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NHC-based tri-organyl Zn alkyl cations: synthesis, structure,
iIsomerization for improved stability and use in CO,

functionalization

David Specklin,? Christophe Fliedel,*® Christophe Gourlaouen,? Jean-Charles Bruyere,® Teresa

Avilés,™ Corinne Boudon,”™ Laurent Ruhimann,”® and Samuel Dagorne*!

Dedication ((optional))

Abstract: Tri-organyl and tri-coordinate N-heterocyclic carbene Zn—
NHC alkyl cations (nNHC),Zn—-Me" (nNHC = C2-bonded-IMes/-IDipp;
3" and 4") were first synthesized and structurally characterized via
ionization of the corresponding neutral precursors (NHC)ZnMe; with
[PhsC][B(CsFs)4] in the presence of 1 equiv. of free NHC. Cations 3*-
5" are the first Zn cations of the type Zn(C)(C’)(C”)" (C, C, C” = o-
donor carbyl ligand). While cation (nIMes),Zn-Me" (3%) is stable, its
sterically congested analogue (nIDipp),Zn-Me" (4") readily
undergoes a nNHC-to-aNHC isomerization in the presence of THF
or IDipp to afford the more thermodynamically stable
(aDipp)(nIDipp)Zn-Me"* (alDipp = C5-bonded IDipp, 5%), reflecting
the adaptable-to-sterics coordination chemistry of these cations for
improved stability. Kinetic studies combined with DFT calculations
agree with a nNHC-to-aNHC process proceeding through the initial
deprotonation of 4" (at a Zn-bonded C5-IDipp moiety) by IDipp.
Unlike cations (NNHC),Zn-Me" 3" and 4", cation 5" reacts with CO,
through insertion into the Zn-alkyl bond yielding the corresponding
Zn(k*-OAc)" cation 6. Both cations 5" and 6" were successfully used
in CO. hydrosilylation catalysis for silylformate formation.

Introduction

Zinc—alkyl species have a long-standing tradition as versatile
and useful compounds enabling various stoichiometric or
catalytic transformations, perhaps most notably as reagents for
the reduction of unsaturated polar substrates.™! Though much
less studied than their neutral analogues ZnR,, discrete Zn(ll)
cationic alkyl of the general type [(L)Zn-R]" are of interest for
small molecules activation/functionalization due to the enhanced
Lewis acidity of the Zn(Il) center combined with a nucleophilic
Zn-R moiety. A number of discrete heteroatom-stabilized
(primarily N-/O-/P-based ligands) Zn(ll) alkyl cations have thus
far been structurally characterized.®! Recently, the use of weakly
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coordinating and inert anions such as the carborane anion
CHB;1:Cli;” and the aluminate anion A{OCH(CFs3).}4™ allowed the
isolation and structural characterization of salt species, such as
[Et-Zn(n*-toluene)][CHB11Cly1] and Et-Zn[A{OCH(CFs),}4], both
containing a weakly bonded and thus quite reactive “Zn-Et™
entity.! Dinuclear triple-decker Zn cations of the type Cp*sZn,"
are also known.® Despite their attractive features, including a
cheap and non-toxic metal source, the use of cationic Zn(ll)
electrophilics for small molecules activation and catalysis
remains quite limited, which may perhaps be related to the
limited hydrolytic stability of such electrophilic organometallics.
Thus far, well-defined Zn(ll) cationic alkyls have been shown to
be  efficient  catalysts/precatalysts  for  alkene/alkyne
hydroamination reactions as well as ring-opening polymerization
of cyclic ethers/esters.>*%*% A recent report also mentioned that
strong Lewis acid [Et-Zn(n*-toluene)(k>-CHB11Clii)]  may
catalytically hydrosilylate CO, to CH,, presumably via a Lewis-
acid-activation mechanism.”

Due to their strong o-donating properties and steric
tunability, N-heterocyclic carbenes (NHCs) are exceptional
ligands for the stabilization of various metal/heteroatom centers,
including oxophilic and electron-poor metal centers such as
Zn(1).2°! The use of neutral and robust NHC-Zn adducts for
effective zinc-mediated catalytic processes is currently attracting
interest, and includes the recent development of Zn-NHC
catalysts in imine hydrogenation, CO, reductive amination, allylic
alkylation and cyclic esters/carbonates polymerization.™*** Two
examples of NHC-stabilized zZn(ll) hydride cations were also
reported to catalyze ketone or/and CO, hydrosilylation.™?

We are interested in NHC-stabilized Zn alkyl cations of the
type (NHC),Zn-R* as potentially robust, yet electrophilic, Zn-
based organometallics for subsequent small molecules
activation and use in catalysis. Besides potential enhanced
stability, such targets are structurally interesting as
unprecendented Zn cations of the type [Zn(C)(C’)(C")]" (C, C,
C" = o-donor carbyl ligand).*® Our earlier studies on mono-NHC
Zn(ll) cations (NHC)Zn(Me)(THF)" (x = 1, 2) concluded on their
limited stability under polymerization catalysis conditions,™"
prompting us towards (NHC),Zn-R* cations, expected to be
more robust.

Herein we first report on the synthesis, structure and
reactivity with CO of three-coordinate tris-organyl (NHC).Zn—
Me" cations. In addition to structural aspects, including an
unexpected NNHC-to-aNHC rearrangement (nNHC, aNHC = C2-
and C5-bonded NHC, respectively), *¥ the ability of such cations
to stoichiometrically and catalytically functionalize CO, is also



discussed. All experimental studies are
complemented/supported by DFT calculations when appropriate.

Results and Discussion

Synthesis and Structure of tris-carbyl Zn(ll) (NHC),Zn-Me"
cations 3%, 4" and 5°.

Tris-carbyl Zn cations (nIMes),ZnMe" [3", nIMes = 1,3-bis-(2,4,6-
trimethylphenyl)imidazolin-2-ylidene] and (nIDipp).ZnMe* [4,
niDipp = 1,3-bis-(2,6-diisopropylphenyl)imidazolin-2-ylidene]
were prepared via ionization of neutral precursors (NHC)ZnMe;
with [PhsC][B(CeFs)4] and subsequent addition of a second NHC
ligand (Scheme 1). The mono-NHC and THF-stabilized Zn-Me*
(nIMes)Zn(Me)(THF)," (1%) and (nIDipp)Zn(Me)(THF)" (2%) were
first generated in situ via a Me™ abstraction reaction between an
equimolar amount of (NHC)ZnMe, and [PhsC][B(CsFs)4] in the
presence of THF (Scheme 1). Subsequent addition with 1 equiv.
of nIMes and nIDipp led to the quantitative formation of tris-
organyl Zn—Me cations 3" and 4", respectively, as B(C¢Fs)4” salts
with no apparent cation/anion interactions in solution on the
basis of multinuclear NMR data. The *C NMR singlet resonance
for the Zn—Cypc carbon (8 = 177.0 and 178.9 ppm for 3" and 47,
respectively) is significantly upfield relative to that in
(IMes)ZnMe;, and (IDipp)ZnMe, (& = 189.7 and 188.6 ppm,
respectively), consistent with a more Lewis acidic Zn(ll) center in
3" and 4"

e
[PhsCl o X
R (B(CeFs):] F‘ oF NHC R R
~Me (1equv) (1 equiv) Zn
[ I T >_»Zn s (‘ ¢ j
(THF),
(2 equiv)
R R R R
1+ (x=2), 2* (x = 1) 3+, 4+
1%, 3+ R = Mesityl (Mes) X = B(CqFs)s
2+, 4+ R = 2,6- Pr,Ph (Dipp) NHC = IMes, IDipp

Scheme 1. Synthesis of the tris-organyl Zn alkyl cations 3" and 4.

