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ABSTRACT: The Co(-I) dihydrogen complexes, [(7>-H,)CoML]", where ML is the Active Species for CO, Hydrogenation
group 13 metalloligand, N(o-(NCH,P'Pr,)C¢H,);M, and M is Al, Ga, or In, were H—H H H
previously reported (J. Am. Chem. Soc. 2017, 139, 6570—6573). In this work, the related —,__ =P —= p_}:éip
Co(-I) end-on dinitrogen adducts, [(N,)CoML]~, were isolated and investigated as P P
precatalysts for CO, hydrogenation. The Co—Ga catalyst was highly active, achieving M M=ALGaorin
19,200 formate turnovers with an initial turnover frequency of 27,000 h™" under 34 atm of

1:1 CO,/H, and using Verkade’s proazaphosphatrane as a base at ambient temperature. M= Ga > > n

- 5 inactive
The Co—Al catalyst was moderately active, while the Co—In complex was inactive. Hence, T0F 22,0008 Jc

tuning the group 13 ion greatly influences the catalytic activity at the Co site. To elucidate

the role of the group 13 support, experimental and theoretical mechanistic studies of the Co—Ga and Co—Al catalysts were
conducted. The Co(—I) H, species are potent hydride donors with estimated thermodynamic hydricities (AG°y_) of 32.0(1) and
37.4(1) kcal/mol in CH;CN for M = Al and Ga, respectively. By acting as masked Co(I) dihydrides, the Co(—I) H, species operate
via an unusual Co(—I)/Co(I) redox cycle. After hydride transfer to CO,, the resulting intermediate is the Co(I) hydride complex,
HCoML, which was independently synthesized and structurally characterized for M = Al and Ga. The Gibbs free energy for H,
binding, AG°;,q (1 atm), to generate (>-H,)HCoML was slightly more favorable for HCoGaL (—4.2(1) kcal/mol) than for
HCoAIL (—2.7(1) keal/mol). In the subsequent step, the deprotonation reaction to regenerate the initial catalyst was much more
favorable for (17°-H,)HCoGaL (pK, of 31.4, CH,;CN) than for (*-H,)HCoAIL (pK, of 34.3). The straightforward substitution of Al
with Ga perturbs the energy profile of the catalytic reaction (IAAG°y_| = 5.4 kcal/mol, IAAG®,;,q4l = 1.5 keal/mol, and IAAG®¢ | =

4.0 kcal/mol) and thus provides a thermodynamic rationale for the higher catalytic efficiency of Co—Ga over Co—Al
KEYWORDS: cobalt, gallium, carbon dioxide, hydrogenation, Z ligand, hydricity

H INTRODUCTION 120 °C.*° The HCo(dmpe), catalyst (Figure 1b) was notable
for its turnover frequency (TOF) of 3400 h™' at ambient
temperature and pressure (1 atm CO,/H,) in THF but required
the use of the strong base, Verkade’s proazaphosphatrane.””**
Increasing the CO,/H, pressure to 20 atm resulted in a
remarkable TOF of 74,000 h™'. Replacing dmpe with a
tetraphosphine ligand with pendant amines generated a Co
complex (Figure 1c) that is catalytically less active (TOF of
150—180 h™') but operates with the significantly weaker
guanidine base and ambient conditions.”® Impressive activity
was reported for the phosphine-based pincer complex [Co-

The hydrogenation of CO, to formic acid is particularly
attractive as it utilizes an abundant C; feedstock (CO,) to
produce a value-added commodity chemical and an alternative
transportation fuel via release of H,.'~” For large-scale HCO,H
production, sustainable catalytic processes are desired, which
ideally use earth-abundant metal ions and operate at ambient
conditions without a base or other additives.”” '’ Within the past
decade, much effort has focused on developing first-row
transition metal catalysts for CO, hydrogenation, particularly

o 11-19 50-26
iron and cobalt. Nearly all these catalysts generate i o )
formate. However, the performance of base metal catalysts ("PNP)(CO),]" (Figure 1d) with ~30,000 turnovers and TOF

-1 24
continues to lag behind those of the state-of-the-art precious of 5700 h™" using an even weaker base, DBU.™ Drawbacks of
metals, and vast improvements are still needed 2”28 this system include the necessity of the Lewis acidic additive

The catalytic competency of cobalt in CO, hydrogenation was giOTf for high acti'vity, harsher co.nditions (68 atm CO,/H,, 45
established early on through screening studies, where HCo- C), and observation of a free ligand resulting from catalyst
(diphos), or Co salts mixed with diphosphine ligands were

found to have limited activity.zg’30 In 2012, the Co Received: August 19, 2019
tetraphosphine complex, [Co(H),(P(CH,CH,PPh,),]BF, Revised:  January 4, 2020
(Figure la), was reported to catalyze the hydrogenation of Published: January 13, 2020

CO, or NaHCO; to formate, where a large turnover number,
~4000, was achieved for NaHCO; with 60 bar H, and heating to

© 2020 American Chemical Society https://dx.doi.org/10.1021/acscatal.9b03534
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Figure 1. (a—f) Co-based catalysts for CO, hydrogenation. (g) Co-
group 13 complexes in this study.

heterogenization. Perhaps, among the Co-phosphine-type
complexes, the most intriguing catalyst is the mixture of
Co(acac)s, triphos, and Tf,NH (Figure le) because it is a rare
base metal catalyst that forms methanol from CO, and H,.”**'
The mechanism favoring methanol is not fully clear. Based on
rates, the authors have suggested that neither formic acid nor
CO is an intermediate en route to methanol. Last, several Co
catalysts have been shown to operate in aqueous solution. The
[CoCp*(DHBP)(OH,)]" catalyst (Figure 1f) is unique because
it lacks phosphine donors and operates in aqueous bicarbonate
solution to produce formate at a rate of 39 h™' (40 atm CO,/H,,
80 °C).*' In aqueous bicarbonate solution, the HCo(dmpe),
complex is protonated to afford a different active species,
[(H),Co(dmpe),]*, which displays a TOF of 560 h™" (34 atm
CO,/H,, 100 °C) for production of formate.*”

