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ABSTRACT: Large-scale CO, hydrogenation could offer a
renewable stream of industrially important C, chemicals while
reducing CO, emissions. Critical to this opportunity is the
requirement for inexpensive catalysts based on earth-abundant
metals instead of precious metals. We report a nickel—gallium
complex featuring a Ni(0)—Ga(III) bond that shows remark-
able catalytic activity for hydrogenating CO, to formate at
ambient temperature (3150 turnovers, turnover frequency =
9700 h™'), compared with prior homogeneous Ni-centered
catalysts. The Lewis acidic Ga(IIl) ion plays a pivotal role in
stabilizing catalytic intermediates, including a rare anionic d* Ni
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hydride. Structural and in situ characterization of this reactive intermediate support a terminal Ni—H moiety, for which the
thermodynamic hydride donor strength rivals those of precious metal hydrides. Collectively, our experimental and computational
results demonstrate that modulating a transition metal center via a direct interaction with a Lewis acidic support can be a

powerful strategy for promoting new reactivity paradigms in base-metal catalysis.

B INTRODUCTION

Efficient recycling of CO, to industrial chemicals and liquid
fuels, such as formic acid or methanol, could generate value-
added products from an abundant C; feedstock while
alleviating adverse effects associated with rising CO, levels.
Although a CO,-to-fuel scheme would require efficient CO,
capture and sustainable H, production,’ we focus on the
singularly formidable challenge of developing base-metal
catalysts for selective CO, hydrogenation under mild
conditions.”™> CO, hydrogenation to methanol remains a
daunting task; the few known molecular catalysts rely almost
exclusively on precious metals (Ru, Ir),°”"" with only a single
instance of a base-metal (Co) catalyst.'> Furthermore, base-
metal catalysts remain uncommon for the hydrogenation of
CO, to formate."*~"” In the past few years, impressive catalytic
performance has been achieved using phosphine-ligated Fe and
Co catalysts, which generate formate with turnover numbers
(TONSs) from 9000 to 59 000 with high turnover frequencies
(TOFs).'¥7%°

Despite the aforementioned recent advances with Fe and Co
catalysts, the progress of Ni-based systems for CO, hydro-
genation has been limited.”' ™ The first homogeneous Ni
catalyst was reported over 40 years ago: Ni(dppe),, where dppe
= bis(diphenylphosphino)ethane, produced formate from H,
and CO,, albeit with poor activity (TON = 7, TOF = 0.35
h™!).*' Recently, a water-soluble Ni bis(diphosphine) catalyst
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was found to mediate the H,/CO,-to-formate reaction in
aqueous solution using NaHCO; as the base, but the activity
remained low (TOF of 0.40(5) h™! at 80 °C and 34 atm of H,/
CO,).”* In a related work, a Ni PCP-pincer catalyst generated
formate from H, and NaHCO; with a comparatively impressive
TON of 3000 at 150 °C and 54 atm; however, the catalyst was
inactive when NaHCO; was replaced with CO,.”*

The dearth of Ni catalysts for CO, hydrogenation stems
from several inherent limitations. Ni, being more electro-
negative than Fe and Co, has a lower propensity for activating
H, to generate Ni—H,*® and once generated, the resulting Ni—
H species are typically weak hydride donors. Furthermore, Ni—
H complexes which are potent enough hydride donors to react
with CO, tend to form strong Ni—O bonds, which prevent
formate liberation.”® This lack of strong hydride donors is
illustrated by the fact that even for the most hydridic Ni-H
reported,26 [HNi(dmpe),]* (dmpe = bis(dimethylphosphino)-
ethane) with a thermodynamic hydricity (AG°4-) of 49.9 kcal/
mol in CH;CN, outer-sphere hydride transfer to CO, to
generate free formate (cf. AG°y = 44 kcal/mol) is
thermodynamically unfavorable by ~6 kcal/mol in
CH,CN.*”*® However, it should be noted that there are
several examples of Ni—H complexes that are sufficiently
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hydridic to react with CO, to form 7'-O formate adducts of
Ni’® In these cases, the more salient issue that precludes
catalytic CO, hydrogenation is the formation of strong Ni—O
bonds, which impede formate release and thus prevent catalytic
turnover. Catalytic liberation of CO, reduction products in
these systems can be accomplished in some cases using
stoichiometric boranes or silanes to form strong B—O or Si—O
bonds, which permit Ni—O bond cleavage and drive catalytic
turnover. For example, Ni POCOP-pincer complexes can
rapidly insert CO, into Ni—H bonds and further reduce CO, to
methoxides using stoichiometric borane.”” The requirement of
B—H or Si—H reductants to drive catalysis, however, is a
drawback in that the overall transformations lack atom
economy.zg’30