Salts [3-4][B(CsFs)4] were isolated in good yield (82% and 78%
yield, respectively) as analytically pure colorless solids, but
display a different stability. Remarkably, salt [3][B(CsFs)4] is air-
stable in the solid state and for days in CD.Cl, (under N),
indicating the effective steric and electronic stabilization of the
Zn-Me® moiety by two NHCs in cation 3". In contrast,
[4][B(CsFs)s] decomposes within minutes under air and is
unstable in CD,Cl, (room temperature). The severe steric
hindrance in cation 4° (vide infra for its solid state structure)
explains its limited hydrolytic stability. Salt [4][B(CeFs)a] is
however stable for days at room temperature in C¢DsBr.

The molecular structures of salts [3-4][B(CsFs)s] were
confirmed by X-ray crystallographic analysis (Figures 1 and 2;
Table S1, Supporting Information), establishing 3" and 4" as tri-
organyl, three-coordinate (NHC).ZnMe" cations. In 3%, the Zn
center lies in a slightly distorted trigonal geometry environment
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[CNHe-ZNn-Chne = 126.5(2)°]. Due to the cationic charge on Zn(ll),
the Zn-Cnuc bond distances [2.059(6) and 2.044(6) A] are
shorter than in (IDipp)ZnMe, [2.112(2) Al.* The angles
between the NHC (rings) average planes and the nearly planar
ZnCs array (65.1° in average) are such that they minimize steric
interactions between the four mesityl substituents, the latter
providing a significant protection to the metal center. In contrast,
the coordination of two nIDipp ligands to zn(ll) in cation 4°
results in severe steric congestion, as reflected by a much larger
Cnrc-Zn-Cyie angle [135.67(8)°] than in 3" [126.5(2)°] (Figures 1
and 2). Also, the larger “pitch” angles (i.e. angle between a given
Zn-Cnwe bond and the associated NHC ring) in 4" vs. 37
[26.8(2)° average vs. 13.2(4) and 9.2(4)°] are indicative of
severe steric crowding in 4.

N3
"\ @&sz 126.5° ¢4 /® ‘

L Zn1/
N4
@ ‘ N2

caz@

(b)

Figure 1. Molecular structure of cation (nIMes),ZnMe" (3%). (a) front view; (b)
ZnC; coordination plane in 3" with selected atoms only. Selected bond lengths
(R) and angles (°): Zn(1)-C(1) = 2.059(6), Zn(1)-C(22) = 2.044(6), Zn(1)-C(43)
= 1.960(6), C(22)-Zn(1)-C(1) = 126.5(2), C(22)-Zn(1)-C(43) = 117.2(3), C(1)-
Zn(1)-C(43) = 116.2(3).
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Figure 2. Molecular structure of cation (nIDipp),ZnMe* 4*. (a) front view; (b)
ZnC; coordination plane in 4 with selected atoms only. Selected bond lengths
(A) and angles (°):Zn(1)-C(1) = 2.077(2), Zn(1)-C(28) = 2.068(2), Zn(1)-C(55)
=1.983(3), C(28)-Zn(1)-C(1) = 135.67(8), C(28)-Zn(1)-C(55) = 113.3(1), C(1)-
Zn(1)-C(55) = 111.0(1).
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Normal-to-abnormal NHC rearrangement in (NHC),Zn-Me*
cations: access to cation (IDipp)(alDipp)Zn-Me* (5%, alDipp =
C4/C5-bonded IDipp).

Though stable for days in PhBr, cation 4" is unstable in a
coordinative solvent such as THF to slowly and gquantitatively
isomerize (48h, room temperature) to cation (IDipp)(alDipp)Zn-
Me* (5%; Scheme 2), as deduced from NMR data. The formation
of cation 5" thus arises from a normal-to-abnormal NHC
rearrangement of one IDipp ligand in 4%, a reaction apparently
promoted by THF and driven by steric relief as deduced from
experimental/DFT studies (vide infra). A few examples of well-
identified nNHC-to-aNHC isomerization are known for Fe(ll),
Y(Il) and group 13 element NHC adducts.*®

THF, RT

ve X° o Xie
IDipp (0.2 equiv) R i
R @ R Pher. AT Riep ) ® ’\«?'pp
N7/ VYN N \E
A &
R %D N Q
R “Dipp  Dipp
4*:R = Dipp X = B(CgFs)a 5+

Scheme 2. nNHC-to-aNHC isomerization of cation 4" to its isomer 5

In contrast, the less sterically bulky cation 3" showed no sign of
decomposition in refluxing THF (thf-d®, 24 h, 80 °C). The
conversion of 4" to 5" may also be thermally promoted though it
proceeds sluggishly: heating a PhBr solution of cation 4" (90 °C,
3 h) led to the complete consumption of 4* and the formation of
cation 5" (only 50% conversion to 5%; C¢Mes was used as an
internal standard) along with unidentified species. = Salt
[5][B(CeFs)a] was isolated in a pure form (77% yield) as a
colorless and air-stable solid, contrasting with the poor hydrolytic
stability of its parent compound [4][B(CsFs)a].
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Figure 3. Molecular structure of cation (nIDipp)(alDipp)ZnMe* (57). (a) Front
view; (b) ZnCs; coordination plane in 5" with selected atoms only. Selected

bond lengths (A) and angles (°): Zn(1)-C(1) = 2.098(2), Zn(1)-C(29) = 2.029(3),

Zn(1)-C(55) = 1.997(4), C(29)-Zn(1)-C(1) = 118.2(2), C(29)-Zn(1)-C(55) =
121.7(2), C(1)-Zn(1)-C(55) = 120.1(2).
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As confirmed by X-ray crystallography, the molecular structure
of cation 5 thus displays a central tri-coordinate Zn(l1)-Me cation
stabilized by a nIDipp and an alDipp ligand, allowing a
significant steric decompression when compared to cation 4°.
This is best reflected by a nearly co-planar arrangement of the
"(nNHC)(aNHC)Zn-Me" moiety with an average angle of 8.0(1)°
between the NHC rings (average plane) and the ZnC; planar
array (vs. 65.1° in parent cation 4%, vide supra). Furthermore,
unlike cation 4, the Zn-NHC bonds in cation 5* display little
geometrical distortions (Zn-NHC “pitch” angles of 1.2(1)° in 5% vs.
26.8(2)° average in 4']. The Zn-Cannc bond distance [2.029(3) A]
is similar to that in known aNHC-Zn complexes.™”

