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Cationic Zinc Hydride Catalyzed Carbon Dioxide Reduction to
Formate: Deciphering Elementary Reactions, Isolation of
Intermediates, and Computational Investigations

Raju Chambenabhalli,®’ R. M. Bhargav,”® Karl N. McCabe,® Alex P. Andrews,” Florian Ritter,"
Jun Okuda,’ Laurent Maron,*® and Ajay Venugopal*®

/Abstract: Zinc has been an element of choice for carbon di-
oxide reduction in recent years. Zinc compounds have been
showcased as catalysts for carbon dioxide hydrosilylation
and hydroboration. The extent of carbon dioxide reduction
can depend on various factors, including electrophilicity at
the zinc center and the denticity of the ancillary ligands. In a
few cases, the addition of Lewis acids to zinc hydride cata-

-

\

lysts markedly influences carbon dioxide reduction. These
factors have been investigated by exploring elementary re-
actions of carbon dioxide hydrosilylation and hydroboration
by using cationic zinc hydrides bearing tetradentate tris[2-
(dimethylamino)ethyllamine and tridentate N,N,N',N”,N"-pen-
tamethyldiethylenetriamine in the presence of triphenyl-
borane and tris(pentafluorophenyl)borane. )

Introduction

Molecular zinc compounds have received prominence as re-
agents for the reduction of unsaturated bonds."™ They are
employed in the reduction of olefins,®® imines,”'" aldehydes,
ketones,'>" and carbon dioxide.">” Catalytic reduction of
carbon dioxide through catalytic hydrosilylation®=* and, to
some extent, hydroboration®*¢ with zinc catalysts has been
investigated.®”*¥ Zinc acetate is known to hydrosilylate CO, to
a mixture of reduced products: silyl formates, bis(silyl) acetals,
methoxysilanes, and methane.”” The emergence of neutral
and cationic molecular zinc alkyls and hydrides have provided
more options for CO, hydrosilylation. Due to inherent Lewis
acidity, alkyl zinc cations promote CO, hydrosilylation through
activation of the C=0 bond. Recent investigations have shown
that zinc hydrides catalyze CO, hydrosilylation, resulting in se-
lective reduction to silyl formates or methoxysilanes.”**
Mechanistic studies have revealed that molecular zinc hydrides
insert CO, across Zn—H bond. The resulting formate Zn—
OC(H)O reacts with the hydrosilane through o-bond metathesis

[a] R. Chambenahalli, R. M. Bhargav, A. P. Andrews, Dr. A. Venugopal
School of Chemistry, Indian Institute of Science Education and Research
Thiruvananthapuram, Vithura, Thiruvananthapuram 695551 (India)
E-mail: venugopal@iisertvm.ac.in

K. N. McCabe, Prof. L. Maron

LPCNO, UMR 5215, Université de Toulouse-CNRS, INSA, UPS

31077 Toulouse (France)

E-mail: maron@irsamc.ups-tlse.fr

F. Ritter, Prof. J. Okuda

Institute of Inorganic Chemistry, RWTH Aachen University
Landoltweg 1, 52056 Aachen (Germany)

=

[c

Supporting information and the ORCID identification number(s) for the
@ author(s) of this article can be found under:
https://doi.org/10.1002/chem.202005392.

Chem. Eur. J. 2021, 27, 7391 - 7401 Wiley Online Library

7391

involving Zn—O and Si—H bonds, regenerating the zinc hydride
catalyst accompanied by the displacement of silyl formate.*”
Further studies have revealed that Lewis acid additives, such
as B(C4Fs)s, if introduced in these catalytic reactions, promote
the reduction of silyl formates to silyl acetals and eventually to
methane.*® Although these studies provide basic knowledge
of the elementary steps, there is ample opportunity to explore
the essential role and limits of the Zn—H species and the Lewis
acid additives in CO, reduction. Our preliminary investigations
on a cationic zinc hydride, [(Mestren)ZnH]™ (Megtren = tris[2-
(dimethylamino)ethyllamine), for CO, hydrosilylation in the
presence of BPh; prompted us to explore the elementary reac-
tions in detail.*® Herein, we provide new insights into CO, hy-
drosilylation and hydroboration catalyzed by cationic Zn—H
moieties. We show the effect of decreased coordination
number, resulting in the increased efficiency of hydrosilylation.
The effect of the Lewis acids B(C4Fs); and BPh; as additives are
also explored.

Results and Discussion

We recently reported that [(Megtren)ZnH][B{3,5-C¢H;(CF;),}.]
(1a) catalyzed the reaction between CO, and PhSiH; in aceto-
nitrile at 50°C, resulting in PhSi(OCHO); with a conversion of
95% in 2 h (Scheme 1).*¥ The Lewis acid BPh; was used as an
additive in equimolar quantity with respect to the zinc catalyst.
The conversion rates were temperature dependent, with the

1a (5 mol%), 60 °C,2h
BPhs (5 mol%), CDsCN

CO, + PhSiH,

PhSi(OCHO);

Scheme 1. CO, hydrosilylation catalyzed by compound 1a in the presence
of BPh;.
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rates being faster above 50°C and lower below this tempera-
ture. Various solvents were screened for this transformation.
Chlorinated solvents, namely, chloroform and dichloromethane,
instantly converted [MegtrenZnH]" into [MegtrenZnCl]*; the
latter does not further catalyze the reaction. Due to its ionic
nature, compound 1Ta is insoluble in hydrocarbon solvents.
The reaction was found to proceed only in polar aprotic sol-
vents, such as tetrahydrofuran and acetonitrile, with the effi-
ciency being superior in the latter. After screening various hy-
drosilane sources, it was observed that PhSiH; was the only hy-
drosilane source that was active for this transformation under
the given reaction conditions. The possibility of interference
from the anion in the zinc hydride catalyst was excluded by
performing this reaction with different weakly coordinating
anions: [B(3,5-C4H;Cly) 07, [B{3,5-C4H;Cl,(CF3),1]1 7, and
[B(CeFs)al -

BPh, alone is known to catalyze CO, hydrosilylation.”” We,
however, observed that it took 100 h in CD;CN to consume
90% of PhSiH; to give a mixture of hydrosilylation products,
suggesting the reactivity of BPh; in catalyzing CO, hydrosilyla-
tion is far lower in the absence of 1a (see the Supporting In-
formation). Performing catalysis with 1a alone as a catalyst
also resulted in 90% conversion of PhSiH; to the respective
silyl formate in 150 h. We then considered using more Lewis
acidic B(C4F;); as an additive in place of BPh;. Although B(C4F;),
alone does not catalyze the reaction, Parkin and co-workers®®
have successfully used it as an additive in zinc hydride cata-
lyzed CO, hydrosilylation. To our surprise, if B(CsFs); was em-
ployed in place of BPh; as an additive, the catalytic reaction in
Scheme 1 was not observed under the given experimental
conditions. These observations infer that the Lewis acid addi-
tive does not directly impact catalysis, but rather influences
the active catalytic species.

