminiscent to that proposed and established by Piers in B(CgF5)3-
catalyzed hydrosilylation of ketones.%3-66-67

The present hydrosilylation mechanism thus proposes the formation of Ph,C=O-
stabilized silylium XXIII as an intermediate, raising the question of an actual silylium-
catalyzed process in which the Zn cation [(IP1r*)Zn—C¢Fs]* would only act as an initiator for the
generation of [Ph,C=0-SiEt;]", a possible catalyst on its own. To probe this issue further,
benzophenone hydrosilylation catalyzed by [Et;Si]® was DFT-computed (see Supporting
Information, Figures S56 and S57): however, the formation of the doubly reduced product
(PhCH,Ph from Ph,CH-OSiEt;) is estimated to be significantly faster than the initial reduction
of benzophenone to Ph,CH-OSiEt;, which should limit selectivity in Ph,CH-OSiEt;. In line
with the latter, a control 'H NMR monitoring experiment of a 1/100/100
[Ph;C][B(C¢F5)4]/HSiEt;/Ph,C=0 mixture (CD,Cl,, room temperature) led to a 2/1 Ph,CH-
OSiEt;/PhCH,Ph mixture within 40 min along with complete HSiEt; consumption. In contrast,
as earlier discussed, Zn cation [6]" (1% mol) is a selective catalyst for quantitative Ph,CH-
OSiEt; formation under identical catalytic conditions (entry 7, Table 1). Computational and
experimental data are thus overall consistent with a Zn-catalyzed Ph,C=0O hydrosilylation
process.

CO; hydrosilylation catalysis by cation [6]". Cations [4-6]" were also tested in CO,

hydrosilylation catalysis given the current interest of such transformation and the ability of
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strong Lewis acids for catalytic CO, functionalization in the presence of hydrosilanes.®® While
inactive at room temperature, cation [6]" (1 mol %) selectively reduces CO, (1.5 bar) to methane
(C¢DsBr, 90 °C) with 80% conversion after 24 h, a comparable activity to Zn cation [(IPr)Zn—
C¢Fs]".3* The less Lewis acidic cations [4]" and [5]" displayed moderate activity under such
conditions (14% HSiEt; conversion to a 1/1 MeOSiEt;/CH4 mixture after 24 h). The Zn cation
[6]" retained its integrity as the CO, reduction proceeds, consistent with a Lewis-acid-type

mechanism as that observed and described for [(IPr)Zn—CgFs]".3*

Conclusion

The present study first showed that two-coordinate organozinc cations of the type [(NHC)Zn—
R]" incorporating a “bulky-yet-flexible” NHC such as IPr* may be accessible as extremely
robust electrophilic species. The steric protection provided by such NHC ligand significantly
improves the hydrolytic stability, with the more Lewis acidic cation of the series (i.e. [(IPr*)Zn—
CeFs]") being significantly more stable towards hydrolysis than benchmark [(IPr)Zn—C¢Fs]".
Electronic stabilization of the Zn(II) center through arene 7 donation center may also provide
substantial electronic stabilization as deduced from structural data for [(IPr*)Zn—C4Fs]". As a
result, [Pr*-stabilized Zn(II) cations are less Lewis acidic than (IPr)Zn analogues, but display a
distinct and complementary reactivity in catalysis. Thus, while exhibiting no to moderate
activity in alkene/alkyne hydrosilylation (unlike highly active [(IPr)Zn—CgFs]"), [(IPr*)Zn—
CeFs]*is a highly effective and selective catalyst in ketone hydrosilylation and performs much
better than [(IPr)Zn—C¢Fs]". As observed with several other metal centers, the use of [Pr* as a
supporting NHC ligand in Zn(II) coordination chemistry may well be complementary to that of
classically used NHCs.!?> The latter along with the ready accessibility, improved hydrolytic
stability, and ability to activate polar substrates of these well-defined Zn-based organocations

may promote their further use in catalysis.
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Experimental Section