To gain further insight on the relative stability of cations
(NHC),Zn-Me*, DFT calculations were perfomed (at the
BLYP/def2-SVP level, Figure 4; Figure S27, Supporting
Information). In line with experimental results, model cation
(nIDipp)2Zn-Me* (IV) is less stable by 6.6 kcal/mol than isomer
(nIDipp)(alDipp)Zn-Me* (V). On the contrary, the less sterically
congested model cation (nIMes),Zn-Me" (lll) was computed to
be more stable (by 7.3 kcal/mol) than isomer (nIMes)(alMes)Zn-
Me® (II’), not observed experimentally, thus indicating the
electronic preference for NNHC vs. aNHC ligation in NHC-Zn(ll)
cationic systems. The better thermodynamic stability of model V
over IV thus arises from severe steric congestion in IV.[*¥!

NBO analysis provided further information on the bonding
of IV and V (Tables S2 and S3, ESI). In IV, the Wiberg indexes
(W1) for the Zn-Cyrc (0.28) and Zn-alkyl (0.40) bonds agree with
a covalent bonding with a strong ionic component, as expected
with a cationic Zn(ll) center. Due the partial vinylic character of
the aNHC ligand, the Cannc partial charge (-0.39) is larger than
for the Chyuc atoms in IV and V (-0.07 average). The partial
charge at Zn(ll) is essentially unchanged upon going from IV to
V (1.40 and 1.38, respectively), suggesting little electronic effect
at the metal center upon nNHC-to-aNHC isomerization and thus
indicating a more polar Zn-aNHC vs. Zn-nNHC bond in V.

AG (kcal/mol)

Figure 4. DFT-calculated Gibbs free energy (BLYP/def2-SVP, gas phase) for
the (NHC)ZZnMe+ models I, III', IV and V.



nNHC-to-aNHC isomerization mechanism of (NHC),ZnMe"
cations: kinetic and DFT studies.

Reports on nNHC-to-aNHC isomerization in NHC metal
complexes suggest a mechanism greatly dependent on the
nature of the NHC ligand and the metal center.'*s” The
isomerization mechanism of cation 4" to 5 was thoroughly
investigated. As noted above, cation 4" is stable for days in PhBr
but slowly converts to 5" in the presence of THF, suggesting an
initial THF-promoted NHC decoordination (from cation 4%) to
afford free IDipp that may then promote the isomerization
reaction. Monitoring (by *H NMR) the conversion of 4 to 5" (thf-
ds, 48 h, room temperature) showed no evidence of NHC
dissociation (and no trace of free NHC) as the isomerization
proceeds. However, the NMR scale reaction of 4" with IDipp (0.2
equiv., CeDsBr, room temperature, 60 h) led to the quantitative
formation of cation 5 (along with 0.2 equiv. of NHC), thus
suggesting an IDipp-catalyzed isomerization. No intermediate
species were observed prior to formation of the final product 5*.

Conversion of [4+] to [5+] promoted by IDipp

0.075 -
+—[4+4] ——[54]
0.06 |
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Figure 5. Conversion plot of formation/consumption of cation 4°/5" versus time
([4"o = 0.06 M, 0.2 equiv. of IDipp, CsDsBr, room temperature).

To better understand the nNHC-to-aNHC isomerization process,
kinetic studies of the conversion of 4* to 5 were performed in
the presence of IDipp ([4]o = 0.06 M, 0.2 equiv. of IDipp, CsDsBr,
room temperature). As depicted in Figure 5, the
consumption/formation rate of cation 4°/5* follows a pseudo-zero
order rate law (kops ‘= 9.86x10”* mol.l*.h™) till complete
conversion to 5 (Figure S10, Supporting Information). The rate
dependence on cation 4% and IDipp was also estimated using
the initial reaction rates method (Figure 6; Figures S11-S19,
Supporting Information). The reaction rate was found to be first
order relative to IDipp while, somewhat unexpectedly, an inverse
first order dependence on 4° was observed. Thus, increasing the
concentration of the starting cation 4° decreases the rate of its
isomerization.

Since the isomerization of 4" to 5" necessarily involves a
C5-H cleavage of a IDipp moiety, a possible kinetic isotope
effect on the reaction rate was studied by monitoring the
reaction of C4- and C5-deuterated (IDipp-d,).ZnMe”* cation,
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prepared using deuterated IDipp (IDipp-d2) as a NHC source,
with 0.2 equiv. of IDipp-d, ([4-d2"]o = 0.06 M, 0.2 equiv. of IDipp-
dz, CeDsBr, room temperature).[lgl A nearly identical reaction rate
(Kobs = 1.0x10° mol.I".h™) was observed, indicating no isotope
effect (kp/ky = 1.02). This suggests a fast or/and reversible C-H
activation, hinting at a reversible deprotonation/protonation
process as deduced from DFT studies and discussed below.
The quantitative formation of (nIDipp-d.)(alDipp-dz)Zn-Me* (5-
d,") also rules out the involvement of any external proton source
for the formation of 5* (Scheme 3).

Initial Rates of 4" to 5° Conversion vs. [IDipp]

Initial Rate (mol.s'l)
B
=
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Initial Rates of 4" to 5° Conversion vs. 1/[£l+]U
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Figure 6. Initial reaction rate dependence on [IDipp]o (top, [4']o = 0.0174 M)
and 1/[4"], (bottom, [IDipp]o = 0.0174 M) in the isomerization of 4" to 5"
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g RR p "o b
D Dipp Dipp
4-d,*: R = Dipp X = B(CgFs)s 5.d,*

Scheme 3. Isomerization of cation 4-d," to 5-d,".