With these limited number of precedents, Co catalysts appear
promising for further development. In organic solvents, the Co-
phosphine catalysts are postulated to operate via a Co(I)/
Co(III) redox cycle involving Co(I)H and Co(III) dihydride
species.”””>*> While the Co(I)/Co(III) redox cgcle is
commonly invoked in molecular Co-based catalysis,® other
plausible redox cycles that feature lower valent Co, such as
Co(0) and Co(-1I), are emerging.‘ﬂ_38 Our group has been
leveraging Lewis acidic group 13 metalloligands to stabilize low-
valent, first-row metal centers and to enhance base metal
reactivit}r.39_43 Broadly, o-accepting, Z-type ligands are gaining
traction as a useful tool to control transition metal (TM)
reactivity in catalysis, where the TM — Z direct bondin
interaction can dynamically tune the TM electron density.**~*
While main group Lewis acids are known to interact with metal
hydrides, typically, the hydride bridges the TM and main group
centers, rendering the hydride less hydridic.48 We recently
reported a NiGaL catalyst for CO, hydrogenation (L is [N(o-
(NCH,PPr,)C4H,);]>7), where a terminal reactive hydride,
H—-Ni — Ga, was stabilized due to the strong inverse trans-
influence of the Ga Lewis acid.*”*” In a related work, Takaya and
Iwasawa investigated group 13 metalloligands in Pd-catalyzed
CO, hydrosilylation.”’ The Al metalloligand showed a
significant boost in catalytic activity over that of Ga and In,
but the origin of the effect was unclear.

The current work details the isoelectronic d'° Co analogues
and their efficacy in CO, hydrogenation. Specifically, the
Co(-I) H, adducts, [(7*-H,)CoML]" (Figure 1g), which were
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shown to be isolable, are ideal for investigating the influence of
the group 13 metal ion on catalytic activity, in particular because
such studies are rare.*””'™>* Our mechanistic and thermody-
namic studies provide evidence that the Co(—I) H, species acts
as a masked Co(I) dihydride,”*> which is sufficiently hydridic
to transfer to CO,. Moreover, the group 13 center plays an
important role in tuning the pK, and thermodynamic hydricity.
Also, these Co-group 13 catalysts engage in a rare Co(-1)/
Co(I) redox cycle that facilitates CO, hydrogenation with
comparable activity to the state-of-the-art base-metal catalysts.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the [(N,)CoML]™
Precatalysts. The H, adducts of the Co(-I)/group 13
bimetallic complexes, [(#*-H,)CoML]~, were previously
reported for M = Al, Ga, and In, which will be referred to as
[1-H,]~, [2-H,]7, and [3-H,]", respectively. Preliminary
experiments showed that both [1-H,]™ and [2-H,] generated
formate and a clean metal product (vide infra) when exposed to
a 1:1 mixture of CO,/H, (1.8 atm). We surmised that both [1-
H,]™ and [2-H,]™ must be sufficiently hydridic to fully transfer a
hydride to CO,. For further studies, we switched to using the
bis(triphenylphosphine) iminium (PPN) salts of the Co(—I) N,
complexes, [ (N,)CoML]™ ([1-N,]™ to [3-N,] "), as precatalysts
because of their synthetic ease and high crystallization yields.
The PPN salts of [1-N,]™ to [3-N, ]~ were all prepared similarly
in a one-pot reaction: the group 13 metalloligand, ML, and
CoCl, were stirred in THF, followed by separate additions of 3.1
equiv of Na/ H§ and [PPN]tetrakis(3,5-bis(trifluoromethyl)-
phenyl)borate]’**” (see Experimental Section for details and
Figures S1 and S2). Single crystals of [PPN][2-N,] and
[PPN][3-N,] were grown from THF/Et,O, and the solid-
state structures obtained from X-ray diffraction studies are
shown in Figure 2 (Tables S1 and S2). The structure of

[2-N,]”

[3-N,]”

Figure 2. Solid-state structures of the precatalysts [PPN][2-N,] and
[PPN][3-N,]. Thermal ellipsoids are shown at 50% probability. The
PPN cation, H atoms, and noncoordinating solvents are omitted for

clarity.

[Li(crypt-222)][1-N,]~ was reported previously."' Cyclic
voltammetry (CV) of this series showed a reversible
Co(0/-1) redox potential that shifts anodically as M is varied
down group 13: E,, values are —1.76, —1.65, and —1.56 V
versus FeCp,/? for [1-N,]7, [2-N,] 7, and [3-N,]~, respectively
(Figures S3—S5). Solutions of [(N,)CoML]™ all rapidly
converted to the corresponding H, adducts upon exposure to
H, gas (1.8 atm). Hence, they were judged to be suitable
precatalysts for further hydrogenation studies. The Co(0/-1)
redox potentials for [1-H,]™ and [2-H,]~ were also measured
and were similar to their N, counterparts with E, , = —=1.79 and
—1.66 V, respectively (Figures S8 and S9 and Table S3).
Catalyst Screening. The [PPN][(N,)CoML] precatalysts
were tested for CO, hydrogenation under identical conditions

https://dx.doi.org/10.1021/acscatal.9b03534
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that had been described for the isoelectronic NiGalL catalyst.*’
In a standard catalytic run, a high-pressure PEEK cell was loaded
with catalyst (0.25 mM, 0.031 mol %), Verkade’s proazaphos-
phatrane (2,8,9-triisopropyl-2,5,8,9-tetraazaphosphabicy-
clo[3.3.3]-undecane; abbreviated as Vkd)®® as the stoichio-
metric base, THF-d,, and a constant pressure (34 atm) of 1:1
CO,/H,. The plot of the formate turnovers versus time, as
monitored by 'H nuclear magnetic resonance (NMR) spec-
troscopy at 293 K, is shown in Figure 3 for the three precatalysts.
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Figure 3. Plot of formate turnovers versus time in CO, hydrogenation
reactions using [1-N,]” to [3-N,]". Catalytic conditions: 0.25 mM
precatalyst, 800 mM Vkd, 34 atm of 1:1 CO,/H,, 293 K. Average value
of duplicate trials for [1-N,]™ and [2-N,]™. Single trial for [3-N,]™.

While [3-N,]™ is completely inactive, both [1-N,]~ and [2-N, ]~
generated formate with an initial turnover frequency (TOF) of
1500 and 11,000 h™', respectively (Table 1, entries 1—3).
Moreover, [2-N,] ™ achieved a high formate yield of 97%.
Next, we sought to optimize the Co—Ga catalyst system. By
decreasing the concentration of [2-N,]™ to 0.063 and 0.030 mM
(~0.008 and 0.004 mol %, respectively), the formate turnovers
increased by 4- and 6-fold to 12,000 and 19,000, respectively
(entries 4 and 5). While entry S gave the highest turnovers and
TOF (27,000 h™") in this study, the formate yield plateaued at

72%. The incomplete reaction is possibly due to partial catalyst
decomposition, which can be problematic at low catalyst
concentrations. The initial TOFs for entries 3 and 4 are
consistent with a reaction that is first order with respect to the
catalyst. The TOF for entry 5 is ~25% lower than expected for
first-order catalyst dependence, but this discrepancy may be
explained by the partial catalyst decomposition.