Material, Reagents, and Experimental Methods. All experiments were performed under inert
atmosphere using standard glove box or Schlenk techniques. Solvents were freshly distilled
under N, following standard procedures or dispensed from a commercial purification system
and then stored over 4 A molecular sieves. Deuterated solvents were used as received and stored
over 4 A molecular sieves. NMR spectra were recorded on Bruker Advance I-300 MHz, Bruker
Advance 11I-400 MHz, Bruker Advance 1I-500 MHz, and Bruker Advance II1I-600 MHz
spectrometers. NMR chemical shift values were determined relative to the residual protons in
C¢Ds, CsDsBr and CD,Cl, as internal reference for 'H (& of the most downfield signal = 7.16,
7.29, 5.32 ppm) and BC{'H} (8 of the most downfield signal = 128.06, 130.92, 53.84 ppm).
ZnMe,, ZnEt,, and [CPh;3][B(C¢Fs)4] were obtained from Strem Chemicals. B(C¢Fs); was
obtained from TCI Europe and recrystallized from cold pentane prior to use. The free carbene
IPr* was prepared according to the literature!'>!%%? using an improved procedure to synthesize

the diazadiene precursor.”

IPr*ZnMe, (1). At room temperature, to a colorless solution of IPr* free carbene (0.274 g, 0.30
mmol, 1 eq) in toluene (2 mL) was added dropwise a colorless solution of dimethylzinc (27 pL,
0.39 mmol, 1.3 eq) in toluene (2 mL), resulting in a colorless solution that was stirred for 2 h.
Then the solvent was evaporated under vacuum until the reaction mixture turned to a saturated
solution, then pentane was slowly added to crystallize at -35 °C in a mixture of toluene and
pentane (1:2). 1 was obtained as white crystalline powder after drying under vacuum (0.257 g,
85 % yield). Anal. Caled for C;1HgNyZn: N, 2.78; C, 84.55; H 6.20. Found: N, 2.58; C, 84.22;
H 6.85. 'TH NMR (500 MHz, C¢Dg): 6 (ppm) 7.38 (d, J = 7.4 Hz, 8H, CH-Ar), 7.16 (t, J = 7.6

Hz, 8H, CH-Ar), 7.08 (s, 4H, CH-Ar), 7.06 — 7.00 (m, 12H, CH-Ar), 6.97-6.91 (m, 12H, CH-
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Ar), 5.72 (s, 2H, N-CH=CH-N), 5.67 (s, 4H, CHPh,), 1.75 (s, 6H, Me), -0.64 (s, 6H, ZnMey).
13C NMR (126 MHz, C¢DsBr): § (ppm) 188.56 (Cearpenc), 143.94 (C-Ar), 142.54 (C-Ar), 140.76
(C-Ar), 138.86 (C-Ar), 134.77 (C-Ar), 130.00 (CH-Ar), 129.92 (CH-Ar), 129.23 (CH-Ar),
128.52 (CH-Ar), 128.35 (CH-Ar), 126.69 (CH-Ar), 126.60 (CH-Ar), 122.92 (N-CH=CH-N),

51.57 (CHPh,), 21.20 (Me), -6.85 (ZnMe).