In combination with kinetic data, DFT computation revealed
decisive to establish the mechanism of formation of 5" from 4" in
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the presence of IDipp (Scheme 4 and Figure 7; Figures S28-S33,
Supporting Information). First, DFT-modeling the interaction of
cation (nIDipp).Zn-Me* (IV) with free IDipp (Carb) led to the
exergonic formation of cation A (AG = -14.3 kcal/mol, Figure 7),
which features a C-HC hydrogen-bond interaction between
IDipp (C2) and one IDipp ligand in cation IV. Though 4" and
IDipp do no apparently interact in solution (*H NMR, CeDsBr,
room temperature), NHCs are well-known strong H-bond
acceptors owing to their Brgnsted basicity and the acidic
character of NHC-C4/C5-H hydrogens is also exemplified.?%
Besides H-bonding, dispersive interactions in A (between the
incoming IDipp ligand and IV) certainly favor its stabilization, as
deduced from computed non-covalent interactions for A (Figure
S28’, Supporting Information). H-bonded IDipp in cation A is
ideally disposed for deprotonation of a C5-H proton, which
occurs via transition state TS1 (AAG = 14.0 kcal/mol) to afford
model B (AG = -0.5 kcal/mol). The latter can be described as a
(alDipp)(nIDipp)ZnMe zwitterion stabilized by an IDipp-H" cation
through strong C-H~C interactions. Structurally, the C-H"C
interaction in model B can be related to the experimentally

Dipp [\
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characterized (IMes)-H-(IMes)* cation, in which the central
proton is coordinated by two NHCs.*® As documented in a few
instances, strong bases may deprotonate NHC moieties at C5-H,
further substantiating the proposed formation of B from A.?

Dipp e Dipp
AG (kcal/mol) N _Zn N
hati ¢
e ryJ Dip
\ g
Dipp Dipp H\VN
/N\/)
IV + Carb ¥ Dipp
00— 0.8 — B o5
+IV
B2 = D+IV
C+ Te—4.9
Carb-H-Carb
AL
143 —
-15.9
V + Carb

Figure 7. DFT-estimated (BLYP/def2-SVP, gas phase) Gibbs free energy (in
kcal/mol) profile for the NHC-catalyzed conversion of [V to V.
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Scheme 4. Proposed mechanism for the NHC-catalyzed isomerization of model cation IV to V.

The low energy barrier converting A to B (14.0 kcal/mol) allows
a reaction under thermodynamic control under the studied
conditions (room temperature). The higher stability of A vs. B
(by 13.8 kcal/mol) indicates B as a minor component. Yet, the
formation of B, even as a fleeting intermediate, appears crucial
for the isomerization reaction to proceed. From B, three
additional steps were computed as thermodynamically favored
with the final formation of V. Model B may react with cation IV,
via a C5-aNHC nucleophilic attack of 1V, to produce dinuclear
species C along with cation (IDipp)-H-(IDipp)” (Carb-H-Carb)
with a slightly exergonic reaction (AAG = -2.7 kcal/mol). A few
examples of dinuclear Zn-NHC species similar to C were
recently characterized, giving some ground to its viability.*">%3

The IDipp moiety in Carb-H-Carb may then undergo a ligand
substitution at C vyielding mononuclear species D and re-
generating (IDipp).ZnMe* (1V), a reaction slightly favored (AAG =
-1.7 kcal/mol). An intramolecular proton transfer in D then
affords the final and most thermodynamically stable product
(alDipp)(nIDipp)ZnMe (V, AAG = -11 kcal/mol). The last step
also regenerates free carbene IDipp, which thus acts as catalyst
as experimentally observed. Overall, the DFT-estimated
mechanism of the IDipp-catalyzed conversion of IV to V is under
thermodynamic control and proceeds via an initial A/B
equilibrium that readily occurs upon combining cation IV with
Carb. Though B is a minor component, its continuous and
irreversible conversion to most stable V (through intermediates
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C and D) displaces the A/B equilibrium till complete
consumption of A (and thus |[V). The comparable
thermodynamic stabilities of intermediates B, C and D allow
such species to equilibrate as the reaction proceeds.

Though the rate-determining step of the IV-to-V
isomerization may not be inferred from the available
experimental and computational data, the present mechanism
allows a rationale of the kinetic data. Assuming an equilibrium of
C and Carb-H-Carb with D and IV (Scheme 4), increasing the
concentration of IV will disfavor the formation of D, the key
intermediate that irreversibly yields final product V, thereby
decreasing the reaction rate. This explains the observed inverse
order dependence of the reaction rate on 4". Also, the observed
pseudo-zero-order reaction rate (for the consumption/formation
of cation 4°/5%) is also compatible with the proposed mechanism:
i.e. the involvement of a minor intermediate (i.e. B), formed
immediately upon combining IV and Carb and continuously
replenished from a larger pool (i.e. A) till complete consumption
of A (and thus V).

The THF-promoted isomerization of 4" to 5 may also be
understood in light of the above, assuming THF substitution of a
NHC ligand (at 1V) occurs to some extent. As shown in eq. 1a,
the formation of cation (IDipp)Zn(Me)(THF)" and A (from THF
and IV) is only endergonic by 10.6 kcal/mol. In the absence of
THF, the formation of A is disfavored by 18.3 kcal/mol (eqg. 1b).

(IDipp)Zn(Me)(THF)*
+

(1a) 2IV+THF —— AG = 10.6 kcal/mol

A
(1b) 21V —> (IDipp)ZnMe+ AG = 18.3 kcal/mol
+
A (DFT, BLYP/def2-SVP)

Note that the present mechanism differs from that in neutral
NHC-AI(III) species, for which an initial and quantitative NHC
decoordination from the nNHC-metal adduct was observed. A
fast NNHC/aNHC equilibrium was proposed to explain the
formation of the aNHC—AI(lll) species.’®® For the present zn
cations, such a mechanism is clearly ruled out on the basis of
kinetic data.

Reactivity of (NHC),ZnMe® cations with CO,: insertion
chemistry and derived hydrosilylation catalysis.

Metal-based CO;, functionalization catalysis is currently
attracting significant attention to access valuable CO»-based
small molecules such as formate- and methanol-equivalent
derivatives, typically through CO. hydrogenation and hetero-
elementation (primarily hydrosilylation and hydroboration).?4!
Given the low cost and toxicity of Zinc, Zn-based species for
CO; functionalization catalysis are emerging and include, most
notably, a few examples of ligand-supported Zn(ll) hydride
catalysts for CO; hydrosilylation with a catalysis proceeding with
an initial CO; insertion into the Zn—H bond.*?%2" Despite their
better availability and thermal/hydrolytic stability (vs. Zn—hydride
analogues), Zn-alkyl species have been little studied for CO,
functionalization,”?® perhaps owing to the long-known inertness
of zinc dialkyls towards CO;, frequently attributed to the
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moderate nucleophilicity/Lewis acidity of the Zn-R group/Zn(ll)
center in such compounds.”® The carboxylation of Zn-R
species may be metal-catalyzed,®” but direct (and uncatalyzed)
CO, insertion of discrete Zn—alkyl species is not documented.!
The reactivity of Lewis acidic (NHC),ZnMe" 3-5" with CO, was
thus studied, which led to further developments in hydrosilylation
catalysis.