Having fixed the reaction conditions, we set out to perform
a series of elementary reactions. To understand the role of the
Lewis acid additive, equimolar quantities of 1a and BPh; were
dissolved in CD;CN. No reaction was observed, even with pro-
longed heating at 60°C. However, the treatment of 1a with
B(C4F5); in CD5CN instantaneously led to the abstraction of the
hydride from the zinc center, resulting in [(Megstren)Zn(CD5CN)]
[HB(C4Fs);1[B{CsH5(CF;),},], which was further confirmed by
performing the reaction in tetrahydrofuran, leading to
[(Megtren)Zn(C,HgO)IHB(C4Fs);1[B{CeH5(CF5),1] (2a; Scheme 2).
The disappearance of the Zn—H signal in the '"H NMR spectrum
and the appearance of a characteristic doublet for [HB(C4Fs);]1™
in the "B NMR spectrum at d=—25.2 ppm, with a coupling
constant of 75 Hz, confirmed the abstraction of hydride in 1a

A 2®
® N

N/\ (\ >
1 ) e - 00
Nivte, S CaHs0,25°C an
MeaN- ¥4 2 A + B(CeFg)—® N NMez | [HB(CFs)s] A
\nykNMez 0.
H o
A= [B{CeHa(CF3)2}4] 2a

Scheme 2. Hydride abstraction from 1a with B(C4Fs);.
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by B(C¢Fs);. Compound 2a was characterized by means of mul-
tinuclear NMR spectroscopy and elemental analysis.

Unlike B(C4Fs);, the inability of BPh, to abstract the hydride
from 1a can be reasoned based on their Lewis acid strengths.
To find experimental evidence for this interpretation, we aimed
to quantify and compare the Lewis acidities of BPh, and
B(CFs5); with dicationic 2a by using the Gutmann-Beckett
method.”**" Accordingly, one equivalent of triethylphosphine
oxide (TEPO) was added to solutions of 2a, BPhs, and B(C4Fs);
in CD,Cl,, and the *'P NMR spectra of the resulting solutions
were recorded (Figure 1). A chemical shift value of =71 ppm
was observed in the case of 2a, whereas shifts of 6=73.2 and
77.2 ppm were observed for BPh; and B(C.Fs);, respectively.
These observations suggest that 2a and BPh; possess compa-
rable Lewis acidity, and hence, the hydride cannot be easily ab-
stracted from the zinc center. However, B(C¢Fs); has significant-
ly higher Lewis acidity relative to dicationic 2a, and hence, hy-
dride abstraction from the zinc center in 1a readily takes
place.

77.2 ppm
B(CeFs)s + TEPO
73.2 ppm
| BPh; + TEPO
71 ppm
MestrenZn?* + TEPO
51 ppm
i TEPO

T T T

80 60 40

Figure 1. Stacked *'P NMR spectra of TEPO and TEPO with compound 2,
BPhs, and B(C4Fs)s.

In our previous investigations, we have established that 1a
readily reacts with CO,, resulting in the quantitative formation
of the zinc formate species, [(Mestren)ZnOCHO][B{C¢H;(CF;),},]
(3a). Based on this observation, we proceeded to investigate
the reaction between 1a and CO, in the presence of BPh;. An
equimolar mixture of 1a and BPh,; in CD;CN was pressurized
with  1bar of CO, to obtain [(Mestren)ZnOCHOBPh;]
[B{C¢H;(CF;).},] (4a) instantaneously (Scheme 3). Compound 4a
could be independently prepared by treating zinc formate spe-
cies 3a with an equimolar amount of BPh; (Scheme 3). The
structure of the cationic part in 4a was confirmed by prepar-
ing [(Megtren)ZnOCHOBPh,][B{C4F:),] (4b) through a method
analogous to that of the synthesis of 4a. Single crystals of 4b
were grown from a solution in diethyl ether, and X-ray diffrac-
tion studies elucidated the solid-state structure (Figure 2).

© 2021 Wiley-VCH GmbH
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+ CO, + BPhy———— NMe,

ANEE N

®
a). [(Megtren)ZnH] [A] MezN\/
Z~——NMe, | O

[A]
/o
b). [(Mestren)ZnOCHO]®[A]® + BPhg L /O/kﬂ
BPh,
= [B{CgH3(CF3)2}a] or [B(CsFs)a] 4a and 4b N

Scheme 3. a) Reactivity of compound 1 with CO, and BPh,. b) Reactivity of
compound 3 with BPh;.

3a 4b 5b

Figure 2. Solid-state structures of cationic parts of 3a,“* 4b, and 5b. Hydro-
gen atoms, except H1, are omitted for clarity.

If 1a was treated with CO, in CD;CN in the presence of
B(C4Fs);, we observed the abstraction of the hydride from the
zinc center by B(C4Fs);, resulting in [(Megtren)Zn(solvent)]
[HB(C4F5)51[B{CeH;(CF;),},1, and no further reduction of CO, was
observed under the given conditions (Scheme 4). This observa-
tion explains why CO, hydrosilylation does not proceed with
B(C4Fs); as an additive. However, the zinc formate, 3 b, reacts
with B(C4Fs);, resulting in [(Megtren)ZnOCHOB(C4Fs);1[B(C4Fs),]
(5b). Single-crystal (SC) XRD studies established the structure
of 5b (Figure 2). Examining the bond lengths in 4b and 5b
(Table 1) shows that Lewis acid binding to the formate oxygen
elongates the Zn—0 bond from 1.969 to 2.033 A in the case of
BPh, and 2.039 A in the case of B(C4Fs);. This elongation is pro-
portional to the strength of the Lewis acid.

Having obtained the formate adducts, 4b and 5b, of the
Lewis acids, we tested their reactivity with PhSiH; in CD;CN. Al-

e N/\
AN
N MesN 1 NMe,
l NM 4
€2 e ——NMe
MezN\/ { A S CqHgO C
\Zn~——NMe,| Al ~ + B(CeFs)y———> 5
o ) //k
Y 0
H | L B(CsFs)3
3a and 3b 5a and 5b

= [B{CeH3(CF3)2}4] or [B(CeFs)al

Table 1. Selected bond lengths [A] of compounds 3a (citation), 4b, and
5b.
3a 4b 5b

Zn1—-N1 2.239(10) 2.181(3) 2.176(2)
Zn1-N2 2.175(11) 2.136(3) 2.120(2)
Zn1-N3 2.151(10) 2.099(3) 2.111(2)
Zn1-N4 2.150(9) 2.085(3) 2.106(2)
Zn1-01 1.969(9) 2.033(3) 2.0393(18)
C1-01 1.272(11) 1.240(4) 1.231(3)
C1-02 1.221(12) 1.264(4) 1.277(3)
B1-02 - 1.607(2) 1.557(3)

though 4b reacted with PhSiH; to displace PhSiH,(OCHO) and
regenerate the zinc hydride catalyst, [(Megtren)ZnH][B(C4Fs).]
(1b). Compound 5b reacted with PhSiH; resulting in
PhSiH,(OCHO), and the dicationic zinc compound,
[MegtrenZn(CD;CN)I[HB(C4F5);1[B(CeF5)] (Scheme 4). From the
above observations, we concluded that the use of BPh; along
with 1b resulted in the catalytic conversion of CO, to PhSi(O-
CHO);, whereas employing B(C4F5); with 1b resulted in the sto-
ichiometric conversion of CO, into PhSiH,(OCHO). Having ex-
plored the elementary reactions (Scheme 5) in CO, hydrosilyla-
tion mediated by 1a and 1b, we concluded that BPh; was the
desired additive over B(C¢Fs);. However, the exact role of the
former Lewis acid remained unexplained. We thus resorted to
computations to re-explore the elementary reactions in the
catalytic cycle.