We further probed the robustness and/or efficiency of the
Co—Ga catalyst system by varying other catalytic parameters
such as pressure, the CO,/H, ratio, and the choice of the
stoichiometric base. While lowering the CO,/H, (1:1) pressure
to 17 atm did not impact the overall formate yield (98%, entry
6), the TOF nearly halved (c.f. entry 3). Upon further lowering
of the CO,/H, pressure to 1 or 1.8 atm, the formate yield
decreased substantially (<30%, entries 7 and 8). From these
results, we infer that catalyst stability is interdependent on both
the catalyst concentration and CO,/H, pressure.

The ratio of the CO,/H, gases is also critical to the catalytic
performance of [2-N,]7. A 1:3 ratio of CO,/H,, under
otherwise standard conditions, negatively affected both the
formate yield and TOF (entry 9). On the other hand, inverting
the CO,/H, ratio to 3:1 did not affect the high yield of formate
and even increased the TOF slightly to 13,000 h™' (entry 10). By
evaluating the TOFs at different CO, partial pressures (entries 3,
6, and 10), we approximate that the reaction is first order with
respect to Pco. These entries also suggest a zeroth order rate

dependence on Py, with the caveat that H,-rich gas streams

have a deleterious effect (entry 9). While we do not yet
understand why catalytic performance suffers under 1:3 CO,/
H, gas, we do note that the [(17>-H,)CoML] species are stable
under H, for prolonged periods. We suspect that the catalyst
decomposes to [2-CO]~, where the CO is likely produced by
decarbonylation of formic acid.”> In support, heating a
postcatalytic sample at 55 °C overnight forms a new Co species
with a single broad *'P NMR peak at ~78 ppm. The assignment
of the carbonyl product was confirmed by an independent
synthesis of [PPN] [2-CO] from the reaction of ethyl formate
and [2-N,]” (see Experimental Section and Supporting
Information).

Table 1. Catalytic CO, Hydrogenation to Formate under Various Conditions”

entry precatalyst loading (mM) base P,y (atm)
1 [1-N,]- 025 Vkd 34
2 [3-N,]- 025 Vkd 34
3 [2N,] 025 Vkd 34
4 2N, 0.063 Vkd 34
5 [2-N,]- 0.030 Vkd 34
6 2N, 025 Vkd 17
7 [2-N,]- 025 Vkd 18
8 2N, 12 Vkd 1
9 [2-N,]- 025 Vkd 34
10 [2-N,]- 025 Vkd 34
11 [2-N,]- 2.0 BuTMG 34
12 [2N,]- 2.0 DBU 34
13 [2-N,]- 20 NEt, 34

CO,/H, initial TOF (h™")” formate turnovers® % yield?
1:1 1500 1900° 59
1:1 0 0 0
1:1 1100 3100 97
1:1 23,000 12,000 98
1:1 27,000 19,000 72
1:1 5000 3200 98
1:1 530 950° 30
1:1 64 160 24
1:3 2500 1200 37
3:1 13,000 3200 98
1:1 2300 480" >99
1:1 1400 360% 90
1:1 not calculated <2.5" <6

“Conditions: precatalyst (0.030 to 20 mM), 800 mM base, 350 uL of THF-dg, 293 K. For further details, see Experimental Section. Values are
averages of duphcate catalytic trials, except for entries 3 (triplicate) and 13 (single). t = 1.5 h, unless otherwise specified. See Table S4 for results of

individual trials.

YInitial TOF is the slope of formate turnovers versus time at initial tlme, typically the first 15—20 min where the plot is linear.

“Formate turnovers based on 'H NMR 1ntegrat10n using an internal capillary standard. Assummg that the base is the limiting reagent. “t = 6 h;
initial TOF decreases sharply after t = 1 h. "Turnover exceeds base equivalents, implying that both formate and formic ac1d are formed.*’ gNo

internal standard was used to prevent precipitation of [H(DBU)][CO,H]. Formate was integrated against the PPN cation.

2461

ht= 12 h.
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The strength of the base is an important factor in catalytic
CO, hydrogenation to formate. For both HCo(dmpe), and
NiGal, strong bases such as Vkd, whose conjugate acid has a pK,
of 33.6 in CH;CN,”* were shown to enhance catalytic activity. In
the present Co—Ga system, Vkd can be replaced by substantially
weaker bases while retaining high formate yields. For example,
tert-butyl tetramethyl guanidine (abbreviated as ‘BuTMG; pK,
0f26.5)°" and 1,8-diazabicyclo[5.4.0Jundec-7-ene (abbreviated
as DBU; pK, of 24.34)62 achieved >360 turnovers, although
increasing the catalyst concentration to 2.0 mM was necessary
(entries 11 and 12, Figures S11 and $12).%? On the other hand,
using NEt; (pK, of 18.8) as the stoichiometric base effectively
shuts down catalysis (entry 13).%>

Stoichiometric Reactivity and Characterization of
Intermediates. To shed some light on plausible intermediates,
stoichiometric reactions were conducted using the [PPN]-
[(N,)CoML] complexes as a starting point (Figure 4). For [1-

N, © (a) H, [€)
| i - | i
Pr,p—CozRPrz  M=ALGaIn ip o coRPr
| Pr, | APrZ
_— H, (1.8 at —
N/IYI\';U\ 2 ( a m) N/l\ln\':]
O/N. @ N, (1 atm) O/N./,Q
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H
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n-H(Hy) n-H

Figure 4. Starting from [PPN][(N,)CoML], the syntheses of
[PPN][(#*-H,)CoML], [PPN][n-H,]; (7*-H,)HCoML, n-H(H,);
and HCoML, n-H. Note that nis 1 (M = Al), 2 (M = Ga), or 3 (M
=In).

N,]7, [2-N,]7, and [3-N,]7, the N, ligand was displaced by H,
under 1.8 atm H, (Figure 4, eqs a, and eqs S16 and S17). This
ligand exchange was readily reversed by replacing the headspace
with N,. Exposure of [PPN][2-N,] to both CO,and H, (1:1, 1.8
atm) resulted in the appearance of formate (8.6 ppm) and a very
broad 'H NMR resonance at —8.1 ppm that integrated to 3H per
ligand (Figure S18). We propose that the latter product is (77>-
H,)HCoGaL, 2-H(H,), which is the H, adduct of the Co(I)
hydride species HCoGaL (2-H).*® Both of these Co(I) hydride
species, 2-H and 2-H(H,), were synthesized independently to
validate their assignments and to support their intermediacy.
The Co—Al system [1-N,]” was also studied and showed a
similar reactivity profile (Figure S19). The Co—In system [3-
N,]™ was not further investigated because of its poor catalytic
activity.