Cations (NNHC),ZnMe" (3*-4") immediately reacted with CO,
(1.5 atm. CO,, C¢DsBr, room temperature, 15 min.) yet to afford
a complicated mixture of species, out of which only the
corresponding NHC-CO; zwitterionic adducts could be identified
by *H and **C NMR (Scheme 5).2 For the CO, reaction with 3*,
the IMes-CO, adduct was isolated (47% yield) and its molecular
structure confirmed by X-ray crystallography (Figure S9,
Supporting Information). The formation of NHC-CO, adducts
suggests a preferred CO, insertion into the Zn-Cyuc (vs. the Zn-
Me) bond of 3" and 4*.5% In contrast, a selective CO, insertion in
the Zn-Me bond is observed upon reaction of
(nIDipp)(alDipp)ZnMe™ (5%) with CO, (1.5 atm., Ce¢DsBr, room
temperature, 12 h) with the quantitative formation of the Zn-OAc
cation (nIDipp)(alDipp)Zn(k*-OAc)* (6", Scheme 5), indicating
that “(nNHC)(aNHC)” coordination provides a superior ancillarity
to the Zn-Me® moiety in the present systems.

The formation of cation 6 from 5" and CO, is the first
instance of direct CO; insertion into a well-defined Zn—-alkyl
species. Salt [6][B(CesFs)s] was isolated as a colorless solid in
87% yield. Though X-ray quality crystals of [6][B(CsFs)s] could
not be successfully grown, the proposed formulation was
unambiguously established through multinuclear 1D and 2D
NMR, IR and combustion analysis data. In particular, the *H
NMR spectrum of 6° contains a characteristic Me-OAc singlet (&
3.40 ppm and no signal in the Zn-Me region (Figure 8). IR data
are also in line with the presence of a ZnOAc moiety [Vmax (cm™)
= 1616m, 1373w, 1340w]. A Zn(k*-OAc) coordination is
proposed by analogy with neutral Zn-OAc/Zn-O,CH species.?®

For further rationalization, the CO; insertion reaction of 5"
(V) was DFT computed (BLYP/def2-SVP). As depicted in Figure
9, CO; insertion into the Zn—-Me bond of V is fairly exergonic
(AAG = 22.1 kcal/mol) as expected with the formation of two Zn-
O bonds in VI (Figures S34-S36, Supporting Information).
Regarding the reaction profile, an initial interaction of V with CO,
forms V-CO, (AG = 6.2 kcal/mol), in which CO; is in close
vicinity, but not coordinated, to the Zn(lIl) center (shortest dzn-o =
3.262 A). The formation of the CO, insertion product VI then
occurs through a synchronous transition state (TS2, Figure S35,
Supporting Information) with an overall energy barrier of 24.0
kcal/mol from V and free COg, in line with a room temperature
reaction as observed. TS2 may be described as a Zn-CO,
adduct (dzn.o = 2.177 A) featuring quite elongated Zn-O=C (dc-o
=1.239 A) and Zn-Me* (2.184 A) bonds relative to those in free
CO; (1.177 A) and V (dzn-we = 2.009 A), respectively. This
comes along with a significant bending of the CO, moiety (O-C-
O = 144.6°). The long Zn-OC/Zn-CH; C~C distance in TS2
(2.136 A vs. 1.513 A for the C-C bond in VI) indicates little C-C
bond formation.
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Figure 8. 'H NMR monitoring of the reaction of 5" (bottom) with CO, (1.5 bar,
CsDsBr, room temperature) to quantitatively yield Zn-OAc cation 6" (top).
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Scheme 5. Reactivity of the (NHC),Zn—-Me" cations 3"-5" with CO.

The ability of (NHC),ZnMe" cations to insert CO, prompted their
use as potential CO, hydrosilylation catalysts. Initial studies
involved cations (NNHC),ZnMe" (3*-4%) which, unsurprisingly, are
inactive in CO; hydrosilylation catalysis [10 equiv. of HSi(OEt)s,
1.5 atm. of CO,, CsDsBr, 90 °C, 24 h]. In sharp contrast, cation
(nIDipp)(alDipp)ZnMe™ (5%) catalyzes the hydrosilylation of CO,
(1.5 atm.) in the presence of HSi(OEt); (15 equiv.) to selectively
afford the corresponding silylformate product H-CO,-Si(OEt)s
(CeDsBr, 90 °C, 60h, 90% conversion vs. an internal standard,
CsMeg), isolated in 76% yield (Scheme 6; Figures S24-S26,
Supporting Information).2¥ A NMR-scale control experiment
(CeDsBr, 90 °C, 24h) showed no reaction between an equimolar
amount of the Zn-Me cation 5 and HSIi(OEt)s, indicating no
H/Me exchange reaction of 5" prior to CO, insertion.
Furthermore, isolated Zn—OAc cation 6 performed similarly to 5,
in line with the former being a catalytic intermediate when
starting from 5°. Also, no CO, hydrosilylation product was
observed using IDipp as catalyst (CsDsBr, 90 °C, 60h), ruling out
a NHC-catalyzed process (through dissociation of cation 5%).F%
Therefore, under catalytic conditions, cation 5" first inserts CO,
to yield the Zn-OAc cation 6°, which then reacts with HSi(OEt)3
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to produce a Zn hydride cation, the presumed catalyst of the
CO, hydrosilylation reaction."? Such a mechanism has recently
been DFT-rationalized in the case of neutral Zn-H catalysts.®

Several attempts to generate the putative cation
(nIDipp)(alDipp)Zn—H" remained unsuccessful.
— _t
AG (kcal/mol) _
R N—<« Pe=0
®zn._ !
//< “CHj3
N—
R/N\/ R
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e 24..0
} o — 6.2
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Figure 9. DFT-computed (BLYP/def2-SVP, gas phase) Gibbs free energy
(kcal/mol) reaction profile for CO; insertion of V.

For comparison, the benchmark zZn-alkyl cation (Et,0)sZn—Et"
[as a B(CsFs)s salt]®™ was tested and displayed neither CO,
insertion reactivity nor catalytic activity (CeDsBr, room
temperature to 100 °C), highlighting the beneficial role of NHC
coordination for robust, yet reactive, Zn(ll) center. Cation 5 is
however less active than Zn—H catalysts known thus far,**25¢26]
possibly due to greater steric hindrance at Zn(ll) in 5°.

[5-61[B(CgFg)4] (0]
(7.5 mol %) >_H
E iH CO i—
(EtO)sSiH  + (1.52atm) PhBr, 90 °C (OEt)3Si—0
90% conv.

Scheme 6. Catalytic CO, hydrosilylation using cations 5" or 6" as pre-catalyst.

Summary - Conclusions

Tris-organyl Zn alkyl cations of the type (NHC),ZnMe" were first
accessed and structurally characterized to unveil a coordination
chemistry strongly dependent upon sterics, which was favorably
exploited for stoichiometric and catalytic CO, functionalization
through CO; insertion chemistry. Thus, while cation
(nIMes),ZnMe" is a stable and robust compound, the severely
sterically congested (nIDipp).ZnMe® undergoes a normal-to-
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abnormal NHC isomerization in the presence of THF or free
IDipp to afford the most thermodynamically stable isomer
(nIDipp)(alDipp)ZnMe”, a reaction driven by steric relief despite
unfavorable electronics. Combined experimental and DFT data
agree with an |Dipp-catalyzed isomerization with an initial
deprotonation of (nIDipp).ZnMe".