IPr*ZnkEt, (2). At room temperature, to a colorless solution of [Pr* free carbene (0.274 g, 0.30
mmol, 1 eq) in toluene (2 mL) was added dropwise a colorless solution of diethylzinc (41 pL,
0.39 mmol, 1.3 eq) in toluene (2 mL), resulting in a colorless solution that was stirred for 2 h.
Then the solvent was evaporated under vacuum until the reaction mixture turned to a saturated
solution, then pentane was slowly added to crystallize at -35 °C in a mixture of toluene and
pentane (1:2). 2 was obtained as white crystalline powder after drying under vacuum (wash
with n-pentane if necessary) (0.249 g, 80%). Anal. Calcd for C;3HgN,Zn: N, 2.70; C, 84.57; H
6.42. Found: N, 2.70; C, 83.83; H 6.33. 'H NMR (500 MHz, C¢Dg): & (ppm) 7.40 (d, J = 7.2
Hz, 8H, CH-Ph), 7.18 (t, J = 7.6 Hz, 8H, CH-Ph), 7.08 (s, 4H, CH-Ar), 7.04 (t, ] = 7.3 Hz, 4H,
CH-Ph), 6.99 (d, J = 6.8 Hz, 8H, CH-Ph), 6.94 — 6.86 (m, 12H, CH-Ph), 5.74 (s, 4H, CHPh,),
5.64 (s, 2H, N-CH=CH-N), 1.80 (t, ] = 8.0 Hz, 6H, ZnCH,CH}3), 1.75 (s, 6H, Me), 0.18 (q, J =
8.0 Hz, 4H, ZnCH,CH3;).13C NMR (126 MHz, C¢Dy):7! 8 (ppm) 144.38 (C-Ar), 143.66 (C-Ar),
141.37 (C-Ar), 139.47 (C-Ar), 130.56 (C-Ar), 130.51 (CH-Ar), 129.76 (CH-Ar), 128.95 (CH-
Ar), 128.66 (CH-Ar), 127.10 (CH-Ar), 126.76 (CH-Ar), 123.01 (N-CH=CH-N), 52.09
(CHPhy), 21.31 (Me), 15.08 (ZnCH,CH3), 6.44 (ZnCH,CH3;).

IPr*ZnPh, (3). At room temperature, to a colorless solution of IPr* free carbene (0.457 g, 0.50
mmol, 1 eq) in toluene (8 mL) was added dropwise a colorless solution of diphenyl zinc (0.110
g, 0.50 mmol, 1 eq) in toluene (4 mL), resulting in an off-white solution that was stirred for 2

h at room temperature. Then the solvent was evaporated under vacuum until the reaction
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mixture turned to a saturated solution, then pentane was slowly added to recrystallize at -35 °C
in a mixture of toluene and pentane (1:2). IPr*ZnPh, was obtained as white crystalline powder
after drying under vacuum (wash with n-pentane if necessary) (0.424 g, 75%). '"H NMR (400
MHz, C¢Dg): 6 (ppm) 7.36 — 7.30 (m, 4H, CH-Ar), 7.24 — 6.80 (m, S0H, CH-Ar), 5.80 (s, 4H,
CHPh,), 5.59 (s, 2H, N-CH=CH-N), 1.85 (s, 6H, Me). *C NMR (126 MHz, C¢Dy): & (ppm)
185.49 (Cearbene), 161.51 (C-Ar), 143.91 (C-Ar), 143.06 (C-Ar), 141.50 (C-Ar), 140.10 (C-Ar),
139.62 (CH-Ar), 135.56 (C-Ar), 131.41 (CH-Ar), 130.50 (CH-Ar), 129.64 (CH-Ar), 129.03
(CH-Ar), 128.68 (CH-Ar), 127.10 (CH-Ar), 126.87 (CH-Ar), 126.86 (CH-Ar), 125.62 (CH-
Ar), 123.64 (N-CH=CH-N), 52.32 (CHPh,), 21.28 (Me).