Circumventing the inherent limitations of Ni in CO,
hydrogenation would involve stabilizing Ni—H in more reduced
charge states and/or lower Ni oxidation states,”"** while still
allowing the regeneration of Ni—H from H, and base.”** A
highly reduced Ni center could potentially allow for both facile
hydride transfer from a Ni—H species to CO,, along with a
decreased propensity for undesirably strong formate binding in
the subsequent step. Specifically, our strategy involves the
incorporation of a Lewis acidic Ga(Ill) metalloligand, which
acts as a o-acceptor toward Ni in NiGaL (1).35_ ? We have
previously shown that positioning the supporting Ga(IIl) ion
directly trans to the substrate binding site at Ni allows for H,
binding to form a nonclassical H, adduct, (7*-H,)NiGaL, under
1 atm of H, (Figure 1).*>* In this combined experimental and
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Figure 1. General catalytic scheme for H,/CO, to formate by NiGaL
(1). A key step is the base-assisted H, heterolysis of (7*-H,)NiGaL to
form the anionic Ni hydride intermediate, [HNiGaL]".

theoretical study, we show that the Ga(III) support plays a vital
role in stabilizing a d'* terminal Ni—H species which is strongly
hydridic, with an estimated AG°y- value of ~31 kcal/mol in
CH;CN. Based on this low AG®y value, the hydride donor
strength of the unusual anionic Ni—H species rivals those of
precious metal hydrides, allowing for spontaneous reaction with
CO, to generate and release formate.*' Taken together, the
supporting Ga(III) ion modulates the properties of Ni so as to
promote H, heterolysis and stabilize a highly reactive Ni—H
species, affording a Ni catalyst capable of mediating efficient
CO, hydrogenation to formate at room temperature.

B RESULTS AND DISCUSSION

Catalysis. Under ambient conditions (1 atm 1:1 H,/CO,,
293 K), complex 1 catalyzes CO, hydrogenation to formate in
91% yield (0.36 mol % catalyst loading; Table 1, entry 1). A
stoichiometric base is necessary for formate production, and
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high yields were obtained using Verkade’s proazaphosphatrane,
2,8,9-triisopropyl-2,5,8,9-tetraaza-1-phosphabicyclo[3.3.3]-
undecane (abbrev. as Vkd)."»* Catalyst performance was
further optimized by increasing the H,/CO, pressure to 34 atm
and decreasing the catalyst loading by 10-fold to 0.03 mol %,
which gave near-quantitative generation of formate (Table 1,
entries 2 and 3). The corresponding kinetic plot in Figure 2
shows that catalyst 1 attained 3150 formate turnovers in ~40
min with an initial TOF of 9700 h™". The high activity of 1
gre)alglly2 fxceeds that of prior Ni homogeneous catalysts (Table
§3). 7~

A strong base is necessary for catalysis mediated by 1, as
evidenced by trials with bases of varying strengths (pK, of
conjugate acid in CH;CN): Vkd (33.6),* tert-butyl tetramethyl
guanidine (abbrev. tBuTMG, 26.5),** and triethylamine
(18.8)." Under identical conditions (1 mM 1, 34 atm 1:1
H,/CO,, 293 K), reactions with tBuTMG resulted in a lower
yield of formate (80%) and a 30-fold decrease in the maximum
rate (Table 1, cf. entries 2 and 4). Moreover, an induction
period of ca. 3 h was observed for tBuTMG (Figure 2 inset, SI
Figure S9). Of relevance, an initial induction period was also
reported for CO, hydrogenation catalyzed by HCo(dmpe),
using a base of comparable strength to tBuTMG.'®*® With
NEt;, an even weaker base, no formate was generated (entry S).
Presumably, NEt;, is not sufficiently basic to deprotonate the H,
adduct, (7*-H,)NiGaL, precluding formation of the catalytically
active Ni—H species (Figure 1).