NNHC-to-aNHC isomerization to (nIDipp)(alDipp)ZnMe*
was shown to be extremely beneficial for well-behaved reactivity
with COgy, including the first direct CO, insertion into a
discreteZn-alkyl compound. Cation (nIDipp)(alDipp)ZnMe” is a
robust tri-organyl Zn-alkyl cation able to act as a CO;
hydrosilylation pre-catalyst. This shows that Lewis-base-
supported cationic Zn-alkyls, a class of readily available
electrophilic organometallics via well-established synthetic
methodologies, are amenable to CO, functionalization catalysis
through Zn-R coordination/insertion chemistry. The results
detailed herein also further support the use of aNHC (vs. nNHC)
ligation in severely crowded NHC metal complexes for well-
behaved reactivity.™!

Experimental Section

All experiments were carried out under N, using standard Schlenk
techniques or in a Mbraun Labmaster 130 glovebox. Toluene,
tetrahydrofuran, and pentane were collected after going through drying
columns (MB SPS-800), then distilled under N, (over Na/benzophenone,
or CaHy), and stored at last for 24 h over molecular sieves (4 A) in a
glovebox prior to use. All deuterated solvents were purchased from
Aldrich, excepted for C¢DsBr, purchased from ABCR GmbH & Co. CgDg,
CDCl,, and dg-THF were distilled over CaH,, degassed under a N flow,
and stored in a glovebox over activated molecular sieves (4 A) prior to
use. Anhydrous C¢DsBr was stored in a glovebox over activated
molecular sieves (4 A) for 24 h prior to use. ZnMe;, and [CPhs][B(CsFs)4]
were purchased from Strem Chemicals Inc. and were used as received.
CO, was purchased from Linde (HiQ® carbon dioxide 4.0 grade 99.99%),
and was used after going through drying columns (CoCl, and P,0s). All

other chemicals were purchased from Aldrich and were used as received.

The NMR spectra were recorded on Brucker AC 300, 400 or 500 MHz
NMR spectrometers in J-Young Teflon valve NMR tube at ambient
temperature. Two-dimensional *H COSY and **C-'H HSQC correlation
experiments were used to assign without ambiguity specific *H and **C
NMR resonances of all compounds. Mes,®” IDipp,® IDipp-d,?,
[(IMes)ZnMe,]™ and [(IDipp)ZznMe,]*" were prepared according to
literature procedures. The salts [1-2][B(C¢sFs)4] were generated according
to literature.*” Crystallographic data were collected using a Brucker
KAPPA APEX Il DUO diffractometer at the Service de
Radiocristallographie of the Institut de Chimie de Strasbourg. Elemental
analyses were performed at the Service d’analyses of the Université de
Strasbourg. FT-IR spectra were recorded within the region 4000-650
cm™ on a Nicolet 6700 FTIR spectrometer (ATR mode, SMART ORBIT
accessory, Ge crystal).

[(nIMes).ZnMe][B(CsFs)a] ([3][B(CsFs)a]). In a glovebox, a precooled
CHCI; (5 mL, -40 °C) solution of [CPhs][B(C¢Fs)s] (807 mg, 875 pmol)
was dropwise added to a CH,Cl, solution of adduct [(IMes)ZnMe;] (350
mg, 875 pmol) and 2 equiv. THF (140 pL, 1.75 mmol) and the resulting
solution was stirred for 1h at room temperature. Solid IMes (268 mg, 875
pumol) was then added, and the resulting mixture was allowed to stir, at
room temperature, for 30 minutes. Afterward the solution was
concentrated to 1/4 of its original volume under reduced pressure. Upon
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addition of pentane a white powder formed and was recovered through
glass frit filtration. The gathered colorless solid was washed twice with
pentane (2 x 10 mL) and dried under vacuum (982 mg, 82% yield).
Suitable crystals for X-ray diffraction analysis were grown from a
saturated toluene solution at -35 °C. Elemental analysis for
Cs7Hs51BF20N4Zn (1368.33): calcd. C 58.81 H 3.76 N 4.09; found C 58.85
H 3.92 N 4.03. *H NMR (CD-Clz, 500 MHz): & -1.35 (s, 3H, Zn-CHa), 1.71
(s, 24H, Mes-CHg), 2.42 (s, 12H, Mes-CHs), 6.92 (s, 8H, CH-Ar), 7.02 (s,
4H, NCHCHN) ppm. *C{*H} NMR (CD;Clz, 125 MHz): & -7.4 (Zn-CHs),
17.5 (0-CHjg), 21.3 (p-CHg), 124.6 (NCHCHN), 130.0 (Ar), 130.1 (Cipso-
B(CeFs)s), 134.2 (Ar), 135.1 (Ar), 136.7 (d, “Jcr = 241 Hz, B(CeFs)s),
138.6 (d, YJcr = 246 Hz, B(CsFs)s), 140.5 (Ar), 148.5 (d, YJcr = 241 Hz,
B(CsFs)a), 177.0 (Zn-Cyic) ppm. °F NMR (292 MHz, Ce¢DsBr): & -167.1
(dd, 8F, %Jrr = 21.0 Hz, %Jrf = 16.0 Hz, 0-CeFs), -163.3 (t, 4F, *Jpf =
21.0 Hz, p-CeFs), -132.7 (d, 8F, 3Jgr = 16.0 Hz, m-CeFs) ppm; !B NMR
(128 MHz, C¢DsBr): 6 -15.9 (s, 1B, B(CsFs)4) ppm.