Calculations were carried out on the reaction mechanism of
CO, hydrosilylation with PhSiH; catalyzed by 1 in the presence
of BPh; at the DFT level (B3PW91; see the Supporting Informa-
tion for computational details). The initial step involves the
Zn—H moiety (A) inserting CO, via a four-membered transition
state (I) with an activation barrier of 14.3 kcalmol™, resulting
in a monomeric zinc formate species, B (Figure 3). With a mod-
erate energy gain of 3.5 kcalmol™', species B can dimerize to
C. Dimeric C is broken down with BPh;, resulting in D, and this
step is exothermic by 33.1 kcalmol™'. We ruled out the possi-
bility of silane-assisted dimer cleavage, since the induced stabi-
lization is only 12.6 kcal mol™" (see the Supporting Information).
Species D then interacts with a silane molecule, leading to
four-membered o-bond metathesis, with an associated barrier
of 18.1 kcalmol™". The transition state (ll) appears to be fa-
vored due to the coordination of BPh; to the carbonyl oxygen

>

NMe:
MezN\N 2

CiHe0,25°C
- PhSiH,0CHO

NMe2 [HB(CqFs) 3] A

O

2aand 2b

e
Al + PhSiH,

Scheme 4. Stoichiometric reactions of compound 3 with B(C4Fs); and 5 with PhSiH,.
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Non-Catalytic

Scheme 5. Schematic representation of the effect

Catalytic

of Lewis acids on 1 and 3 in CO, hydrosilylation.

2N
N
MeQN—/\l )
ol
oo™ § Wy
A \ i\ Me,
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38.3
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] \ 564
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MeoN =210 PhSiH; 65.6
HI) Ph
F Mo, /
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L [i __/\N/\ . _T70.7 T S\
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\'o JJ“\Z",NMQ Me,N- |‘N \c o
| RV N \N H Me; A
BPh, Ph—Si 4" 9 Me,

BPh;

Figure 3. Computed enthalpy profile for the hydrosilylation of CO, catalyzed by 1 in the presence of BPh,.

(see Figures S54 and S55 in the Supporting Information). Fol-
lowing the intrinsic reaction coordinate, silyl formate is ob-
tained, along with the regeneration of the zinc hydride cata-
lyst. The overall cycle is an exothermic reaction by 70.7 kcal
mol~'. From the reaction profile, it is proposed that silane acti-
vation is the rate-determining step. Interestingly enough, hy-
drosilylation appears to be an endothermic reaction in the ab-
sence of BPh; because of the formation of a very stable (u-k2-
0,0) formate intermediate C.

We could not obtain conclusive experimental evidence for
the existence of compound 3 as a dimer in solution. Variable-
temperature NMR spectroscopy studies on 3 did not provide
evidence to prove the dimeric form in solution. To address
this issue, we then set out to prepare a cationic zinc hydride
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with a decreased coordination number by using the tri-
dentate N,N,N',N’,N"’-pentamethyldiethylenetriamine (PMDTA).
[(pmdta)ZnEt][B(C4Fs),] (6) was employed as a precursor to
access [(pmdta)ZnOSiPh,1[B(CFs).] (7), which was then treated
with excess PhSiH; to obtain [(pmdta)ZnHI[B(C4Fs).] (8;
Scheme 6). In another method, the treatment of polymeric
ZnH, with Brensted acid [(pmdta)H][B(C4Fs),] also led to the
formation of 8 (Scheme 6). Compounds 6-8 were characterized
by means of multinuclear NMR spectroscopic studies, elemen-
tal analysis, and SC-XRD studies (Figure 4). The 'H NMR spec-
trum of [(pmdta)ZnHI[B(3,5-Me,-C¢H5),] (8b) recorded in
[DgITHF shows a characteristic Zn—H signal at d=3.41 ppm.
SC-XRD studies revealed that 8 had a tetrahedral coordination
geometry at zinc with three sites occupied by the three nitro-

© 2021 Wiley-VCH GmbH
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Me ®
N
NMe, | o PhSiH;
Zn [A]
rt, 24h, THF
H
8 [A] = [B(CgFs)4]

<)

N3 O

@ zZm

“H1

Figure 4. Solid-state structures of the cationic parts of 6, 7, and 8. Hydrogen atoms, except H1, in 8 are omitted for clarity.

gen atoms of PMDTA and the fourth corner occupied by a hy-
drogen atom with a Zn—H distance of 1.469 A (Figure 4). IR
spectroscopic studies provided a characteristic Zn—H stretching
frequency at 1765 cm™' (see the Supporting Information).
Compound 8 was pressurized with 1 bar of CO, to form
[(pmdta)ZnOCHOI[B(C4Fs),] (9) (Scheme 7). The 'H NMR spec-
trum of 9 recorded in CD;CN shows a single signal for the for-
mate C—H at 6 =8.22 ppm, and the respective carbon shows a
single sharp signal at 0=169.6 ppm in the *C NMR spectrum
(see the Supporting Information). Crystallographic studies re-
vealed that the cationic moiety in 9 existed as a dimer in the
solid state, with a distorted trigonal bipyramidal coordination
geometry at the zinc center (Figure 5). The central zinc metal is
coordinated to three nitrogen atoms of PMDTA, with an aver-
age Zn—N distance of 2.129 A, and two oxygen atoms with
Zn—0 distances of 1.966 and 2.085 A (Figure 5). Treatment of

Me ®
(1Y
eoN NMe,)| co,
Zn [A]
H NMe, H
9

[A] = [B(CgFs)4]

Scheme 7. Synthesis of compounds 9 and 10.
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Figure 5. Solid-state structures of the cationic parts of 9 and 10. Hydrogen
atoms, except H1 and H2, are omitted for clarity.

the dimeric formate complex with pyridine (py) resulted in the
formation of a mononuclear complex [(pmdta)ZnOCHO(py)1[A]
(10), which was characterized by means of SC-XRD and found

20 Me

@
M H Me,N N
NMe 2
(\ 5 o:::;[e“ /w
"o_/ g fé C:H=N Me,N NMe, e
@_» 05 MeN: \0 Zn }ﬂ 2[A]6 L» Al
THF k/ ; Soen

10

[A] = [B(CgH3-3,5-Mey)4]
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to contain a five-coordinate zinc center for A=B(C¢H;-2,5-
Me,),.

Furthermore, compound 9 was treated with two equivalents
of BPh; and B(C4Fs);. Similar observations were made to those
observed for 3 to form [(pmdta)ZnOCHOBPh,][B(C4Fs),] (11)
and [(pmdta)ZnOCHOB(C4F5),1[B(C4Fs),] (12). Compound 12,
upon treatment with an excess of PhSiH; in CD,CN, resulted in
[(pmdta)Zn(CD;CN)I[HB(C4F:);1[B(CeF5),] (13). Compounds 10-
12 were formed in situ in CD;CN and the structures were con-
firmed by means of multinuclear NMR spectroscopy studies.
These observations suggest that the decreased denticity of the
ancillary ligand stabilizes the dimeric form of the zinc formate
species. Hence, energy has to be supplied externally to break
the dimer and facilitate hydrosilylation.