Complex 2-H was isolated after workup from the addition of
1.8 atm CO,/H, (1:1) to a thawing THF solution of [PPN][2-
N,] and LiOTf (Figure 4, eq b). The addition of LiOTf was
helpful to precipitate both Li(O,CH) and [PPN]OTf. The
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solution color changed from an initial bright yellow to dark
green and finally to a pale yellow color upon warming. These
color changes are consistent with the chemical transformation of
[2-N,]” to 2-H and then to 2-H(H,) (vide infra). Upon
exposure to vacuum, the filtrate reverted to a dark green color,
from which 2-H was isolated as a dichroic purple-green
microcrystalline powder in 92% yield (Figure 4, eq c). Single
crystals of 2-H were grown from Et,O/pentane solutions as dark
indigo plates, and the resulting X-ray diffraction crystal structure
is displayed in Figure 5 (Tables S1 and S2). The geometry of the

Figure S. Solid-state structures of 1-H and 2-H. Thermal ellipsoids are
shown at 50% probability. The ligand H atoms and noncoordinating
solvents are omitted for clarity. Two independent molecules in each
unit cell.

Co center in 2-H is distorted square pyramidal, where the
hydride atom resides slightly out-of-plane with respect to the
three phosphorus nuclei. This distortion likely results from steric
congestion of the phosphines’ isopropyl substituents and further
twists the ligand arms such that the two trans-disposed
phosphines become chemically inequivalent (vide infra). The
Co—G@Ga distance of 2.4057(9) A is shorter than the sum of the
metals’ covalent radii (2.48 A),** which indicates a significant
Co — Ga dative interaction.

The NMR characterization for 2-H was performed at a low
temperature to resolve its fluxional behavior in solution. At —18
°C, the hydride signal appears as an apparent triplet of doublets
(}Jy—p = 82 and 48 Hz), which collapses into a singlet at —15.68
ppm upon *'P decoupling that integrated to 1H (Figures S20
and $28). The *P{'H} NMR spectrum consists of broad
features at room temperature that sharpens into three distinct
peaks at —25 °C: two doublets at 67.4 and 48.8 ppm (*J,_p = 142
Hz) and a sharp singlet at 64.2 ppm (Figure S21). The two
doublets correspond to the trans-disposed phosphine nuclei,
which are magnetically inequivalent. A similar phenomenon was
previously described for the isostructural Rh analogue
HRhGaL.*®

The Co—Al hydride HCoAIL (1-H) was isolated from the
protonation of [PPN][1-N,] using H(Et,0),[B(C4Fs)4] as a
blue-colored microcrystalline powder in 72% yield (Figure 4d).
The hydride resonance for 1-H appears as a triplet of doublets
(¥Ju_p = 102 and 55 Hz) at —15.18 ppm (Figures S22 and S23).
The solid-state structure of 1-H is isostructural to that of 2-H
(Figure S), with a distorted square pyramidal Co center. The
Co—Al distance of 2.458(2) A is slightly shorter than the sum of
the metals’ covalent radii (2.47 A).**

As an aside, the deep colors of the HCoML species arise from
two intense absorptions in the visible region, A, in nm (¢ in L
mol™! cm™): 480 (3600)/600 (2400) for 1-H and 510 (3900)/
630 (2300) for 2-H (Figure S29). To understand the nature of
these excitations, time-dependent density functional theory
(TD-DFT) calculations were performed on the HCoML species
at the M06-L level of theory (see Computational Methods). The
predicted excitation energies agree well with the experimental
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Figure 6. DFT-calculated mechanism for the hydrogenation of CO, to formate by the Co—Ga catalyst, [2-H,] ™. Two pathways (paths A and B) are

shown. For additional pathways, see Figures S37 and S38.

values (Tables SS—S9). Hence, these bands are assigned as
electronic transitions from Co d,,/L(x) and Co d,./d,, to the
lowest unoccupied molecular orbital (LUMOﬁ, which is
composed of atomic orbitals on Co (4p,), the group 13 center
(p,ands), and P (p,). A similar LUMO was previously reported
for the NiML triad®® and identified as the frontier acceptor
orbital in small-molecule binding, as well as single-electron
reduction.”*®” Hence, in analogy to the NiML triad, we propose
that H, binding to HCoML involves a donor—acceptor
interaction between o(H,) and the LUMO. This donor—
acceptor interaction also rationalizes the stark color changes of
1-H/2-H upon exposure to H, since these excitations would be
quenched.

The complexes 1-H(H,) and 2-H(H,) are the formal H,
adducts of 1-H and 2-H, respectively. These species were
spectroscopically characterized in situ because of the lability of
the H, ligand. Any of the synthetic routes to 1-H/2-H shown in
Figure 4 were also effective for generating 1-H(H,)/2-H(H,),
simply by introducing or maintaining H, in the headspace of the
reaction. Both 1-H(H,) and 2-H(H,) are characterized by a
broad 'H NMR resonance at —7.80 and —8.08 ppm,
respectively, in THF-dg at room temperature that integrates to
3H (Figures $24—S27). Upon cooling to —82 °C, this resonance
for 2-H(H,) decoalesces into two very broad resonances at
approximately —3 and —18 ppm, with approximate integrations
of 2H and 1H, respectively. These observations support the
assignment of a Co dihydrogen-hydride sépecies, where the H,
and hydride atoms are in rapid exchange.”” For 1-H(H,), even
with cooling to —90 °C, the single H,/H peak did not
decoalesce, suggesting an even lower kinetic barrier for H,/H
exchange compared to 2-H(H,). The dihydrogen-hydride
assignment for 1-H(H,) and 2-H(H,), rather than a metal
trihydride, is also consistent with the measured spin—lattice
relaxation times (Tl(mm))68 of 23.8 and 24.9 ms (500 MHz, —40
and —25 °C), respectively (Figure S30). These values are within
the norm of both Co(H,) complexes and CoH(H,) complexes,
where the spin—lattice relaxation is enhanced by large dipolar
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couplings between H atoms and the I = 7/2 ¥Co nucleus.”” By
removing these dipolar contributions to the T, value as well
as the contribution of the Co—H (Figure S31) and assuming the
rapid rotation of the H, ligand, we can approximate dy;_; to be
0.85(1) and 0.86(1) A for 1-H(H,) and 2-H(H,), respectively
(Tables S10 and S11).”° The H—H bond lengths are contracted
compared to [1-H,]™ and [2-H,]", c.f. 0.97(1) and 0.98(1) A,
respectively. The extent of H, activation is consistent with their
different formal oxidation states, Co(I) versus Co(—I). Last,
both 1-H(H,) and 2-H(H,) incorporate deuterium readily upon
exposure to either HD or a 1:1 H,/D, gas mixture.