The striking effect of the supporting Ga(Ill) ion is
appreciated by comparing 1 with the isostructural Ni-only
congener, NiLH, (2).*>* No appreciable amount of formate
was generated using 2 as the catalyst (entries 6 and 7). Adding
GaCl; as a cocatalyst with 2 also did not yield any formate
(entry 8). Altogether, the catalytic results suggest that an intact
Ni—Ga interaction (vide infra) within our ligand framework
provides the requisite tuning effect at Ni to enable catalysis.

Isolating Catalytic Intermediates. Because of the
remarkable CO, hydrogenation activity by 1 relative to
known Ni homogeneous catalysts, we sought to elucidate the
role of the supporting Ga(Ill) ion in promoting catalysis.
Previously, the H, adduct, (*-H,)NiGaL, was characterized in
situ using various NMR techniques. In this work, we targeted
two later stage intermediates: the Ni(0) anionic hydride and
the Ni(0) anionic formate adduct, which is formed after
hydride transfer to CO, (Figure 1).

The anionic Ni(0) hydride, [VkdH][HNiGaL] ([VkdH]-
[3]), was generated in situ by subjecting a THF-dg solution of 1
to 3—S5 equiv of Vkd and 1 atm of H, The *'P NMR spectrum
displayed two new resonances at 76 and —12 ppm in a 3:1 ratio
for the ion-paired [HNiGaL]™ and [VkdH]" fragments,
respectively (Figure S10). The single *'P signal of 3 is
consistent with retention of C; symmetry, while the hydride
resonance in the "H NMR spectrum appears as a broad peak at
—6.5 ppm with no discernible coupling even at low
temperatures (Figures S11 and S12). Of note, the *'P NMR
spectrum of a close analogue, [K(THF),][3], resolves nicely
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Table 1. Catalytic CO, Hydrogenation to Formate Using NiGaL (1) or NiLH; (2) with Various Bases”

TOFE (h™")
entry catalyst [catalyst] (mM) base P(H,/CO,) (atm) theor. TON actual TON? % yield” initial? overall®
v 1 2.9 Vkd 1 275 250 91 67 41
2 1 1 Vkd 34 800 800 quant. 3680 2130
3 1 0.25 Vkd 34 3200 3150 929 9700 6900
4 1 1 tBuTMG 34 800 640 80 120° 80
% 1 4 NEt; 34 200 0 0 N.A. N.A.
6 2 29 Vkd 1 275 0.8 03 0.14' 0.04
7 2 0.25 Vkd 34 3200 0 0 N.A. N.A.
8 2 + GaCly 0.25 Vkd 34 3200 0 0 N.A. N.A.

“Reaction conditions: catalyst (0.25 to 4 mM), 800 mM base, 1:1 H,/CO, (1 or 34 atm), 0.30 mL of THF-dy solution, 293 K. Condltlons apply to
all entries unless otherwise noted. TON, % yield, and TOF are reported as averages of two trials (see SI Table S2 for details). ®TON based on 'H
NMR integration of HCO,™ relative to an mternal capillary standard. “% yield based on TON/maximum TON, which closely matched '"H NMR
integration of HCO, relative to H(base)*. “Initial TOF is the initial slope of the formate turnovers vs time plot (initial ~40 min at 1 atm or 6—10
min at 34 atm). Overall TOF = turnovers/time for >90% of final yield achieved. /0.40 mL volume for 1 atm runs. ¥An induction period was
observed. Initial TOF defined from ~3.5 to 7.5 h, over which turnovers/time is linear (after induction period). Smgle run in 0.75 mL of THF in a
high-pressure vessel. No HCO,™ was detected after 150 h at 323 K. ‘Initial TOF determined for the first time point that HCO,™ was observed (~3

h).
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Figure 2. Formate turnovers versus time plots for CO, hydrogenation
reactions catalyzed by 1 and 2 (0.25 mM catalyst, 800 mM Vkd, 34
atm of 1:1 H,/CO,, 293 K, average of two trials for each; see Table 1,
entries 3 and 7). Inset shows the kinetic plots for 1 (1 or 4 mM) with
various bases (Vkd, tBuTMG, and NEt;; see Table 1, entries 2, 4, and
5). Full kinetic profiles of all trials are shown in Figures S5—S9.

into a doublet with a *J,_y of 31.6 Hz (Figure S16). On the
basis of the spectroscopic data, we propose that the hydride
ligand is terminally bound to the Ni center and resides in the
apical pocket trans to the Ga(Ill) ion. In support, density
functional theory (DFT) calculations predicted the terminal
hydride to be more stable than the bridged Ni(u-H)Ga isomer
(Figure S25, Table S6).