Before proceeding to catalytic experiments, theoretical in-
vestigations were performed on the hydrosilylation of CO, cat-
alyzed by 8 (Figure 6). The reaction mechanism is very similar
to that of A depicted in the reaction profile in Figure 3, and
hence, only the main differences between the two are dis-
cussed. The activation barrier for CO, reduction to formate by
E is 17.7 kcalmol™, which is slightly higher than that for A
(14.3 kcalmol™). This is mainly due to the greater electronic
deficiency of the zinc center in E than that in A, as proven by
the zinc charges (+1.78 in E vs. +1.54 in A, whereas the
charges of the hydrides are —0.58 in E and —0.34 in A). Al-
though the formation of monomeric formate (F) is exothermic
(—0.7 kcalmol™), dimerization is favored (—13.0 kcalmol™), re-
sulting in dimer G, in agreement with experimental observa-

tions. The coordination of BPh; allows cleavage of the dimer to
form H, which undergoes hydrosilylation with an associated
barrier of 16.2 kcalmol™', indicating that CO, insertion is the
rate-determining step of the reaction. Moreover, the highest
barrier in the process is slightly lower for compound 8 than
that for compound 1 (17.7 vs. 18.1 kcalmol™), so that com-
pound 8 can be considered more active than that of 1.

The above studies prompted us to perform catalytic hydrosi-
lylation of CO, with compound 8. As expected, compound 8
alone did not catalyze CO, hydrosilylation in CD;CN at 60°C,
even after 2 d. However, compound 8 and equimolar molar
amounts of BPh; (1 mol% each) catalyzed the reaction be-
tween CO, (1.5 bar) and PhSiH; in CD5CN, resulting in 90%
conversion of Si—H into Si—OCHO. We further observed that
Ph,SiH,, which did not hydrosilylate CO, in the presence of 1
and BPh;, reacted with CO, in the presence of catalytic
amounts of 8 and BPh;. This observation proves that 8 is more
efficient than the reaction with 1 in the presence of BPh;. We
also observed that a combination of 8 and B(C¢Fs); did not cat-
alyze the hydrosilylation of CO, under similar conditions and
even at 75°C.

To experimentally prove that the role of BPh;, as explained
theoretically, is to break the formed dimers of compounds 3
and 9, further experiments have been considered. We per-
formed the hydroboration of CO, by using 3 and 9 as catalysts
in the presence of bis(pinacolato)diboron (Hbpin; Scheme 8),
which is expected to play the dual role of serving as a Lewis
acidic center to facilitate monomeric catalyst formation and as

Figure 6. Computed enthalpy profile for the hydrosilylation of CO, catalyzed by 8 in the presence of BPh,.
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Scheme 8. CO, hydroboration catalyzed by compounds 1 and 9.

a hydride transfer reagent. Whereas 5 mol% of 3 catalyzed the
hydroboration of CO, selectively to OCHOBpin in 2 h at 60°C,
a decreased catalyst loading of 1 mol% was required in the
case of 9. Computational studies revealed that this reaction
proceeded via a six-membered transition state involving Zn—
OC(H)—0 and HBpin, with an activation barrier of 5.6 kcalmol™
(Figure 7).

AN
N
/)
MeN / N

&, Me;
\i

Figure 7. Computed enthalpy profile for the hydroboration of CO, catalyzed
by compound 3.

Comparative data on catalytic CO, hydrosilylation and hy-
droboration by compounds 1 and 8 are given in Table 2. Com-
pound 8 in the presence of BPh; gives the highest TON of 273
with a TOF of 136.49 h™, in comparison with previously report-
ed compound 1. This TOF is, so far, the best value observed in
the case of molecular zinc compounds.”® It was also observed
that, in the absence of BPh;, compound 8 did not catalyze CO,
hydrosilylation, whereas compound 1 does, with a TON of 18
and TOF of 0.12 h™". Compound 2 did not play any role in CO,
hydrosilylation either in the presence of compound 1 or on its

own. Hydroboration was catalyzed by both compounds 1 and
8, which did not necessitate the addition of Lewis acids. Com-
pound 8 also proved to be a better catalyst for hydroboration
of CO, with TON and TOF values of 94 and 42 h™', respectively.

Conclusion

Experiments and DFT calculations on [(Megtren)ZnH]* and
[(pmdta)ZnH]* have provided crucial evidence to understand
the elementary reactions operative in CO, reduction catalyzed
by cationic zinc hydrides. The isolation of key intermediates
has re-enforced the theoretical propositions on the catalytic
cycles. Five-coordinate [(Megtren)ZnH] " alone shows moderate
reactivity towards CO, hydrosilylation. Although decreased
ligand denticity is expected to exhibit higher reactivity, four-co-
ordinate [(pmdta)ZnH]* alone did not catalyze this process.
This has been attributed to the formation of a stable zinc for-
mate dimer. The mild Lewis acid BPh; was employed as an ad-
ditive to generate the monomeric zinc formate to facilitate hy-
drosilylation. B(C4Fs); is an attractive choice as a strong Lewis
acid additive, but we have observed that it arrests the catalytic
cycle by the formation a stable [HB(C¢Fs);]~ anion. The use of
the hydroboration reagent HBpin further strengthened our
proposition of the role of the secondary Lewis acid in cationic
zinc hydride mediated CO, reduction. Our findings validate the
role of cationic zinc centers in the activation of Si—H and B—H
bonds and reveal the importance of the second Lewis acidic
center for facile catalytic CO, reduction.

Experimental Section
General

All reactions were performed under an argon atmosphere by using
standard Schlenk techniques or in a glove box under an argon at-
mosphere. Before use, glassware was dried at 200°C, and solvents
were dried, distilled, and degassed by using standard methods.?>**
Megtren,®™  [HNEt][B{C4H5(CF3)l],  [(Megtren)ZnH][A],  and
[(Megtren)ZnOCHOI][A] (A =B(C¢H;(CF5),)./B(CeFs),) were synthesized
and purified according to procedures reported in the literature.*®
ZnEt, was purchased from Sigma and used as received. [ZnH,],
[HNEt;][B(3,5-(CF3),CsH3),], and  [HNEt;][B(3,5-(CF3),CeHs),l  (IHNEL;]
[B(CeFs),]) were synthesized according to procedures reported in

Table 2. Comparative data on catalytic CO, hydrosilylation and hydroboration.®

Entry Catalyst® ([mol %]) Additive ([mol%]) Hydride source T[°Cl t [h] Conversion [%] TONM TOF [h™"]
1 8a/b (5) - PhSiH, 60 24 0 0.0 0.00