Catalytic Mechanism. The catalytic mechanism of the Co—
Ga system was investigated using a combined experimental and
theoretical approach. The catalyst resting state was scrutinized
using in situ NMR spectroscopy at a sufficiently high catalyst
loading (20 mM). When the base was Vkd, the resting state was
identified as [2-H,]™ based on its characteristic *'P NMR
chemical shift and '"H NMR resonance at —7.7 ppm (Figure
§32). On the other hand, swapping Vkd with a weaker base
changes the catalytic resting state to its conjugate acid, 2-H(H,)
(Figure $33). These observations demonstrate that the identity
of the rate-limiting step is dependent on base strength. In the
strong base limit, hydride transfer from [2-H,]™ to CO, is rate-
determining. While in the weak base limit, deprotonation of 2-
H(H,) becomes slower than hydride transfer.

DFT calculations were performed on [2-H,]~, 2-H, and 2-
H(H,) to obtain optimized geometries (M06-L,”" see Computa-
tional Methods; Figures S35—S38). When feasible, the X-ray
coordinates were used as the initial geometry, and solvation
effects were accounted for with the SMD model.”> The DFT
energies were performed at 298.15 K, which is slightly higher
than the experimental temperature of 293 K. Overall, AG® for
the overall reaction H,(g) + CO,(g) + Vkd(sol) = [HVkd]-
[HCO,](sol) is predicted to be +6.1 kcal/mol. The AG® value
varies significantly across different functionals: M06-2X func-
tional yields a less endergonic change of +2.3 kcal/mol, and
wB97XD predicts an exergonic change of —2.0 kcal/mol. Of
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note, the M06-2X and wB97XD functionals were designed for
organic systems, not for transition metals.”®> Moreover, M06-L,
which is suited to both organic systems and transition metals,
gave the best agreement to experimental structures and binding
energies for the related Ni-group 13 complexes.”®

One energetically favorable reaction pathway, path A, is
shown in Figure 6, with the reaction coordinate diagram in
Figure 7. The complex [2-H,]~, which is formally a Co(-I) H,

40 7 —patha
—PathB
- 30 26,9 viii
g 7 ‘-.\\‘ ix TS,.;
S oo, FTS, > 27 N 201
820 1 7 TN, 27 A,
3 y Sp 23, \ x‘% A
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Figure 7. DFT-calculated reaction coordinate diagram for paths A and
B (G°inkcal/mol). Although CO, does not bind directly to the Co—Ga
complex in ii“°* (or vii®°?), the proximity of CO, to ii/vii perturbs G°.
See Table S12 for a detailed list of all Gibbs free energies.

adduct (i in Figure 6, calculated dy;_j; = 0.88 A) and its oxidative
addition isomer, the Co(1) dihydride (ii, calculated dy_iy = 1.81
A), are nearly isoenergetic, where the latter is 0.4 kcal/mol uphill
in energy relative to the former. The H, activation step (i to ii)
represents an unusual Co(—I)/Co(I) redox reaction. The
critical step of hydride transfer from [2-H,]™ (i to iii, via ii) to
CO, has a calculated free-energy barrier (AG¥) of 23.6 kcal /mol
(Figure 8). The formate ligand in the resulting [2-H(O,CH)]~

TS, .. TS, ..

ii-iii vii-viii

Figure 8. DFT-calculated transition-state structure for hydride transfer
to CO, in path A (blue box) and path B (red box) and H,
deprotonation via a formate shuttle (purple box). Note that all
geometries were optimized with the full ligand. The P'Pr, groups are
truncated in these images for clarity.

intermediate is initially H-bound (iii) prior to rearranging to the
more stable O-bound isomer (iv), AG® = —11.4 kcal/mol.
Likely, this isomerization process occurs by releasing formate to
form 2-H (v), which can rebind formate to form iii. In the
forward direction, release of formate from [2-H(O,CH)]~ to
generate 2-H is slightly favored with AG® = —0.3 kcal/mol. This
is notable because formate release is typically rate-limiting for
many catalysts.”'* Here, formate release is likely assisted by the
anionic charge of the formate adduct. The subsequent binding of
H, to 2-H forming 2-H(H,) (vi, calculated dy;_y; = 0.84 A) is
thermoneutral. As an aside, we considered an alternative
reaction where 2-H binds CO, prior to CO, insertion into the
Co—H bond. We were able to discount this possibility because
the CO, binding energy to 2-H is predicted to be highly
endergonic: 20.8 kcal/mol. Also, the reaction of 2-H and 1 atm

CO, is very sluggish, with a t,,, of SO min (Figure S34, c.f. [2-
H,] reacts instantaneously with CO,).

The deprotonation of 2-H(H,) is the last key step because it
regenerates [2-H,] ™. The deprotonation step was scrutinized for
both Vkd and formate. In a prior DFT study of NiGaL, we
uncovered that formate can act as a proton shuttle by
transferring a proton from the Ni(H,) species to the exogenous
base.”” The significantly lower barrier associated with the direct
deprotonation by formate compared to Vkd was attributed by
unfavorable steric clashes associated in the transition state for
Vkd. Likewise, the deprotonation of 2-H(H,) by formate has a
moderate AG* of 11 kcal/mol (Figure 8). The transition-state
structure, TS,,_; in Figure 8, shows that formate deprotonates
the H, ligand to generate both formic acid and ii, which can then
relax to i. Overall, this calculated pathway is consistent with
hydride transfer being rate-limiting and lends support to the
intermediacy of both 2-H and 2-H(H,).