[IPr*ZnMe][B(C¢Fs)s] ([4][B(C¢Fs)4]). At room temperature, to a colorless solution of
[Pr*ZnMe;, (0.242 g, 0.24 mmol, 1 eq) in PhF (10 mL) was added dropwise a yellow solution
of trityl tetrakis(pentafluorophenyl)borate [CPh;][B(CgFs)4] (0.221 g, 0.24 mmol, 1 eq) in PhF
(10 mL), immediately giving a yellow solution. The reaction mixture was stirred for 2 h at room
temperature. The solvent was then evaporated under vacuum and the resulting oily residue was
triturated with n-pentane (10 x 5 mL) then dried under vacuum to afford a white powder (0.341
g, 85 %). Anal. Calcd for Cy4Hs59BF,;oN,Zn: N, 1.67; C, 67.50; H 3.56. Found: N, 1.51; C, 67.38;
H 3.82. ESI-MS (m/z): Positive [IPr*ZnMe]"! (C;0HsoN,Zn*") 991.40 (Calcd); 991.39 (Found);
Negative [B(CgFs)4]' (Ca4F20B™!) 678.98 (Calcd); 678.98 (Found). 'H NMR (500 MHz,
CD,ClL,): & (ppm) 7.31 (m, 16H, CH-Ar), 7.23 (m, 8H, CH-Ar), 6.91 (s, 4H, CH-Ar), 6.87 (m,
8H, CH-Ar), 6.76 (m, 8H, CH-Ar), 6.18 (s, 2H, N-CH=CH-N), 4.95 (s, 4H, CHPh,), 2.26 (s,
6H, Me), -0.91 (s, 3H, ZnMe). *C NMR (126 MHz, CD,Cl,): & (ppm) 165.35 (Cearpenc), 148.53
(dm, Jcp =243 Hz, 0-B(CgFs)4), 142.98 (C-Ar), 142.29 (C-Ar), 141.93 (C-Ar), 141.01 (C-Ar),
138.64 (dm, Jcg =247 Hz, p-B(C¢Fs)4), 136.67 (dm, Jcg = 249 Hz, m-B(C¢Fs)4), 131.60 (CH-
Ar), 131.50 (C-Ar), 130.18 (CH-Ar), 129.59 (CH-Ar), 129.48 (CH-Ar), 129.26 (CH-Ar),

128.31 (CH-Ar), 128.21 (CH-Ar), 126.50 (N-CH=CH-N), 51.99 (CHPh,), 21.95 (Me), -6.83
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(ZnMe). F NMR (282 MHz, CD,Cl,): & (ppm) -133.10 (br, 0-B(CsF5)s), -163.77 (t, Jrr = 20
Hz, p-B(C¢Fs)s), -167.60 (bt, m-B(CgFs)s).

[IPr*ZnEt][B(C¢Fs)4] ([S]IB(CgFs)4]). At room temperature, to a colorless solution of
IPr*ZnEt, (0.249 g, 0.24 mmol, 1 eq) in PhF (10 mL) was added dropwise an yellow solution
of trityl tetrakis(pentafluorophenyl)borate [ CPh3][B(C¢Fs)4] (0.221 g, 0.24 mmol, 1 eq) in PhF
(5 mL), giving a yellow solution immediately. The reaction mixture was stirred for 2 h at room
temperature. The solvent was then evaporated under vacuum and the resulting oily residue was
triturated with n-pentane (10 x 5 mL), dried under vacuum to afford a white powder (0.352 g,
87 %). Crystals were obtained from CH,Cl,/n-pentane 1:2 by diffusion at -37 °C for 3 days.
Anal. Calcd for CosHgBF,0N,Zn: N, 1.60; C, 68.58; H 3.85. Found: N, 1.47; C, 66.74; H 3.85.
"H NMR (300 MHz, CD,Cl,): & (ppm) 7.36-7.22 (m, 24H, CH-Ar), 6.88 (s, 4H, CH-Ar), 6.86
(m, 8H, CH-Ar), 6.75 (m, 8H, CH-Ar), 6.10 (s, 2H, N-CH=CH-N), 4.93 (s, 4H, CHPh,), 2.24
(s, 6H, Me), 0.51 (t, J = 8.1 Hz, 3H, ZnCH,CH3), -0.02 (q, J = 8.1 Hz, 2H, ZnCH,CHj;). 13C
NMR (126 MHz, CD,Cl,): 6 (ppm) 165.8 (Cearbene)> 148.5 (dm, Jcog = 253 Hz, 0-B(CgFs)s),
143.0 (C-Ar), 142.44 (C-Ar), 141.9 (C-Ar), 141.0 (C-Ar), 138.6 (dm, Jcg = 244 Hz, p-B(CgFs)4
), 136.7 (dm, Jcg = 244 Hz, m-B(C¢Fs)4), 131.6 (C-Ar), 131.5 (CH-Ar), 130.1 (CH-Ar), 129.6
(CH-Ar), 129.4 (CH-Ar), 129.1 (CH-Ar), 128.2 (CH-Ar), 128.2 (CH-Ar), 126.2 (N-CH=CH-
N), 51.9 (CHPhy), 21.9 (Me), 9.8 (ZnCH,CH;), 8.0 (ZnCH,CH;). ’F NMR (282 MHz,
CD,Cl,): & (ppm) -133.11 (br, 0-B(C¢Fs)4), -163.79 (t, Jrgr = 20 Hz, p-B(C¢Fs)s), -167.62 (bt,
m-B(CeFs)s).