To validate the proposed structure of 3, the bis-
(triphenylphosphine)iminium (PPN) analogue was independ-
ently prepared and investigated by single-crystal X-ray
diffraction. The hydride species was synthesized by adding
1.1 equiv of n-Buli to 1, presumably via an in situ Ni alkyl
species that undergoes f-hydride elimination.”® Subsequent salt
exchange with [PPN][tetrakis[3,5-bis(trifluoromethyl)phenyl]-
borate] ([BArF]~) afforded [PPN][3]. Of note, the chemical
shifts of the hydride and the phosphines in [PPN][3] are nearly
identical to those of [VkdH][3], implying that [PPN][3] is a
reasonable model of the catalytically relevant species (Figure
S16). From a THF/pentane solution of [PPN][3], bright-
yellow single crystals were obtained that were suitable for X-ray
diffraction. The structural characterization of [PPN][3] (Figure

14246

3) is noteworthy because anionic d'° hydride complexes are
very rare.”® The only other mononuclear anionic Ni(0) hydride

Figure 3. Solid-state structures of [PPN][HNiGaL] ([PPN][3], left)
and [PPN][(HCO,)NiGaL] ([PPN][4], right) displayed with 50%
thermal ellipsoids. The PPN cation and H atoms, except for those on
or interacting with the apical ligands, were omitted for clarity. A
nonclassical hydrogen-bonding interaction, O(formate)---HC-
(methine), is shown in 4 (light gray line). Relevant structural
parameters of [PPN][3] and [PPN][4] are shown in Tables S4 and
SS.

is [Na(THF)4] [HNi(CO),], which is unstable at room
temperature.”” Moreover, 3 has catalytic utility in that it can
be generated from H, and base, which is in sharp contrast to
the synthesis of [Na(THF),][HNi(CO),], where stoichiomet-
ric NaHAI(i-Bu); is employed.

In comparison with NiGaL (1), [PPN][3] has subtle
structural differences that are instructive to consider. One
effect of the hydride donor is that the Ni—Ga bond contracts
slightly from 2.3789(8) A in 1 to 2.3549(4) A in [PPN][3]
(Figure 3, Table S5).”” Hence, the dative Ni—Ga interaction
remains intact upon the introduction of a trans hydride.
Perhaps the most informative parameter is the position of the
Ni and Ga centers relative to their respective P; and N3 donor
sets. In [PPN][3], both Ni and Ga are displaced further above
the P5- and Nj-planes by 0.07 and 0.17 A, respectively, than in
1. Intriguingly, the displacement of Ga is more than double that
of Ni upon introduction of the hydride ligand despite the fact
that the hydride only interacts directly with Ni. This striking
structural feature underscores the cooperativity of the Ni—Ga
unit, as both metals reposition to accommodate the incoming
hydride ligand. A complementary interpretation is that a strong
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Ni—Ga dative interaction assists in stabilizing the electron-rich,
anionic Ni—H moiety.

Next, we sought to characterize the anionic Ni formate
intermediate [(HCO,)NiGal]~ (4), which appears in the
catalytic cycle following hydride transfer to CO, (Figure 1).
The formate species [VkdH][4] was generated in situ by
exposure of [VkdH][3] to CO, (1 atm) or by addition of
excess (~4 equiv) [VkdH][HCO,] to 1. A diagnostic 'H NMR
resonance at 8.68 ppm is assigned to the proton of the
coordinated formate (cf. 8.79 ppm for free [VkdH][formate] e
Figure S20). This intermediate was also isolated as the PPN
ion-pair by exposing [PPN][3] to CO,. The solid-state
structure of the resulting complex, [PPN][(HCO,)NiGaL]
([PPN][4]), shows an 7'-O formate ligand and an intact Ni—
Ga bond of 2.3789(5) A, which is essentially identical to that of
1 (Figure 3, Table SS).