An alternative mechanism, path B, was also calculated to be
competitive (Figures 6 and 7). Beginning with [2-H,]~, the first
step is dissociation of a phosphine donor and association of a
second H, molecule to yield a Co(I) dihydride dihydrogen
species, Co(17*-H,)(H), (vii). Although the formation of this
intermediate is endergonic (AG® = 11.5 kcal/mol), the lower
barrier associated with hydride transfer to CO, (AG* = 15.4
kcal/mol) results in a competitive overall barrier of 26.9 kcal/
mol (i to viii, via vii). The hydride transfer step is further
interesting because it is formally a Co(I)/Co(III) redox reaction
(vii to viii). Inspection of the transition-state structure reveals a
Co(III) trihydride (Figure 8). After formate release and
reductive coupling of two Co hydrides, 2-H(H,) is regenerated.
The subsequent deprotonation is the same as that in path A.
Path B also affirms rate-limiting hydride transfer and supports
the intermediacy of 2-H(H,). Overall, it features two two-
electron redox steps, Co(—1)/Co(I) and Co(I)/Co(IIL).

Binding Equilibria, pK,, and Thermodynamic Hydric-
ity. Considering the proposed mechanism, we sought to
experimentally measure the H, binding free energy to 2-H,
which is the reverse of eq 1, and the pK, of 2-H(H,), which can
be extracted from the acid—base equilibria between 2-H(H,)
and an exogeneous base, as shown in eq 2. With these values in
hand, one can further evaluate the thermodynamic hydricity of
[2-H,]” (eq 5)”*”° using the thermodynamic relationships
shown below, including the known pK, of the base (eq 3) and
the H, heterolysis constant (in CH;CN, eq 4)

2-H(H,) = 2-H + H,, AG®, = —AG®,4 (1)

[2-H,] + BaseH"
= 2-H(H,) + Base, AG®,

= —RT ln(Keq) )
Base + H" = BaseH", AG°, = —1.364(pK,) (3)
H, = H" + H”, AG®, = +76 kcal/mol (4)

4
net: [2-H,]” = 2-H + H, AG%y- = ), AG”,

i=1 (%)

The equilibrium binding of H, to 2-H to form 2-H(H,) was

studied in toluene with 10% H,/Ar from 40 to 95 °C by

following the 510 nm absorbance of 2-H using UV—vis

spectroscopy (Figures S39 and S40). The van’t Hoff analysis
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of triplicate studies yielded AH®;,4 of —14.4(1) kcal/mol,
AS®ina of —34.6(3) cal/mol-K, and AG®;,4 of —4.2(1) kcal/
mol, where the standard state is defined as 1 atm H,, 298 K, and
1 M for all other species in toluene (Figure S41 and Table S14).
We also repeated this analysis for the reaction 1-H + H, = 1-
H(H,), with minor adjustments on the same protocol: 25% H,/
Ar, 25 to 85 °C, and monitoring of the 480 nm absorbance of 1-
H (Figure S42). The van’t Hoff analysis of triplicate UV—vis
studies gave AH®;, of —10.5(1) kcal/mol, AS%,;,4 of —26.3(1)
cal/mol'K, and AG®,;,q of —2.7(1) kcal/mol (Figure S43 and
Table S15). Hence, H, binding is more exergonic for 2-H versus
1-H, which is in accordance with our measured H, binding trend
in the NiML series.

The pK, of 2-H(H,) was determined by measuring the acid—
base equilibrium constants between 2-H(H,) and an exogenous
base (1.5 to 2 equiv), as monitored by 'H NMR spectroscopy.
Due to the labile nature of the H, ligand, these studies were
performed under 1 atm H, in THF-dg, rather than CD;CN,
which can displace H, from the Co center (Table $16). Using
the organosuperbase N-[1,3-diisopropyl-4,5-dimethyl-imidazol-
2-ylidene]tertbutylamine containing an N-heterocyclic carbene
core (pK, of 30.21 in CH,CN"° and pK, 0f 22.64 in THE"”), an
equilibrium constant (Keq’, where K,y ineq 2 =1 /Keq’) of
0.072(6) was determined based on three independent measure-
ments, leading to a pK, value of 23.8(1) for 2-H(H,) in THF
(estimated pK,, of 31.4 in CH;CN). Assuming that K, values are
comparable in THF and CH;CN solvents, we estimate the
thermodynamic hydricity AG%;~ (eq 5) of [2-H,]” to be
37.4(1) kcal/mol in CH;CN. Hence, hydride transfer from [2-
H,]™ to CO, (AG®y~ of formate = 44 kcal/mol)”® is exergonic.
Alternatively, we report the corresponding thermodynamic
hydricity of [2-H,]™ in THF versus that of H,, or AG%~ ([2-
H,]7) — AG°y~ (H,). This can be obtained by summing the
AG®’s for eqs 1—3to yield —28.2(1) kcal/mol in THF.

Using a similar protocol, the acid—base equilibrium between
1-H(H,) and Vkd yielded K,,' = 0.23(1), which gave an
estimated pK, value of 34.3(1) for 1-H(H,) in CH;CN. Under
similar assumptions, the AG®;~ of [1-H,]™ was estimated to be
32.0(1) kcal/mol in CH,CN. Alternatively, we also report the
corresponding values in THF: the pK, value for 1-H(H,) in
THF is 26.4(1), and AG°;~ ([1-H,]™) versus that of H, is
—33.3(1) kcal/mol. The hydricity value of [2-H,]~ is quite close
to that of HCo(dmpe), (AG®,~ = 36 kcal/mol in CH;CN),*
while [1-H,]™ is an even more potent hydride donor. The
complex [1-H,]™ ranks among the most hydridic first-row and
many precious transition metal hydrides.”*””

In comparing 1-H(H,) and 2-H(H,), the acidity of the bound
H, ligand differs by nearly 3 pK, units. The Ga supporting ion
leads to an enhanced lowering of the pK,(H,) compared to Al
We explain this trend by the greater strength of the Co — Ga
interaction, which, in turn, leads to a more electron-deficient Co
center that is associated with increased activation of the H,
ligand via better o-donation from H, to the LUMO of
HCoML.*® On the other hand, the Al support makes the [ (17-
H,)CoML] "~ complex a stronger hydride donor compared to its
Ga counterpart, with a difference in the hydride-transfer driving
force of S kcal/mol. Overall, these results affirm the opgosing
favorability of H, deprotonation versus hydride transfer.””"'

B CONCLUSIONS

The catalytic hydrogenation of CO, is demonstrated for Co-
group 13 bimetallic compounds, where a low-valent Co center is
bonded directly to the Al or Ga metalloligand, but not to In.
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Starting with the Co(—I) H, species, oxidative addition of H, to
obtain the Co(I) dihydride isomer is supported by its ability to
transfer a hydride to CO, in the absence of an exogenous base,
the DFT-calculated reaction energy profile, and the facile
scrambling of H, and D, scrambling. Despite similar extents of
H, activation in [1-H,]™ (0.97 A) and [2-H,]™ (0.98 A), the
thermodynamic hydricity increases by S kcal/mol when Al is
switched to Ga. Since hydride transfer to CO, is exergonic for
both Co—Al and Co—Ga (<44 kcal/mol), the latter is a more
efficient hydride donor.