2 1a/b (5) - PhSiH, 60 150 90 18.0 0.12

3 1a/b (5) 2 (5) PhSiH, 60 100 92 184 0.18

4 1a/b (1.66) BPh; (1.66) PhSiH, 45 2 98 58.8 29.448

5 8a/b (0.33) BPh; (0.33) PhSiH, 60 2 91 273.0 136.49

6 1a/b (5) - Ph,SiH, 60 24 0 0.0 0

7 8a/b (5) - Ph,SiH, 60 24 0 0.0 0

8 8a/b (5) BPh; (5) Ph,SiH, 60-75 24 98 196 0.82

9 1a/b (5) - HBpin 60 6 95 19 3.16

10 8a/b (1) - HBpin 60 2 94 94 42.00

[a] A constant pressure of 1.5 bar of CO, was maintained during catalysis. [b] With respect to Si—H. [c] TON=turnover number. [d] TOF =turnover frequen-
cy.
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the literature.”**”! BPh, and B(C¢Fs); were purchased from Sigma-—
Aldrich and purified by sublimation prior to use. PMDTA, PhSiH,,
Ph,SiH,, and Et;SiH were purchased from TCl Chemicals and dis-
tilled before use. Ph;SiOH was purchased from Sigma-Aldrich, puri-
fied by recrystallization, and dried in vacuo before use. CO,
(99.990% purity) was purchased from commercial sources. The
gases were passed through a column of molecular sieves dried
overnight at 200°C before performing the reactions by using
Schlenk manifolds. 'H, *C, "B, and '°F NMR spectra were recorded
on a Bruker 500 MHz and DRX400 spectrometers. Chemical shifts
(8, in ppm) in the 'H and C NMR spectra were referenced to the
residual signals of the deuterated solvents. "B NMR spectra were
referenced to the NaBH, signal in D,0. '°F NMR spectra were refer-
enced to the CFCl; signal. Abbreviations for NMR spectra: s (sin-
glet), d (doublet), t (triplet), g (quartet), quin (quintuplet), sext
(sextet), sep (septet), and br (broad). Samples for elemental analysis
were rigorously dried in vacuo at 10 mbar pressure. IR spectra
were recorded as KBr pellets by using AVATAR 360 FTIR and Pres-
tige-21 SHIMADZU FTIR spectrometers. Elemental analyses were
performed on an Elemental Vario Micro Cube machine. Crystals
were suspended in paraffin oil before being mounted on the X-ray
diffractometer. XRD data were collected on a Bruker Kappa Apex-I|
charge-coupled device (CCD) diffractometer at 150 K and with
Moy, irradiation (1=0.71073 A). SC-XRD data for 4b, 5b, 6b, 7, 8a,
8b, 9a, 10b, and 10c are reported in crystallographic information
files (CIF) accompanying this document. Details on data collection,
reduction, and refinement can be found in the individual CIFs.

Synthesis of 2b

A solution of B(CeFs); (0.086 mmol, 0.047 g) in THF (2 mL) was
slowly added to a solution of compound 1b (0.086 mmol, 0.100 g)
in THF (2 mL). The reaction mixture was stirred for 30s. Volatile
compounds were removed under vacuum, followed by washing
the residue with pentane, yielding the product as an off-white
powder (0.130 g, 87 %). 'H NMR (CD5CN, 500 MHz): 6 =2.53 (s, 18H;
NCH,), 2.75 (t, *J(H,H) =5 Hz, 6H; NCH,), 2.88 (t, *J(H,H)=5 Hz, 6H;
NCH,), 8.09 ppm (s, OCHO); *C{"H} NMR (CD,CN, 126 MHz): 5 =47.5
(NCHj,), 49.8 (NCH,), 57.3 (NCH2), 136.4 (i-C, C4Fs), 138.3 (p-C, C4Fs),
148.2 (m-C, C¢Fs), 150.0 (0-C, C¢Fs), 164.9 ppm (s, OCHO) (Figure S6
in the Supporting Information); "B NMR (CD,CN, 128 MHz): 6=
—16.7 (s, B(CFs)), —44ppm (br, OBPhy); 'FNMR (CD,CN,
471 MHz): 6=—133.76 (0-CF), —163.94 (p-CF), —168.36 ppm (m-
CF); satisfactory elemental analysis values for CHN could not be
obtained for this compound due the presence of trace amounts of
solvent molecules.

Synthesis of 4b

Method A: Compound 1b (0.102 mmol, 0.100g) and BPh,
(0.102 mmol, 0.025 g) in THF (5 mL) were pressurized with dry CO,
(1 bar). The reaction mixture was stirred at room temperature for
10 min. The volatile compounds were evaporated under vacuum
(1073 mbar) at room temperature to give 4b as a colorless powder.
Compound 4b was further purified by recrystallization at 25°C in
diethyl ether upon n-pentane layering (0.112 g, 85 %).

Method B: A solution of BPh; (0.098 mmol, 0.023 g) in THF (2 mL)
was slowly added to a solution of compound 3b (0.0980 mmol,
0.100 g) in THF (2 mL). The reaction mixture was stirred at room
temperature for 5 min. All volatile compounds were evaporated
under vacuum (10~% mbar) at room temperature to give 4b as a
colorless powder. Compound 4b was further purified by recrystal-
lization at 25°C in diethyl ether upon n-pentane layering (0.108 g,
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89%). 'H NMR (CD5CN, 500 MHz): 0=2.50 (s, 18H; NCH,), 2.68 (t,
3J(H,H) =5 Hz, 6H; NCH,), 2.84 (t, J(H,H) =5 Hz, 6H; NCH,), 7.08 (m,
3H; p-CeHs), 7.17 (m, 6H; m-C4H;), 7.24 (m, 6H; 0-C4Hs), 8.44 ppm
(s, TH; OCHO); C{'"H} NMR (CD,CN, 126 MHz): 6 =47.4 (NCH,), 50.4
(NCH,), 57.2 (NCH2), 125.8 (p-C, C¢Hs), 127.8 (m-C, CHs), 134.1 (0-C,
CeHs), 136.4 (i-C, C4F5), 138.3 (p-C, C4F5), 148.1 (m-C, C4F5), 150.0 (o-
C, CF5), 169.1 ppm (s, OCHO); "B NMR (CD5CN, 128 MHz): 6—16.7
(s, B(CeFs)), 2.5ppm (br, OBPhy); 'FNMR (CD,CN, 471 MHz):
0—133.76 (0-CF), —163.94 (p-CF), —168.36 ppm (m-CF); elemental
analysis calcd (%) for CssHygBoF2oN,O,Zn: C 5235, H 3.67, N 4.44:
found: C 52.24, H 3.60, N 4.40.

Synthesis of 5b

A solution of B(C¢Fs); (0.098 mmol, 0.050¢g) in THF (2 mL) was
slowly added to the solution of compound 3b (0.098 mmol,
0.100 g) in diethyl ether (2 mL). The reaction mixture was stirred
for 2 min and further concentrated to about 2 mL and layered with
n-pentane at room temperature to give 5b as colorless crystals in
24 h (0.130 g, 87%). '"H NMR (CD;CN, 500 MHz): 6=2.53 (s, 18H;
NCH;), 2.75 (t, *J(H,H)=5 Hz, 6H; NCH,), 2.88 (t, *J(H,H)=5 Hz, 6H;
NCH,), 8.09 ppm (s, 1H; OCHO); "*C{'"H} NMR (CD,CN, 126 MHz): 6 =
47.5 (NCH,), 49.8 (NCH,), 57.3 (NCH2), 136.4 (i-C, CsFs), 138.3 (p-C,
CeFs), 148.2 (m-C, C4Fs), 150.0 (0-C, CcFs), 164.9 ppm (s, OCHO);
"BNMR (CDsCN, 128 MHz): 6=—16.7 (s, B(CsFs),), —4.4 ppm (br,
OBPh;); "F NMR (CD4CN, 471 MHz): 6 = —133.76 (0-CF), —163.94 (p-
CF), —168.36 ppm (m-CF); elemental analysis calcd (%) for
CysHsiB,F5sN,0,Zn: C 43.12, H 2.04, N 3.66; found: C 43.00, H 1.99,
N 3.60.