Understanding the Ni(0) Hydride Intermediate (3). To
gain additional insight into the nature of the Ni(0)—H bond,
we undertook a complementary experimental and theoretical
investigation of [HNiGaL]™. By IR spectroscopy, a KBr pellet
of [PPN][3] displayed a broad band of medium intensity at
1696 cm™, which shifted to 1226 cm™' upon deuteration
(Figure S26). The Ni—H vibrational frequency was further
confirmed by a closely matched value of 1697 cm™ from DFT
calculations (Figure S27). Of note, this frequency value is
extremely low for terminal hydrides of Ni and nearly ties with
CpNi(IMes)H (1695 cm™) for the lowest Ni—H stretching
frequency.”>*°

Another useful parameter for comparing the reactivity of
metal hydride complexes is the thermodynamic hydricity
(AG®y), or the free energy needed to cleave a M—H bond
to generate a hydride ion.”””' The AG®; of [HNiGaL]™ was
experimentally determined by measuring the H, heterolysis
equilibrium with NiGaL and Vkd base (eq 1), in conjunction
with the known pK, of VkdH* (eq 2) and the H, heterolysis
constant (known in CH;CN, eq 3), as shown below.””*!

[HNiGaL]™ + VkdH' = NiGaL + H, + Vkd

AG°, = —RTln(Keq) (1)
Vkd + H" = VkdH"

AG®, = —1.364(pK.) )
H,=H"+H"

AG®; = +76 kcal/mol 3)

net:

[HNiGaL]™ = NiGaL + H~
AG®y- = AG®, + AG®, + AG®,

Hydricity values are typically measured in CH;CN since
AG®; is known (eq 3), and so one caveat to estimating the
absolute hydricity of [HNiGaL]™ is that K,, of eq 1 was
measured in THF due to complications arising from poor
solubility of NiGaL in CH;CN and competitive binding
between H, and CH;CN (see SI). K,q of eq 1 was measured
to be 0.16 in THF based on two independent trials employing
different base concentrations (Figures S30—S32, Tables
S8-S9). If K., of eq 1 is comparable in THF and CH;CN
solvents, one can estimate AG°; ~ 31.3(5) kcal/mol for
[HNiGaL]~ in CH;CN. Alternatively, one can rigorously
measure the difference in AG°y~ values between [HNiGaL]~

and H, in THF, or AG°4(3) — AG®y(H,), is —37.1(6) kcal/
mol in THF and, of interest, is comparable to AG°4(3) —
AG°y4(H,) in CH;CN of —4S kcal/mol, using the estimated
AG°4(3) of 31 kcal/mol.

To further test the assumption that measuring K, of eq 1 in
THF can lead to meaningful comparisons with AG°y- values
obtained wholly in CH;CN, we probed the hydride transfer
equilibrium between 1 and HCo(dmpe), (known AG®%4- = 36
kcal/mol in CH3CN).18 No hydride transfer to NiGaL was
detected in THF over 2.5 weeks, suggesting that the AG°y-
value of [HNiGaL]™ is <33 kcal/mol (Figure $S33). In the
reverse direction, essentially full consumption of [HNiGaL]~
and [Co(dmpe),]* to give (CH;CN)NiGaL and HCo(dmpe),
was observed within 3 days in ~3:1 CH;CN/THF, confirming
that the lack of hydride transfer between HCo(dmpe), and
NiGaL was due to the greater thermodynamic stability of
HCo(dmpe), relative to [HNiGaL]™ rather than sluggish
hydride transfer kinetics (Figure S$33). Additionally, DFT
studies of isodesmic hydride transfer between [HNiGaL]™ and
[Ni(dmpe),]** in CH;CN predicted a hydricity of 28—31 kcal/
mol for [HNiGaL]~, which matches the experimental estimate
(Table S11).** The importance of Ga(IIl) for stabilizing the
anionic Ni—H is, perhaps, underscored by our inability to
synthetically generate the [H—NiLH;] ™ analogue. We also note
that we have not observed H, binding to NiLH; even at high
pressure and low temperature (34 atm H,, 193 K), nor have we
observed H, deprotonation to give a [H—NiLH,;]™ analogue
using excess strong base (Vkd base or potassium tert-butoxide).