[IPr*Zn(C¢F5)][B(CeFs)4]l ([6][B(CeFs)4]). At room temperature, to a suspension of
[[Pr*ZnMe][B(CsFs)4] (0.251 g, 0.15 mmol, 1 eq) in PhF (5 mL) was added dropwise a
colorless solution of tris(pentafluorophenyl)borane B(C4Fs); (0.077 g, 0.15 mmol, 1 eq) and
triethylsilane Et;SiH (48 pL, 0.30 mmol, 2 eq) to promote the reaction in PhF (5 mL). The

reaction mixture was stirred for 24 h at room temperature, resulting in a colorless solution. The
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volatiles were then evaporated under vacuum and the resulting white oily residue was triturated
with n-pentane (6 x 5 mL) then dried under vacuum to afford a white powder (0.230 g, 84%)).
Crystals were obtained from CH,Cl, and n-heptane by diffusion at -37 °C for 3 days. Anal.
Calcd for CyoHs6BF,5N>Zn: N, 1.52; C, 65.34; H 3.23. Found: N, 1.46; C, 64.22; H 3.27. 'H
NMR (300 MHz, CD,Cl,): 6 (ppm) 7.31 (m, 12H, CH-Ar), 7.18 (m, 12H, CH-Ar), 7.00 (s, 4H,
CH-Ar), 6.85 (m, 16H, CH-Ar), 6.39 (s, 2H, N-CH=CH-N), 5.11 (s, 4H, CHPh;), 2.32 (s, 6H,
Me). 3C NMR (126 MHz, CD,Cl,): & (ppm) 165.45 (Cearbenc), 148.58 (dm, Jcr = 236 Hz, o-
B(C¢Fs)s), 142.76 (C-Ar), 142.44 (C-Ar), 141.99 (C-Ar), 140.65 (C-Ar), 138.62 (dm, Jcg =
249 Hz, p-B(C¢Fs)4), 136.68 (dm, Jcg = 249 Hz, m-B(C¢Fs)4), 131.84 (CH-Ar), 131.81 (C-Ar),
130.18 (CH-Ar), 129.54 (CH-Ar), 129.35 (CH-Ar), 129.26 (CH-Ar), 128.29 (CH-Ar), 128.19
(CH-Ar), 126.75 (N-CH=CH-N), 52.38 (CHPh,), 21.97 (Me). '°F NMR (282 MHz, CD,Cl,): &
(ppm) -117.31 (m, 0-ZnC¢Fs), -133.13 (br, 0-B(C¢Fs)4), -152.75 (t, Jgr = 18 Hz, p-ZnC¢Fs), -
160.51 (m, m-ZnCgFs), -163.79 (t, Jgr = 20 Hz, p-B(C¢Fs)s), -167.62 (bt, Jgr = 20 Hz, m-

B(CsFs)4).