[(nIDipp)2ZnMe][B(CgFs)a] ([4][B(CeFs)a]). In a glovebox, a precooled
toluene (15 mL, -35 °C) solution of [CPh3][B(CsFs)4] (572 mg, 620 pmol)
was dropwise added to a mixture of adduct [(IDipp)ZnMe;] (300 mg, 620
umol) and 2 equiv. THF (100 pL, 1.25 mmol) in toluene (15 mL, -35 °C).
Carbene IDipp (242 mg, 620 pmol) was then added all at once as a solid.
The resulting mixture immediately became a pale yellow solution and
was allowed to stir at room temperature for 10 min. Afterward, the
volatiles were removed under reduced pressure and the crude solid
washed with pentane (4 x 10 mL) to yield, according to *H and **C NMR
data, pure salt [4][B(CsFs)4] as a beige solid (78% yield). Suitable crystals
for X-ray diffraction analysis and elemental analysis were grown from a
toluene solution layered with pentane at -35 °C. Elemental analysis for
C79H75BF20N4Zn (1536.65): calcd. C 61.75 H 4.92 N 3.65; found C 61.29
H 5.12 N 3.24. *H NMR (CeDsBr, 500 MHz): & -0.91 (s, 3H, Zn-CHs), 0.82
(d, % = 6.9 Hz, 24H, CHs-iPr), 0.85 (d, %J = 6.9 Hz, 24H, CHs-iPr), 2.32
(hept, 3J = 6.9 Hz, 8H, CH-iPr), 6.75 (s, 4H, -CH=CH-), 6.97 (d, 31 = 7.9
Hz, 8H, CH-Ar), 7.30 (t, %J = 7.9 Hz, 4H, CH-Ar) ppm. *C NMR (CsDsBr,
125 MHz): & -2.6 (Zn-CHs), 22.0 (iPr), 25.0 (iPr), 28.4 (iPr), 124.7
(NCHCHN), 125.6 (Ar), 131.0 (Ar), 133.7 (Ar), 136.4 (d, YJcr = 241 Hz,
B(Cé6Fs)s), 138.3 (d, “Jcr = 238 Hz, B(CsFs)s), 144.8 (Ar), 148.5 (d, "Jcr
= 243 Hz, B(CFs)s), 178.9 (Zn-Cyic) ppm. °F NMR (C4DsBr, 292 MHz):
0 -132.4 (d, ®Jer = 11 Hz, 8F, 0-C¢Fs), -163.0 (t, *Jer = 21 Hz, 4F, p-
CsFs), -166.8 (dd, 2Jr ¢ = 21 Hz, 3Jg¢ = 11 Hz, 8F, m-C¢Fs) ppm. *'B NMR
(C6D5Br, 128 MHZ): 6-16.2 (S, 1B, B(C6F5)4-) ppm.

[(IDipp-d2)2ZnMe][B(CeFs)a] ([4-d4][B(CsFs)4]). This salt was prepared
following the same procedure than that for [4][B(CsFs)4] but using IDipp-
d, as a carbene source. 2H NMR (CeHsBr, 500 MHz): & 6.77 (s, 4H,
NCDCDN) ppm.

[(alDipp)(nIDipp)ZnMe][B(CsFs)a] ([5][B(CeFs)a]). Salt [4][B(CsFs)a] (762
mg, 0.496 mmol) was dissolved in THF (10 mL) and the resulting off-
white solution was stirred at room temperature for 48 h. The reaction was
monitored by *H NMR spectroscopy (through NMR analysis of aliquots)
showing the complete conversion of [4][B(Ce¢Fs)4] to [5][B(CsFs)s] after
48h. After this time the solution was concentrated under reduced
pressure to 1/4 of its original volume. Upon addition of pentane a light
brown powder formed. Trituration with a toluene/pentane (1:10) mixture
allowed, after drying under vacuum, the isolation of salt [5][B(CeFs)4] as a
beige powder in a pure form (587 mg, 77% yield). Suitable crystals for X-
ray diffraction analysis were grown from a saturated toluene solution at -
35 °C. Elemental analysis for C7gH7sBF20N4Zn (1536.65): calcd. C 61.75
H 4.92 N 3.65; found C 61.41 H 5.00 N 3.29. *H NMR (CsDsBr, 300
MHz): & -2.28 (s, 3H, Zn-CHs), 0.90 (d, 3J = 6.9 Hz, 12H, CHaiPr), 0.94 (d,
33 = 6.8 Hz, 6H, CHa-iPr), 1.02 (d, 3J = 6.9 Hz, 12H, CHa-iPr), 1.07 (d, )
= 6.9 Hz, 12H, CHa-iPr), 1.20 (d, ®J = 6.8 Hz, 6H, CHa-iPr), 1.95-2.08 (m,
4H, CH-iPr), 2.45 (sept, 3J = 6.8 Hz, 4H, CH-iPr), 4.33 (s, 1H, NCCHN),
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6.93 (s, 2H, NCHCHN), 7.00 (d, 3J = 7.9 Hz, 2H, CH-Ar), 7.05-7.09 (m,
6H, CH-Ar), 7.17 (d, 3J = 7.9 Hz, 2H, CH-Ar), 7.24 (t, °J = 7.9 Hz, 1H,
CH-Ar), 7.42 (t, ®J = 7.9 Hz, 1H, CH-Ar), 7.46 (br s, 1H, NCHN) ppm.
BC{*H} NMR (CeDsBr, 75 MHz): & -9.9 (Zn-CHg), 22.9 (iPr) , 23.0 (iPr),
23.5 (iPr), 23.7 (iPr), 24.5 (iPr), 24.9 (iPr), 28.2 (iPr), 28.3 (iPr), 28.6 (iPr),
123.9 (Ar), 124.1 (Ar), 124.4 (Ar), 124.6 (NCHCHN), 129.7 (Ar), 130.5
(NCCHN), 130.6 (Ar), 131.2 (Ar), 132.8 (Ar), 134.7 (Ar), 136.4 (d, YJcf =
241 Hz, B(CeFs)s), 136.4 (NCHN), 138.1 (d, Jcr = 238 Hz, B(CsFs)s),
144.2 (Ar), 144.3 (Ar), 145.1 (Ar), 1485 (d, “Jce = 242 Hz, B(CsFs)s),
154.7 (Zn-Canric), 178.7 (Zn-Connic) ppm. °F NMR (CeDsBr, 292 MHz): &
-132.7 (d, 3Jer = 11 Hz, 8F, 0-C¢Fs), -163.3 (t, *Jrr = 21 Hz, 4F, p-CeFs),
-167.1 (dd, 3Jer = 21 Hz, %JeF = 11 Hz, 8F, m-CeFs) ppm. B NMR (128
MHz, C¢DsBr): 6 -15.9 (s, 1B, B(CesFs)a) ppm. FT-IR Vmax (solid)/cm'l:
1642w, 1546w, 1513m, 1463s, 1367vw, 1330w, 1275w, 1085m, 980s,
803w, 756m, 683w, 661w.

[(alDipp-d2)(nIDipp-d2)ZnMe][B(CsFs)4] ([5-d4][B(CeFs)a]). This salt was
generated on a NMR-scale through the IDipp-mediated isomerization of
cation 4-d,". A ?H NMR analysis showed the complete conversion to 5-
ds*. 2H NMR (CgHsBr, 500 MHz): 6 4.33 (br s, 1D, -CD-CZn-), 6.94 (s, 2D,
-CD=CD-), 7.46 (br s, 1H, -N-CD-N-) ppm.