Synthesis of 6a

[Et;NHI][B(C4F5),] (0.48 mmol, 0.383 g) was added to a solution of
PMDTA (0.48 mmol, 0.100 mL) in diethyl ether (2 mL). The reaction
mixture was stirred for 2 min. A 1M solution of Et,Zn (0.48 mmol,
0.48 mL) was slowly added to the reaction mixture through a sy-
ringe at room temperature then stirred for 1 min. A white solid
precipitated out and was filtered subsequently. The residue was
dried under vacuum (1073 mbar) at room temperature and washed
with pentane (5x3 mL) to give 6 as a pale brown powder. Color-
less crystals were obtained from the concentrated solution in di-
ethyl ether at —30°C in 12 h (0.380 g, 85%). Because the crystals
were not of good quality, a similar procedure was repeated to give
[(pmdta)ZnEt][B(CsH;ClL),] from  [Et;NHI[B(C4H;Cl,),]. Good-quality
crystals were grown from a solution in acetonitrile/pentane at
room temperature. '"H NMR (CD;CN, 500 MHz): 6 =0.14 (q, >J(H,H)=
10 Hz, 2H; CH,Mes), 1.20 (t, *J(H,H)=10 Hz, 3H; CCH,), 2.50 (s, 12H;
NCH;), 2.58 (s, 3H; NCH,), 2.74 (m, 4H; NCH,), 2.83 ppm (m, 4H;
NCH,); “C{'H}NMR (CD;CN, 126 MHz): 6=-3.1 (CH,Me), 13.1
(CCH,), 45.9 (NCH,), 47.4 (INCH,h), 54.4 (NCH,), 58.1 (NCH.,), 136.4 (i-
C, CFs), 138.3 (p-C, C4Fs), 1482 (m-C, C4Fs), 150.0 ppm (0-C, C4Fs);
"BNMR (CD,CN, 128 MHz): 6=-—16.66 ppm; '°FNMR (CD,CN,
471 MHz): 6=—133.76 (brs, o-CF), —163.94 (t, p-CF), —168.36 ppm
(t, m-CF); elemental analysis calcd (%) for CisH,5BF,0N;Zn: C 44.40,
H 2.98, N 4.44; found: C 44.10, H 3.77, N 4.31.

Synthesis of 7

Compound 6 (0.317 mmol, 0.300g) and Ph;SiOH (0.317 mmol,
0.088 g) were taken in THF (5 mL). The reaction mixture was stirred
for 20 h at room temperature. All volatile compounds were evapo-
rated under vacuum (107> mbar) at room temperature, washed
twice with n-pentane(2x5 mL), and dried to give 7 as a colorless
powder, which was further purified by recrystallization at —30°C in
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THF upon n-pentane layering (0.425g, 96%). 'H NMR (CD,CN,
500 MHz): 6=2.34 (s, 6H; NCH;), 2.38 (s, 3H; NCH,), 2.40 (s, 6H;
NCH,), 2.50 (m, 2H; NCH,), 2.69 (m, 4H; NCH,), 2.81 (m, 2H; NCH,),
7.33 (brm, 9H; p-CH, m-CH, C¢Hs), 7.68 ppm (brm, 6H; o-CH, CsHs);
B3C{"H} NMR (CD,CN, 126 MHz): 5 =44.73 (NCH,), 45.8 ({NCH},), 47.9
({NCH;h,), 54.74 (NCH,), 58.1 (NCH,), 128.4 (m-C, C4Hs), 129.5 (p-C,
CeHs), 135.9 (0-C, CgHs), 136.4 (i-C, C4Fs), 138.3 (p-C, C4Fs), 142.8 (i-C,
CeHs), 148.2 (m-C, C¢Fs), 150.0 ppm (0-C, CFs); "B NMR (CD5CN,
128 MHz):  0=-16.66 ppm; 'SFNMR (CD;CN, 471MHz): o=
—133.76 (brs, 0-CF), —163.94 (t, p-CF), —168.36 ppm (t, m-CF); ele-
mental analysis calcd (%) for Cs;H,gBF,0N;0SiZn: C 51.34, H 3.21, N
3.52; found: C 51.20, H 3.28, N 3.60;

Synthesis of 8a

PhSiH; (0.369 mmol, 0.045 mL) was added to a solution of 7
(0.167 mmol, 0.200 g) in THF (5mL). The reaction mixture was
stirred for 24 h at room temperature. Traces of black precipitate
formed during the reaction and were removed by filtration. All vol-
atile compounds were removed under vacuum (1072 mbar) at
room temperature, washed with n-pentane (3x5 mL), and dried to
give 8 as a colorless powder. The compound was recrystallized in
THF upon layering with n-pentane at —30°C (0.126 g, 82%).
"HNMR (CD,CN, 500 MHz): 6=2.34 (s, 6H; NCH,), 2.38 (s, 3H;
NCH,), 2.40 (s, 6H; NCH,), 2.50 (m, 2H; NCH,), 2.69 (m, 4H; NCH,),
2.81 (m, 2H; NCH,), 7.33 (brm, 9H; p-CH, m-CH, C,Hs), 7.68 ppm
(brm, 6H; 0-CH, CcHs); C{'H}NMR (CD,CN, 126 MHz): 6 =44.73
(NCH;), 45.8 ({NCH3},), 47.9 ({NCHs},), 54.74 (NCH,), 58.1 (NCH,),
1284 (m-C, CiHy), 129.5 (p-C, CeHs), 135.9 (0-C, C,Hs), 136.4 (i-C,
CeFy), 1383 (p-C, CgFs), 1428 (i-C, C,Hs), 1482 (m-C, C,F),
150.0 ppm (0-C, C¢Fs); "B NMR (CD5CN, 128 MHz): 6—16.66 ppm;
"FNMR (CD;CN, 471 MHz): 6 =—133.76 (brs, 0-CF), —163.94 (t, p-
CF), —168.36 ppm (t, m-CF); elemental analysis calcd (%) for
Cs5H,4BFoNsZn: C 43.14, H 2.63, N 4.57; found: C 43.02, H 2.55, N
4.50.

Synthesis of 8b

A suspension of [ZnH,], (53 mg, 792 umol) in THF was added to a
solution of [(pmdta)H][B(3,5-Me,-C¢H;)] (400 mg, 660 umol) in THF
dropwise at room temperature. After gas evolution ceased (ap-
proximately 15 min), the reaction mixture was filtered and the sol-
vent volume was reduced in vacuo. Addition of n-pentane resulted
in the precipitation of a colorless solid, which was isolated by de-
cantation and subsequently dried under reduced pressure. Com-
pound 8b was obtained as a colorless solid (421 mg, 627 umol,
95%). 'H NMR (400 MHz, [Dg]THF): 6 =2.11 (s, 24H; Ar-CH,), 2.25 (s,
12H; N-CH,), 2.20-2.29 (m, 8H; N-CH,), 2.31 (s, 3H; N-CHs), 3.41 (s,
1H; Zn-H), 6.38 (s, 4H; para-CsH;), 7.01 ppm (s, 8H; ortho-C¢H,);
B3C{"H} NMR (101 MHz, [Dg]THF): 6 =22.3 (Ar-CH,), 45.4 (N-CH,), 47.1
(N-CHs), 54.2 (N-CH,), 57.8 (N-CH,), 123.7 (para-C4H,), 133.1 (meta-
CgHs), 135.5 (ortho-C¢Hs), 165.7 ppm (q, 'J(B,C) =49.2 Hz, ipso-C¢Hs);
"B{"H} NMR (128 MHz, [DgITHF): 0 = —6.97 ppm; elemental analysis
calcd (%) for C4HgoBN3Zn: C 73.38, H 9.01, N 6.26; found: C 72.44,
H 8.99, N 6.47.