Styrene hydrosilylation catalyzed by species [6][B(CgFs)4]. In a N,-filled glovebox, an
equimolar amount of styrene and HSiEt; (140 umol ) and catalyst [6][B(C¢Fs)4] (7 pmol, 5 mol
%) were dissolved in 0.5 mL of C¢DsBr at room temperature. Hexamethylbenzene (7 pmol),
acting as an internal standard, was also added to the mixture. The resulting solution was charged
in a J-Young NMR tube. The reaction was monitored by "H NMR spectroscopy up to 4 days at
RT showing the absence of polystyrene but the slow and selective formation of hydrosilylation

product 7, identified by comparison with literature NMR data.”?

Alkyne hydrosilylation catalyzed by species [6][B(C¢Fs)4]. An equimolar amount of
phenylacetylene or 1-octyne and HSiEt; (140 umol ) and catalyst [6][B(CsF5)4] (7 pmol, 5 mol

%) were dissolved in 0.5 mL in CD,Cl, at room temperature. 4-fluorobenzene (7 pmol), acting
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as an internal standard, was also added to the mixture. The resulting solution was charged in a
J-Young NMR tube. The reaction was monitored by 'H NMR spectroscopy showing the
quantitative formation of the Z-hydrosilylation products 8 or 9, respectively, as identified by
comparison with literature NMR data.*”#¢ The identity of product 8 was further confirmed by
GC-MS analysis: tg = 5.58 min, m/z 218.1 (M*, Caled for C,4H,,Si*: 218.1, Ph-CH=CH-SiEt;),

189.1 (M*-29(Et), Caled for CjoH;;Si*: 189.1, Ph-CH=CH-SiEt;).

Benzophenone hydrosilylation catalyzed by species [6][B(C¢Fs)4] (Tables 1 and 2). In a N,-
filled glovebox, benzophenone (174 pmol, 50 equiv. vs. [6][B(C¢Fs)4]), the appropriate amount
of the desired silane (vs. [6][B(C¢Fs)4]) and [6][B(C4Fs)4] (3.48 pumol) were dissolved in 0.5
mL of C¢DsBr. One equivalent of 4-fluorotoluene (3.48 pumol), acting as an internal standard,
was also added to the mixture. The resulting solution was charged in a J-Young NMR tube. The
catalytic reaction was monitored by 'H NMR spectroscopy for the appropriate time leading to
the formation of the corresponding reduction products (see Table 2), which were identified by
comparison of the 'H NMR data with those of the literature..7>-747576.77.78 Products yield and
relative ratio were determined by 'H NMR spectroscopy with 4-fluorotoluene as internal

standard.

Ketone/aldehyde scope in hydrosilylation catalysis by species [6][B(C¢Fs)4] (Table 3). In a
N,-filled glovebox, the appropriate amount of the desired ketone/aldehyde (174 umol, 20 equiv.
vs. catalyst), HSiEt; (174 umol, 20 equiv. vs. catalyst) and [6][B(C¢Fs)4] (3.48 pmol) were
dissolved in 0.5 mL of CD,Cl,. One equivalent of 4-fluorotoluene (3.48 pmol), acting as an
internal standard, was also added to the mixture. The resulting solution was charged in a J-
Young NMR tube. The catalytic reaction was monitored by '"H NMR spectroscopy for the
appropriate time leading to the formation of the corresponding reduction products, which were
identified by comparison of the 'H NMR data with those of the literature.” 82 8183848586 Except