For comparison, [HNi(diphosphine),]* complexes have
hydricity values that range from 50 to 68 kcal/mol.*" With a
considerably lower AG°y- value (31 kecal/mol), [HNiGaL]" is,
by a wide margin, the strongest hydride donor of any Ni—H
reported to date. The exceptional hydricity of [HNiGaL]™ can
be attributed to its anionic charge and the zerovalent oxidation
state of Ni, which is distinct from the cationic Ni(II) hydrides
in the literature.* Notably, [HNiGaL]™ is among the strongest
hydride donors of any first-row metal complex (cf. HCo(P,N,),
AG®°y = 31.8 kcal/mol)** and is even on par with some of the
more hydridic precious metal complexes, (e.g, HRh-
(diphosphine),, AG®; = 26—34 kcal/mol).”" Of relevance to
catalysis, the low AG°y of [HNiGaL]™ would allow for direct
outer-sphere hydride transfer to CO, with a driving force of
~13 keal/mol.*® It should be noted, however, that the driving
force in catalysis is likely greater for the conversion of
[VkdH][3] and CO, to [VkdH][4] due to enthalpic
contributions from subsequent Ni—O bond formation in the
formate adduct after initial hydride transfer (vide infra).

Perhaps, the most unexpected feature of 3 is its stability as an
anionic d'* hydride.*® A simple bonding analysis between a d'°
metal and H™ would require the M—H o-antibonding orbital to
be fully populated. Natural orbitals obtained from complete
active space self-consistent field (CASSCF)>® calculations,
however, revealed a distinctly different bonding scheme.
While the five Ni 3d orbitals are indeed doubly occupied,
consistent with Ni(0), they show essentially no bonding to the
hydride. Rather, the natural orbital involved in Ni—H o-
bonding has both metal contributions [29% Ni, primarily 4p,;
10% Ga, 4s/4p,] and substantial hydridic character [51%
H(1s)] (Figure 4, Table S13).

We further propose that the Ni—Ga interaction is critical for
stabilizing the Ni(0)—H bond because of the symbiotic nature
of two o-bonding interactions: (1) donation of hydride to Nj,
via H(1s)—>Ni(4p,/4s) and (2) donation from Ni to Ga, via
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Figure 4. Selected natural orbitals obtained from a CASSCF
calculation of [HNiGaL]~™ (3). Occupation numbers (shown in
parentheses) indicate that these six orbitals are doubly occupied. Refer
to Figure S34 and Table S13 for additional details.

Ni(3d,,)—Ga(4p,/4s). This stabilization of the Ni(0)—H by
Ga(III) can be interpreted as an inverse trans influence exerted
by the Ga metalloligand,”* which acts as a c-acceptor™*°
toward Ni and strengthens the Ni—H bond directly trans to it
(“pull—pull”). In support, a natural bond orbital analysis shows
that the Ni—Ga stabilization energy increases by 10 kcal/mol
from NiGaL (1) to [HNiGaL]~ (3) (Figure S35, Table S14).>

Mechanistic Insights. A simple catalytic cycle is proposed
(Figure 1): (1) H, binding to NiGaL forms (77*-H,)NiGaL, (2)
deprotonation by base generates [HNiGaL] ~, (3) hydride
transfer to CO, forms [(17'-HCO,)NiGaL]~, and (4) liberation
of formate regenerates NiGaL. This catalytic mechanism is
commonly proposed, albeit typically with M(H),* and a neutral
M-H as the catalytic intermediates instead of the M(3*-H,)
and anionic M—H species proposed here.’

The feasibility of the proposed mechanism is further
demonstrated by complementary reactivity studies. Initial
binding of H, is favored, as 1 showed no propensity to bind
CO, even under 34 atm. Deprotonation of (17°-H,)NiGaL to
generate [HNiGaL]™ occurred readily in the presence of H, (1
atm) and excess Vkd (Figures S10 and S11). Of interest, the
pK,™F of (*-H,)NiGaL was measured to be 27.5(2) via the
proton transfer equilibrium between (1*-H,)NiGaL and Vkd in
the overall H, heterolysis reaction (eq 1, Table S9). This
supports the hypothesis that a strong base is necessary to form
the active species, [HNiGaL]™. For comparison, the pK,™™ of
H, is estimated to be 49,°° which means that the acidity of H,
increases by 21 pK, units upon binding to NiGaL. This drastic
increase in the acidity of H, upon binding to Ni, which allows
for deprotonation to give the catalytically relevant anionic
hydride, is not observed for NiLHj;, rendering it essentially
catalytically inactive (vide supra). Finally, the reaction between
[VkdH][HNiGaL] and CO, (1 atm) was observed to form
[VkdH][(HCO,)NiGaL] (Figure S22). Additionally, isotopic
labeling studies confirmed that formate was derived from D,
and "*CO, (Figure S38).