We also investigated the Co(I)H and Co(I)H(H,)
intermediates and the H, binding equilibrium that connects
these species. AG®;q at 1 atm H, is slightly more exergonic for
HCoGaL than for HCoAIL. The pK, of H(H,)CoGaL is also
significantly lower by nearly 3 pK, units compared to that of
H(H,)CoAlL, making the former easier to deprotonate and
regenerate the active Co(—I) H, species. Hence, all the
thermodynamic considerations point to Co—Ga being a more
efficient catalyst than Co—Al

The collective experimental evidence supports the Co(—1)/
Co(I) redox cycle. Intriguingly, DFT calculations predict
another energetically competitive pathway whereby a phosphine
donor first dechelates so that a second H, equivalent binds to the
Co center. In this pathway, the canonical Co(I)/Co(III) redox
cycle is also involved, giving an overall four-electron redox cycle.

In optimizing the Co—Ga catalyst, the rate law was
approximated to be first order with respect to CO, pressure
and zeroth order with respect to H, pressure. While moderate
bases such as ‘BuTMG (pK, of 26.5) and DBU (pK, of 24.3) are
catalytically viable with TOFs of 2300 and 1350 h7},
respectively, the significantly stronger Vkd base (pK, of 33.6)
greatly enhances the initial rate up to 27,000 h™'. The main
drawback of the Co—Ga catalyst is the need for Vkd as a
stoichiometric base to achieve 10* turnovers. Other concerns are
signs of catalyst decomposition at exceedingly low catalyst
loadings, at low CO,/H, pressures, or when the CO,/H, ratio is
1:3. Future work will aim to simultaneously increase catalyst
efficiency and robustness.

B EXPERIMENTAL SECTION

Synthesis of [N(PPh;),][(N,)CoAl(N(o-(NCH,P'Pr,)-
CsHy)s)1 ([PPN][1-N]). In an Ar-atmosphere glovebox, a 100
mL Schlenk flask was charged with a stir bar, AIL (408.1 mg, 580
umol), anhydrous CoCl, (75.2 mg, 580 ymol), and 20 mL of
THF. This mixture was stirred for 1-2 h until it was
homogeneous, at which point freshly prepared ~1% Na/Hg
(41.3 mg Na, 1.80 mmol) was added. The flask was evacuated
(opened to static vacuum, X3) and refilled with ultrahigh-purity
N, (1 atm). The mixture was stirred overnight and then filtered.
The yellow-red filtrate was reduced in vacuo to 6 mL, and then
solid [PPN][BArF,,] (1.00 g, 713 ymol) was added with a stir
bar. The solution was stirred until solids began to precipitate,
and then 15 mL Et,O was added. The microcrystalline bright
yellow solid was washed with Et,0 (2 X 10 mL) and dried
overnight in vacuo to yield bright yellow crystalline solids (460
mg, 60% yield). Single crystals of [PPN][1-N,] were grown
from THF/Et,0O or DME/Et,0 solutions.

'"H{*'P} NMR (THF-d;, 500 MHz): § 7.59—7.45 (over-
lapping m, 30H, PPN), 7.06 (d, ] = 7.5 Hz, 3H, aryl), 6.60 (t, ] =
7.6 Hz, 3H, aryl), 6.15 (d, ] = 7.9 Hz, 3H, aryl), 5.97 (t, ] = 7.4
Hz, 3H, aryl), 2.72 (br, 6H, CH,), 2.37 (br, 3H, CH(CH,),),
2.01 (br, 3H, C’H(CH,),), 1.31 (br, 18H CH(CH,),), 0.88 (br,
18H, C'H(CHj;),). *'P{'"H} NMR (THF-d,, 202 MHz): § 56.1

https://dx.doi.org/10.1021/acscatal.9b03534
ACS Catal. 2020, 10, 2459-2470


http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b03534/suppl_file/cs9b03534_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b03534/suppl_file/cs9b03534_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b03534/suppl_file/cs9b03534_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b03534/suppl_file/cs9b03534_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b03534/suppl_file/cs9b03534_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.9b03534?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(3P), 21.0 (2P, PPN). IR (KBr pellet): 2(N,) 1994 cm™". The
spectroscopic properties of this species are identical to those
previously reported for [K(crypt-222)][1-N,]. .

Synthesis of [N(PPhj;),1[(N,)CoGa(N(o-(NCH,P'Pr,)-
CgH,)3)1 ([PPN][2-N,]). A similar procedure to that described
for [PPN][1-N,] was used with the following changes: GaL
(471.7 mg, 630 pmol), CoCl, (81.9 mg, 630 umol), and ~1%
NaHg (44.9 mg Na, 1.95 mmol). A bright yellow crystalline solid
was obtained (500 mg, 58% yield). Single crystals of [PPN][2-
N,] were grown by layering Et,O onto a DME solution and
storing at —30 °C.

'"H{*'P} NMR (THEF-d,, 500 MHz): § 7.59—7.45 (s, 30H,
PPN),7.02 (d, ] = 7.4 Hz, 3H, aryl), 6.56 (t, ] = 7.6 Hz, 3H, aryl),
6.13 (d,J = 7.9 Hz, 3H, aryl), 5.94 (t, ] = 7.4 Hz, 3H, aryl), 2.79
(br, 3H, CHH',), 2.58 (br, 3H, CHH’,), 2.35 (br, 3H,
CH(CH,;),), 2.03 (br, 3H, C'H(CH;),) 1.29 (br, 18H,
CH(CH,),), 0.88 (br, 18H, C'H(CH,),). *'P{'H} NMR
(THF-dg, 202 MHz): § 65.9 (3P), 21.0 (2P, PPN). IR (KBr
pellet): v(N,) 1999 cm™. Anal. calcd for [PPN][2-N,]-DME,
[C36H3oNP,][C30HgoNgP3GaCo]-C4H,00, (%): C, 64.85; H,
6.89; N, 6.70. Found: C, 64.75; H, 7.10; N, 5.88. The
reproducibly low N content may be related to N, loss.

Synthesis of [N(PPh3)2][(Nz)CoIn(N(o—(NCHzP‘Prz)—
CgsHj)3)] ([PPNI[3-N,]). A similar procedure to that described
for [PPN][1-N,] was used with the following changes: InL
(400.5 mg, 510 pmol), CoCl, (65.6 mg, 510 pumol), and ~1%
NaHg (36 mg Na, 1.57 mmol). A yellow crystalline solid was
obtained (360 mg, 50% yield).