for cyclohexanone and 4’-cyanoacetophenone hydrosilylation reactions, GC-MS analysis of all
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crude products was also performed and further confirmed '"H NMR analysis. GC-MS data:
acetophenone hydrosilylation, tg = 4.60 min, m/z 217.4 (M*-29(Et), Caled for C;¢H,50S1,™:
217.1, Et3SiOSiEt;); tg = 5.28 min, m/z 207.3 (M*-29(Et), Calcd for C;,H;9OSi": 207.1, 12); tg
= 5.85 min, m/z 211.1 (M*™-15(Me), Calcd for CsH;sO": 211.1, 13). 4-fluoroacetophenone
hydrosilylation: tg = 4.62 min, m/z 217.4 (M* -29(Et), Caled for C;,Hps0Si,": 217.1,
Et;SiOSiEt;); tg = 5.31 min, m/z 225.3 (M*-29(Et), Calcd for C;,H;gFOSi*: 225.1, 15); tgr =
5.86 min, m/z 247.2 (M*-15(Me), Caled for C,sH3F,0": 247.1, 16). Benzaldehyde
hydrosilylation: tg = 4.44 min, m/z 217.1 (M* -29(Et), Caled for C;,Hps0Si,": 217.1,
Et;S10SiEt;); tg = 5.30 min, m/z 193.2 (M*™-29(Et), Caled for C,;H;;0Si": 193.1, 18). 2-
cyclohexen-1-one hydrosilylation: tg =4.89 min, m/z 212.3 (M", Calcd for C,,H,4,0Si1": 212.2,

20).

[IPr*Zn(C¢F5)(O=CPh,)|[B(CcFs)4]l ([21][B(C¢Fs)4]) isolated from a benzophenone
hydrosilylation catalysis run using 10 mol% of catalyst [6][B(C¢Fs)4]. At room temperature
in a N,-filled glovebox, to a solution of [6][B(CsFs)4] (31.8 mg, 17.4 mmol, 1 eq) in CD,Cl,
(0.5 mL) was added benzophenone (31.7 mg, 17.4 mmol, 10 eq) and HSiEt; (28 uL, 17.4 mmol,
10 eq). After 24 hours, the reaction mixture was filtered through Celite. The solvent was
evaporated, and the oily residue was triturated with pentane (5 x 3 mL). After drying under
vacuum, a yellow powder (29 mg) was collected and analyzed by NMR, indicating the
quantitative formation of the benzophenone adduct [21][B(C¢Fs);], which was not further
purified. "H NMR (400 MHz, CD,Cl,): 6 (ppm) 7.72 (t, J = 7.5 Hz, 2H, CH-Ph), 7.35 (t, J =
7.5 Hz, 4H, CH-Ph), 7.25-7.15 (m, 30H, CH-Ar), 7.04 (m, 12H, CH-Ar), 6.80 (m, 8H, CH-Ar),
5.53 (s, 2H, N-CH=CH-N), 5.27 (s, 4H, CHPh,), 2.24 (s, 6H, Me). 3C NMR (126 MHz,
CD,Cly): 6 (ppm) 166.85 (Cearpene), 148.55 (dm, Jcr = 238 Hz, 0-B(CgFs)s), 143.11 (C-Ar),
142.68 (C-Ar), 141.58 (C-Ar), 141.41 (C-Ar), 138.62 (dm, Jcr = 244 Hz, p-B(C¢Fs)4), 136.68

(dm, Jop = 245 Hz, m-B(CsFs)y), 136.56 (C-Ar), 136.31 (CH-Ar), 132.42 (C-Ar), 131.47 (CH-
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Ar), 131.11 (CH-Ar), 129.91 (CH-Ar), 129.87 (CH-Ar), 129.35 (CH-Ar), 129.21 (CH-Ar),
129.12 (CH-Ar), 127.99 (CH-Ar), 127.92 (CH-Ar), 126.62 (N-CH=CH-N), 52.78 (CHPh,),
21.87 (Me). °F NMR (282 MHz, CD,Cl,): & (ppm) -115.51 (m, 0-ZnC¢Fs), -133.09 (br, o-
B(CgFs)s), -153.47 (¢, Jix = 19 Hz, p-ZnCeFs), -160.98 (m, m-ZnCyFs), -163.74 (t, Jir = 21 Hz,

p-B(C6F5)4'), -167.58 (bt, JFF =18 HZ, m-B(C6F5)4').

Supporting Information: NMR spectra, crystallographic data, DFT calculations, atom
coordinates of models (.xyz file).
CCDC 2270481-2270484 and 2270615 contain the supplementary crystallographic data for this

paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or

by emailing data request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic
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