[(alDipp)(IDipp)Zn(OAC)][B(CeFs)4] ([6][B(CéFs)al)- Complex
[5][B(CeFs)4] (40 mg, 26 umol) was dissolved in 0.6 mL ds-bromobenzene
and placed in a J-Young Teflon valve NMR tube. The latter was charged
with carbon dioxide (1.5 atm) and the CO; insertion reaction was
monitored by *H NMR with a complete conversion to [6][B(CsFs)4] after
12 h. Complex [6][B(CsFs)4] was isolated as a light brown powder after
precipitation in cold pentane (20 mL), removal of the solvents after
decantation and drying under vacuum (36 mg, 87% yield). Elemental
analysis for CgoH7sBF20N402Zn+2(CsDsBr) (1894.68): calcd. C 58.31 H
4.54 N 2.96; found C 58.35 H 4.63 N 3.21. *H NMR (C¢DsBr, 500 MHz): &
0.83 (d, ®J = 6.7 Hz, 6H, CH3-iPr), 0.93 (d, 3J = 6.8 Hz, 6H, CHa-iPr), 1.05
(d,3J = 6.9 Hz, 12H, CH3-iPr), 1.16 (m, 24H, CHa-iPr), 1.93-2.15 (m, 4H,
CH-iPr), 2.43 (sept, 3J = 6.9 Hz, 4H, CH-iPr), 3.40 (s, OAc), 4.45 (s, 1H,
NCCHN), 6.97 (s, 2H, NCHCHN), 7.02-7.14 (m, 8H, CH-Ar), 7.17 (d, 31 =
7.7 Hz, 2H, CH-Ar), 7.28 (t, %J = 7.9 Hz, 1H, CH-Ar), 7.42 (t, %1 = 7.8 Hz,
1H, CH-Ar), 7.57 (br s, 1H, NCHN) ppm (s, 2H, CH-Ar). *C{*H} NMR
(CeDsBr, 75 MHz): & 21.4(iPr), 21.6 (iPr), 22.9(iPr), 23.0 (iPr), 23.2 (iPr),
23.5 (CH3-OAc), 23.9 (iPr), 24.0 (iPr), 24.4 (iPr), 25.6 (iPr), 28.2 (iPr),
28.4 (iPr), 28.5 (iPr), 28.7 (iPr), 28.8(iPr), 28.9(iPr), 123.7 (Ar), 123.9 (Ar),
124.3 (Ar), 124.4 (Ar), 124.7 (NCHCHN), 124.9 (Ar), 125.2 (Ar), 128.1
(Ar), 128.9 (Ar), 130.4 (NCCHN), 130.5 (Ar), 131.3 (Ar), 131.9 (Ar), 132.5
(Ar), 133.3 (Ar), 133.5 (Ar), 136.4 (d, Jcr = 235.1 Hz, B(CsFs)s), 137.4
(NCHN), 138.3 (d, YJcr = 240.0 Hz, B(CeFs)s), 144.3 (Ar), 144.4 (AD),
144.5 (Ar), 144.5 (Ar), 144.8 (Ar), 1455 (Ar), 145.6 (Ar), 145.7 (Ar),
148.0 (Ar), 148.5 (d, YJcfr = 243 Hz, B(CeFs)s), 162.8 (Zn-Canic), 171.5
(C=0), 172.6 (Zn-Conric) PPM. FT-IR Viax (solid)/cm™: 1648m, 1616m
(OAc), 1540w, 1512m, 1463s, 1373w (OAc), 1340w (OAc), 1330sh,
1275w, 1085m, 1061w, 1014w, 979s, 804w, 774w, 756m, 683w, 661w.

Kinetic studies of the conversion of 4" to 5°. All kinetic runs were
performed on the NMR scale allowing a direct monitoring of the
rearrangement reaction by *H NMR. Each was prepared in a glove box
as follows: a 0.06M solution of cation 4" in C¢DsBr (0.5 mL) was charged
in a J-Young Teflon valve NMR tube with the desired amount of IDipp
(0.2 equiv. vs. 4%). Setup analysis (for kinetic studies) of the NMR
spectrometer allowed the first 'H NMR spectrum to be recorded
approximately 15 min after sample preparation. Subsequent *H NMR
spectra were recorded every 90s for several hours. The conversion of 4*
to 5" was estimated via integration of the 'H signals of the Zn-Me moiety
and the appearance of the CHCZn upfield signal (5 4.33 ppm, s, 1H) for
cation 5°. The dependence of the reaction rate on [IDipp] and [4'] was
determined through the initial rates method. Rate dependence on IDipp:
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for a given [4'], the kinetic study was done with four different
concentrations of free IDipp ([4']o = 1.74x102 M; [IDipp]o = 0.43x107?,
0.87x1072, 1.31x102 and 1.74x102 M). Rate dependence on cation 4*:
for a given [IDipplo, the kinetic study was done with four different
concentrations of 4* ([IDipplo = 1.74x102 M; ([4*]o = 1.05x107, 1.74x107,
2.40x102 and 3.14x10°2 M). Initial reaction rates were approximated from
a 3% conversion to 5",

Typical procedure for the hydrosilylation of CO, with HSi(OEt)s
catalyzed by [5][B(CeFs)s] and [6][B(CeFs)a]. Complex [5][B(CeFs)] (1
equiv.), HSIi(OEt)3 (10 to 20 equiv.), and hexamethylbenzene (1-13 equiv.,
used as an internal standard), were dissolved in 0.6 mL of ds-
bromobenzene and placed in a J-Young Teflon valve NMR tube. The
NMR tube was charged with CO, (1.5 atm) and placed in an oil bath
preheated at 90 °C. The conversion of the silane [(EtO)sSi-H: 6 4.45 ppm
in CgDsBr] to silyl formate [(EtO)3Si-OC(O)-H: 6 7.98 ppm in C¢DsBr] was
monitored by 'H NMR. Complex [5][B(CeFs)s] (10.5 mg, 6.83 pmol, 1
equiv.; internal standard: Ce¢Mes, 11 mg, 68.3 pmol, 10 equiv.)
hydrosilylated CO, with 90% conv. of (EtO)sSiH (19 pL, 103 pmol, 15
equiv.) to triethoxysilyl formate H-CO,-Si(OEt); within 60 h at 90 °C. H-
CO,-Si(OEt); was isolated in a pure form (as checked by *H NMR) in
76% yield by distillation under reduced pressure.”® Increasing the
catalyst loading [10% mol. vs. (EtO)s;SiH] led to the quantitative formation
of H-CO,-Si(OEt)s after 48 h (90 °C, CgDsBr). When starting from the Zn-
OAc" cation 6, i.e. salt [6][B(CsFs)4], a nearly identical catalytic activity
was observed. No catalytic activity was observed upon using HSiEts (10
equiv.) as a silane source (90 °C, C¢DsBr, 48 h).

Supporting Information

NMR data for all prepared species, crystal data and refinement for
compounds [3-6][B(CsFs)s] (CCDC numbers 1416946-48, respectively),
detailed NBO analysis for cations 3%, 4° and 5%, kinetic data and
associated plots and NMR data for the conversion of 4* to 57, molecular
structures of all compounds/intermediates modeled through DFT studies.
The Cartesian coordinates of all computed molecules.
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