Synthesis of 8¢

A suspension of [ZnH,], (53 mg, 792 umol) in THF was added a so-
lution of [(pmdta)H][B(3,5-(CF;),-CsHs)] (400 mg, 660 pmol) in THF
dropwise at room temperature. After gas evolution ceased (ap-
proximately 15 min), the reaction mixture was filtered and the sol-
vent volume was reduced in vacuo. Addition of n-pentane resulted
in the precipitation of a colorless solid, which could be isolated by
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decantation and subsequently dried under reduced pressure. The
product was obtained as a colorless solid (421 mg, 627 umol,
95%). 'H NMR (400 MHz, [Dg]THF): § =1.17 (t, *J(H,H)=7.2 Hz, 12H;
N-CH,CH,), 2.84-2.95 (m, 4H; N-CH,CH,), 2.96 (s, 4H; N-CH,CH,),
2.98-3.11 (m, 4H; N-CH,CH,), 3.73 (s, 4H; para-CiHs), 7.59 (s, 4H;
para), 7.80 ppm (s, 8H; ortho-C¢H;); C{'H}NMR (101 MHz,
[Dg]THF): 6 =8.9 (N-CH,CH5), 47.0 (N-CH,CHs), 51.6 (N-CH,CH,), 1183
(para-C4Hy), 125.6 (q, 'J(CF)=272.2Hz, CFy), 130.0 (qq, Y(CF)=
31.52Hz, °3JCB)=281Hz, meta-CH,), 1357 (ortho-CgH,),
162.9 ppm (g, 'J(B,C)=49.9 Hz, ipso-C¢H,). "B{'"H} NMR (128 MHz,
[DeITHF): 6=—-6.50 ppm; "F{'H}NMR (377 MHz, [Dg]THF): 8=
—63.44 ppm; elemental analysis calcd (%) for C,;H;sBF,,NsZn: C
44.65, H 3.29, N 3.81; found: C 44.35, H 437, N 7.71.

Synthesis of 9a

Compound 8 (0.092 mmol, 0.100 g) was dissolved in THF (5 mL).
The solution was pressurized with CO, (1.5 bar) and stirred for
5 min at room temperature. All volatile compounds were evaporat-
ed under vacuum (1072 mbar) at room temperature, washed with
n-pentane (2x5 mL), and dried to give 9 as a colorless powder.
The compound was recrystallized from a mixture of THF and n-
pentane at —30°C (0.95 g, 96%). 'H NMR (CD,CN, 500 MHz): 6=
2.42 (s, 3H; NCH;), 2.50 (s, 6H; NCH;), 2.54 (s, 6H; NCH;), 2.64 (m,
2H; NCH,), 2.71 (m, 2H; NCH,), 2.83 (m, 4H; NCH,), 8.22 ppm (s,
1H; OCHO); "*C{'H} NMR (CD,CN, 126 MHz): 6 =44.6 (NCH,), 46.4
({NCH,h,), 47.5 (INCH3},), 54.1 (NCH,), 57.5 (NCH,), 136.4 (i-C, C4Fs),
138.3 (p-C, C4Fs), 148.2 (m-C, CFJ), 150.1 (0-C, C4F5), 169.6 ppm (s,
OCHO); "BNMR (CD,CN, 128 MHz): 6=—16.66 ppm; '°F NMR
(CDsCN, 471 MHz): 6=-133.76 (brs, o-CF), —163.94 (t, p-CF),
—168.36 ppm (t, m-CF); elemental analysis calcd (%) for
Cs4H,,BF,0N;0,Zn: C 42.42, H 2.51, N 4.36; found: C 42.22, H 2.48, N
4.26;

Synthesis of 9b

A solution of 8b (200 mg, 298 umol) in THF was transferred to a
Schlenk tube. The reaction mixture was degassed by three freeze-
pump-thaw cycles and subsequently pressurized with CO, (1 bar).
The solution was layered with n-pentane and stored at —30°C.
Overnight, colorless crystals formed, which were isolated by de-
cantation and drying under high vacuum. The title complex was
obtained as a colorless solid (208 mg, 292 umol, 98%). 'H NMR
(400 MHz, [Dg]THF): 6=2.10 (s, 24H; Ar-CHs), 2.30 (s, 12H; N-CH,),
2.17-2.52 (m, 11H; N-CH,/N-CH,), 6.38 (s, 4H; para-CcHs), 7.01 (s,
8H; ortho-CHy), 821 ppm (s, 1H; Zn-OCHO); "C{'"H} NMR
(101 MHz, [DgTHF): 6=21.3 (Ar-CH,), 43.3 (N-CH,), 45.4 (N-CH,),
52.7 (N-CH,), 56.2 (N-CH,), 122.7 (para-CiH,), 132.1 (meta-C¢H,),
134.5 (ortho-C¢H,), 164.2 (q, 'J(B,C) =49.2 Hz, ipso-C¢H3), 171.2 ppm
(Zn-OCHO); "B{'"H} NMR (128 MHz, [DgITHF): 0 =—6.50 ppm; ele-
mental analysis calcd (%) for Cg4H,50B,NsO,Zn,: C 70.54, H 8.46, N
5.88; found: C 69.25, H 8.45, N 5.72.

Synthesis of 10a

Method A: [(pmdta)Zn(OCHO)1,[B(3,5-Me,-C¢H;),l, (100 mg,
70 umol) was dissolved in py (1 mL). The solution was layered with
n-pentane and stored at —30°C overnight. The title compound
was obtained as a colorless solid (108 mg, 108 umol, 98 %).

Method B: A solution of 8b (100 mg, 149 umol) in py (1 mL) was
degassed by three freeze—-pump-thaw cycles and pressurized with
CO, (1 bar). The solution was layered with n-pentane and stored at
—30°C overnight. The title compound was obtained as a colorless
solid (113 mg, 143 pmol, 96 %). "HNMR (400 MHz, [DgTHF): 6=
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2.10 (s, 24H; Ar-CH,), 2.26 (s, 12H; N-CH,), 2.28 (s, 3H; N-CH.),
2.19-2.46 (m, 8H; N-CH,), 6.38 (s, 4H; para-C¢H;), 7.01 (s, 8H;
ortho-C¢Hs), 7.18-7.39 (m, 2H; meta-CHN), 7.66 (t, *J(H,H)=7.6 Hz,
1H; meta-C¢HsN), 8.22 (s, 1H; Zn-OCHO), 8.53 ppm (dt, *J(H,H) =
4.4 Hz, YJ(HH)=1.7Hz, 2H; ortho-CsH:N); "*C{"H} NMR (101 MHz,
[DgITHF): 6=19.4 (Ar-CH,), 41.4 (N-CH,), 43.5 (N-CH,), 50.8 (N-CH,),
544 (N-CH,), 120.8 (para-C¢H;), 121.6 (meta-CsHsN), 130.3 (meta-
CgHs5), 132.6 (ortho-C¢Hs), 133.6 (para-CsHsN), 147.9 (ortho-CsHsN),
162.9 (q, 'J(B,Q)=49.2Hz, ipso-C¢Hs), 169.2 ppm (Zn-OCHO);
"B{"H} NMR (128 MHz, [DgITHF): 6 = —6.95 ppm; elemental analysis
caled (%) for C,;HgsBN,O,Zn: C 71.08, H 8.25, N 7.05; found: C
69.76, H 7.88, N 7.48.