Monitoring the Ni speciation during catalysis also provided
unique insights. Throughout catalysis, the observed catalyst
resting state is the formate species [VkdH][4] (Figure S36).
From [VkdH][4], regeneration of the catalytically active
[VkdH][3] was observed to occur upon the addition of H,
(1 atm) in the presence of Vkd (Figure S37). The buildup of
the formate complex during catalysis suggests the rate-limiting
step is the liberation of [VkdH][HCO,] to regenerate NiGaL.
In highly active Fe and Co pincer systems with TONs of ~10%,
formate dissociation is also sluggish, and Li* additives (0.1 to
0.2 equiv per base) are needed to promote formate loss and

drive catalytic turnover.'”*° In the present system, no additives

were used. Presumably, formate extrusion is enhanced by the
overall anionic charge of the Ni formate intermediate and the
weaker Ni(0)—OCHO bond.

H CONCLUSION

In summary, we have shown that a Lewis acidic Ga(IIl)
supporting ion can interact with Ni to enable direct CO,
hydrogenation to formate at ambient temperature with
excellent yields. The high formate turnovers (3150) and TOF
(9700 h™") are unprecedented for Ni and respectable compared
to state-of-the-art homogeneous first-row metal catalysts (i.e.,
Fe, Co). The Ga(III) support plays a pivotal role in stabilizing
the unusual anionic [HNiGaL]™ species, which is by far the
strongest hydride donor reported to date for Ni (AG°y = 31
kcal/mol) and is on par with the most hydridic first-row and
many precious metal hydrides. The significance of the Lewis
acidic Ga(1II) support is further emphasized via comparison to
NiLHj, which is essentially inactive for CO, hydrogenation due
to its inability to bind and activate H, toward deprotonation to
stabilize an analogous anionic hydride. Future studies will
further elucidate the catalytic mechanism and detail the roles of
the Ga(II) supporting ion therein, as well as investigate the
influence of other group 13 Lewis acidic supports on Ni-
catalyzed CO, hydrogenation.

B EXPERIMENTAL SECTION

High-Pressure Catalytic Reactions. CO, hydrogenation reac-
tions at 34 atm of ~1:1 H,/CO, were performed in PEEK high-
pressure NMR spectroscopy tubes designed and built at Pacific
Northwest National Laboratory, as reported previously.*” In a typical
catalytic experiment (0.25 mM NiGaL (1), 800 mM Vkd base), a stock
solution of 1 (11.8 mg, 14.6 ymol) in 1 mL of THF-dg was prepared. A
0.875 M solution of Vkd (168 mg, 560 ymol) in 640 uL of THF-dg
was also prepared. From these stock solutions, a catalyst mixture stock
solution was prepared (700 uL of 800 mM Vkd, 0.25 mM NiGaL).
Note that preparations were adjusted accordingly to afford other
concentrations of NiGaL (or NiLH;) and/or other bases, including
tBuTMG and NEt;. Lastly, 300 uL of the reaction solution was added
to two different PEEK NMR spectroscopy cells.

The PEEK cell was sealed and connected to a purged high-pressure
line equipped with a vacuum pump and an ISCO syringe pump. The
headspace was degassed by opening the PEEK cell to static vacuum (3
X 10 s). Gas was delivered to the cell from an ISCO syringe pump
running constantly at 34 atm (i.e., continuous gas feed). The contents
of the PEEK cells were mixed using a vortex mixer for approximately 3
min until the pressure stabilized. After stabilization, the cell was
inserted into the NMR spectrometer periodically to acquire data over
time. The contents of the PEEK cell were mixed using a vortex mixer
when NMR spectra were not being collected to promote optimal gas—
liquid mixing throughout catalysis. The concentration of formate was
determined by integrating the formate resonance relative to the
residual HDO resonance in the CoCl, in D,O capillary standard.