Synthesis of 10b

A solution of [(pmdta)ZnH][B(3,5-(CF,),C¢H;),] (100 mg, 90 umol) in
py (1 mL) was degassed by three freeze-pump-thaw cycles and
pressurized with CO, (1 bar). The solution was layered with n-pen-
tane and stored at —30°C overnight. The title compound was ob-
tained as a colorless solid (107 mg, 88 umol, 97%). 'H NMR
(400 MHz, [Dg]THF): 6 =2.63 (d, J(H,H)=36.1 Hz, 12H; N-CH,), 2.66
(s, 3H; N-CHs), 2.84-3.18 (m, 8H; N-CH,), 7.40 (m, 2H; meta-CsH,N),
7.62 (s, 4H; para-CH,), 7.79 (m, 1H; para-C;HsN), 7.84 (s, 8H;
ortho-CgH,), 8.33 (s, TH; Zn-OCHO), 8.61 ppm (m, 2H; ortho-CsHsN);
BC{'H} NMR (101 MHz, [DgITHF): 6 =44.5 (N-CH,), 46.7 (br, N-CH,),
54.0 (N-CH,), 57.7 (N-CH,), 118.3 (para-C4Hs), 125.0 (C;HsN-py), 125.6
(a, J(CF)=272.2Hz, CF;), 130.1 (qq, *JCF)=31.5Hz, *JCB)=
2.8 Hz, meta-C¢Hs), 135.7 (ortho-C¢Hs), 137.6 (para-CsHsN), 150.7
(ortho- CHsN), 162.9 (q, 'J(B,C)=49.9 Hz, ipso-C¢Hs), 173.0 ppm
(Zn-OCHO); "B{'H}NMR (128 MHz, [Dg]THF): 0=—6.50 ppm;
YF{'H} NMR (377 MHz, [Dg]THF): 6 =—63.39 ppm; elemental analy-
sis calcd (%) for C,;H,,BF,,N,0,Zn: C 46.04, H 3.37, N 4.57; found: C
44.13, H 3.84, N 4.76.

Hydrosilylation of CO, with PhSiH; by 8 and BPh;

An NMR tube equipped with a J. Young valve was charged with
compound 8 (0.004g, 0.0043 mmol) and BPh; (0.001g,
0.0043 mmol). [D;]Acetonitrile (0.500 mL) was added to this mix-
ture followed by PhSiH; (0.0535 mL, 0.434 mmol) and mesitylene
(0.020 mL, 0.1446 mmol). The reaction mixture was degassed three
times, and a constant pressure of CO, (1.5 bar) was maintained at
60 °C. The progress of the reaction was monitored by 'H NMR spec-
troscopy for the consumption of PhSiH; (91% in 2h). '"H NMR
(CD4CN, 500 MHz): 6=2.26 (s, 3H; Mes-CH,), 6.81 (s, 1H; Mes-CH),
7.50 (t, *J(HH)=5Hz, TH; p-C¢Hs), 7.55 (t, *J(HH)=5Hz, 2H; m-
CgHs), 7.88 (d, *J(H,H)=5 Hz, 2H; 0-C¢Hs), 8.20 ppm (s, 3H; OCHO);
BC{H}NMR (CD,CN, 126 MHz): 6=129.3 (i-C, C,H.), 129.4 (p-C,
CeHs), 1336 (0-C, CeHs), 1354 (m-C, C,Hs), 159.9 ppm (OCHO);
chemical shift values corresponding to PhSi(OCHO); are given.

Hydrosilylation of CO, with Ph,SiH, by compound 8 and
BPh,

An NMR tube equipped with a J. Young valve was charged with
compound 8 (0.008g, 0.0081 mmol) and BPh; (0.002g,
0.0081 mmol). [D;]Acetonitrile (0.500 mL) was added to this mix-
ture followed by PhSiH; (0.050 mL, 0.271 mmol) and mesitylene
(0.037 mL, 0.271 mmol). The reaction mixture was degassed three
times and a constant pressure of CO, (1.5 bar) was maintained at
60°C for 8h and at 75°C for 10 h. The progress of the reaction
was monitored by 'H NMR spectroscopy for the consumption of
Ph,SiH, (98% in 24 h). 'TH NMR (CD,CN, 500 MHz): 6 =2.25 (s, 3H;
Mes-CHs), 6.8 (s, 1TH; Mes-CH), 7.50 (t, *J(H,H)=5 Hz, 4H; m-C(H,),
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7.59 (t, *J(HH)=5Hz, 2H; p-CHs), 7.77 (d, 3J(HH)=5Hz, 4H; o-
C¢Hs), 8.26 ppm (s, 2H; OCHO); *C{'H} NMR (CD5CN, 126 MHz): 6 =
129.2 (i-C, CiHs), 129.4 (p-C, C4Hs), 133.0 (0-C, CiHs), 135.8 (m-C,
CeHs), 160.4 ppm (OCHO)

Hydroboration of CO, with 1

An NMR tube equipped with a J. Young valve was charged with
compound 1 (0.005g, 0.0041 mmol). [D;]Acetonitrile (0.500 mL)
was added, followed by HBpin (0.0125 mL, 0.086 mmol) and mesi-
tylene (0.004 mL, 0.028 mmol). The reaction mixture was degassed
three times, and a constant pressure of CO, (1.5 bar) was main-
tained at 60°C. The progress of the reaction was monitored by
'H NMR spectroscopy for the consumption of HBpin (95% in 6 h).
'H NMR (CD,CN, 500 MHz): =131 (s, 12H; CH,), 2.26 (s, 3H; Mes-
CH,), 6.80 (s, TH; Mes-CH), 8.41 ppm (s, 1H; OCHO); C{'H} NMR
(CD,CN, 126 MHz): 6=24.9 (CH,), 85.8 (CCH,), 159.6 ppm (OCHO);
"B NMR (CD,CN, 128 MHz): 6 =22.63 ppm (OCHOBpin).

Hydroboration of CO, with 8

An NMR tube equipped with a J. Young valve was charged with
compound 8 (0.008 g, 0.0081 mmol). [Ds]Acetonitrile (0.500 mL)
was added, followed by HBpin (0.1175 mL, 0.81 mmol) and mesity-
lene (0.037 mL, 0.27 mmol). The reaction mixture was degassed
three times, and a constant pressure of CO, (1.5 bar) was main-
tained at 60°C. The progress of the reaction was monitored by
'H NMR spectroscopy for the consumption of HBpin (94% in 2 h).
'H NMR (CD,CN, 500 MHz): =131 (s, 12H; CH,), 2.24 (s, 3H; Mes-
CH,), 6.80 (s, TH; Mes-CH), 8.40 ppm (s, 1H; OCHO); C{'H} NMR
(CD,CN, 126 MHz): 6=24.9 (CH,), 85.8 (CCH,), 159.6 ppm (OCHO);
B NMR (CD,CN, 128 MHz): 6 =22.26 ppm (OCHOBpin).
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