Synthesis of [N(P(CgHs)s),][HNiGa(N(o-(NCH,P'Pr,)C¢H,)5)]
(abbrev. as [PPN][3]). A stirring solution of NiGaL (114 mg, 138
umol) in 8 mL of THF was cooled to —78 °C over 15 min. To this
solution was added 62.5 yL (156 pmol) of n-BuLi solution (2.5 M in
hexanes), and the color rapidly changed from deep-red to red-yellow.
This solution was allowed to warm to room temperature over the
course of 12 h. Subsequent salt exchange was performed by adding
solid bis(triphenylphosphine)iminium tetrakis[3,5-bis-
(trifluoromethyl)phenyl]borate ([PPN][BArF,,], 415 mg, 283
umol), and the solution was concentrated in vacuo, resulting in the
precipitation of solids. Et,O was added until the total volume was ~20
mL, and the mixture was stirred vigorously for 3 h, affording a bright
yellow precipitate. This precipitate was washed with Et,0 (2 X 10 mL)
to give [PPN][3] as a bright-yellow powder (101 mg, 731 gmol, 40%
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yield). Single crystals of [PPN][3] suitable for X-ray diffraction were
grown by layering a THF solution with pentane. Additionally, the
analogous deuteride complex [PPN][3(D)] was synthesized in situ by
overnight exposure of [PPN][3] (10 mg, 7.4 ymol) to D, (4 atm) in
THEF-d; in a J. Young NMR tube.

"H{*'P} NMR (ppm, THF-dg, 400 MHz): 7.62 (t, ] = 7.4 Hz, PPN,
6H), 7.56 (d, ] = 7.7 Hz, PPN, 12H), 7.44 (t, ] = 7.5 Hz, PPN, 12H),
7.12 (d, ] = 7.4 Hz, aryl, 3H), 6.56 (t, ] = 7.5 Hz, aryl, 3H), 6.14 (d, ] =
7.9 Hz, aryl, 3H), 5.94 (t, ] = 7.3 Hz, aryl, 3H), 2.60 (br, CH,P(*Pr),,
6H), 1.77 (br, CH(CHj;),, 3H), 1.56 (br, C'H(CHj,),, 3H), 1.05—0.60
(br, CH(CHj;),, 36H), —6.45 (br, NiH, 1H, T;(min) < 0.84(4) s at
233 K). ¥'P{'H} NMR (ppm, THF-d;, 162 MHz): 75.3 (s, 3P,
HNiGaL"), 21.0 (s, 2P, PPN). IR (KBr pellet, cm™): v(Ni—H) 1696
[1226 for 3(D)]. Anal. Calcd for [PPN][3], [C;sH;,NP,]-
[C3HgN,P;NiGa] (%): C, 66.93; H, 6.82; N, 5.20. Anal. Calcd for
[PPN][3-0,] (%): C, 65.38; H, 6.66; N, 5.08. Found: C, 65.24; H,
6.90; N, 4.86. Elemental analysis consistently showed a low carbon
percentage that could be consistent with oxidation by one equivalent
of O,.

Computational Methods. Density functional theory and ab initio
wave function calculations were performed for anionic complexes 3
and 4. Geometries were fully optimized in the gas phase using
Gaussian 09 software® and the M06-L®" local functional with def2-
series basis sets,”> denoted as MO6-L/DEF2 (see SI for details).
Vibrational frequency calculations were performed to confirm the
stationary point nature of the structures. Solvation effects were
considered by performing single-point calculations for all stationary
points using the SMD solvation model with either THF or CH;CN as
the solvent.”’ Isodesmic hydride transfer reactions were modeled by
DFT using several different functionals to benchmark the hydricity of
3 relative to those of other previously reported M—H (see Tables S10
and S11).>* Complex 3 was further investigated by ab initio
calculations using the CASSCF™ method. CASSCF calculations
were performed on the M06-L/DEF2-optimized structures using the
MOLCAS-8.1 package®* with relativistic basis sets of atomic natural
orbitals types; that is, ANO-RCC-VDZ® were used for N, P, C,and H
atoms and ANO-RCC-VTZ were used for Ni and Ga atoms. The Ni—
Ga dative bond was also interrogated by calculating the donor—
acceptor stabilization energies for 3 (in comparison to 1) based on
natural bond orbital analysis.®”
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