'"H{3'P} NMR (500 MHz, THE-d;): § 7.59—7.45 (m, 30H,
PPN), 7.10 (d, ] = 7.6 Hz, 3H, aryl), 6.55 (t,] = 7.6 Hz, 3H, aryl),
6.12 (d, ] = 8.0 Hz, 3H, aryl), 5.89 (t, ] = 7.3 Hz, 3H, aryl), 2.80
(br, 6H, CH,), 224 (s, 6H, CH(CH,),), 1.12 (br, 36H,
CH(CH,;),).'P{*H} NMR (162 MHz, THF-d): 6 73.7 (3P),
21.0 (2P, PPN). IR (KBr pellet): ©(N,) 2021 cm ™. Anal. calcd
for [PPN][2-N,], [C36H3NP,][C3HgNeP3InCo] (%): C,
63.52; H, 6.40; N, 6.91. Found: C, 63.42; H, 6.66; N, 5.03.
The reproducibly low N content may be related to N, loss.

Synthesis of HCoAI(N(o-(NCH,P'Pr,)C¢H,)3)1 (1-H). In an
N,-atmosphere glovebox, a THF solution of [H(OEt,),][B-
(C¢Fs),4]** (77.8 mg, 0.094 mmol, in 2 mL) was added to a THF
suspension of [PPN][1-N,] (125 mg, 0.094 mmol, in 10 mL)
that had been cooled to —30 °C. The reaction, which turned a
deep blue color, was stirred for 30 min at room temperature and
then dried in vacuo. The residue was extracted with hexane (2 X
15 mL) and filtered. The filtrate was dried in vacuo to yield 51
mg (70% yield) of a deep blue microcrystalline solid, which was
stored at —30 °C. NMR data were collected under Ar. '"H NMR
data acquired under N, were more complex, indicating N,
binding.

'"H NMR (toluene-dg, 500 MHz, Ar): § 7.47 (d, ] = 7.6 Hz,
3H, aryl), 7.11 (t, ] = 7.5 Hz, 3H, aryl), 6.49 (t, ] = 7.5 Hz, 3H,
aryl), 6.45 (d, J = 7.9 Hz, 3H, aryl), 3.33 (br, 2H, CH,), 3.09 (br,
4H, CH,), 2.17-2.10 (br, 6H, CH(CHS,),), 1.00 (br, 36H,
CH(CH,),), —15.18 (td, ¥Jy_p = 102 and 55 Hz, CoH).
SIP{'H} NMR (THF-d,, 202 MHz, —25 °C): 6 62.7 (d, ] = 137
Hz, 1P), 59.5 (s, 1P), 44.9 (d, ] = 137 Hz, 1P). Anal. calcd for 1-
H-0.5(Et,0), C3oHg, N,P,AIC0-0.5(C,H,,0) (%): C, 61.41; H,
8.30; N, 6.99. Found: C, 61.70; H, 8.05; N, 6.75.

Synthesis of HCoGa(N(o—(NCHzPiPrZ)C6H4)3)] (2-H). In
an Ar-atmosphere glovebox, [PPN][2-N,] (148 mg, 0.11
mmol) and LiOTf (28 mg, 0.18 mmol) were stirred in THF
(20 mL) until a homogeneous yellow solution was obtained.
This solution was transferred to a Schlenk flask and subjected to
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a freeze-pump-thaw cycle. During the thawing, the flask was
filled with 1:1 H,/CO, (1 atm). While it was still cold, the bright
yellow solution turned dark green and, upon warming, turned a
dull yellow color with white precipitate. After stirring for 1 h at
room temperature, the reaction solution was dried in vacuo. The
resulting residue was extracted with Et,O (20 mL) and filtered.
The dark green filtrate was then dried in vacuo. The solids were
triturated with hexane to obtain a dichroic purple-green
microcrystalline powder (80.0 mg, 90% yield).

"H{>'P} NMR (toluene-dg, 400 MHz): 6 7.50 (d, ] = 7.6 Hz,
3H, aryl), 7.09 (t, ] = 7.7 Hz, 3H, aryl), 6.50 (t, ] = 7.5 Hz, 3H,
aryl), 6.46 (d, ] = 7.9 Hz, 3H, aryl), 3.24 (br, 2H, CH,), 3.08 (s,
4H, CH,), 2.40—2.13 (br, 6H, CH(CHS,),), 1.2—0.71 (br, 36H,
CH(CH,),), —15.68 (s, 1H, CoH). At —18 °C, 'H NMR: &
—15.45 (td, J = 82 and 47.5 Hz, CoH). *'P{'H} NMR (162
MHyz, toluene-dy): 6 64.9 (s). At =25 °C, 3'P{'H} NMR: § 67.4
(d, ] = 142 Hz, 1P), 64.2 (s, 1P), 48.8 (d, ] = 142 Hz, 1P). Anal.
caled for 2-H, C3,Hg;N,P;GaCo (%): C, 58.01; H, 7.61; N, 6.94.
Found: C, 56.24; H, 7.87; N, 6.30. The elemental analyses
repeatedly failed, presumably because of the extreme air
sensitivity of 2-H.

High-Pressure Catalytic Reactions. Caution: H, is a
highly flammable gas. Pressurized vessels must be handled with
care using proper personal protective equipment. CO, hydro-
genation reactions were performed in PEEK high-pressure
NMR spectroscopy tubes that were designed and built at Pacific
Northwest National Laboratory.*” In a typical catalytic experi-
ment of 0.25 mM catalyst and 800 mM base, a 0.20 mL aliquot of
a [PPN][2-N,] stock solution (2.6 mg, 1.89 umol, 2 mL of
THF-d;) was added to a THF-dj solution of Vkd (180 mg in
0.55 mL) to obtain a total reaction volume of 0.75 mL. For
duplicate catalytic trials, two PEEK NMR cells were each loaded
with 350 uL of the reaction solution and a capillary of CoCl, in
D,O0 to serve as an internal standard. 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 the desired pressure (typically 34 atm,
continuous gas feed). The contents of the PEEK cells were
mixed using a vortex mixer for ~3 min until the pressure
stabilized. After stabilization, the cell was inserted periodically
into the NMR spectrometer to acquire data. '"H NMR spectra
were collected every 3—S min using the following parameters:
eight scans each, delay time of 1 s, acquisition time of S s, pulse
width of 4 us (20° pulse), and gain of 2 (totaling 48 s per
spectrum). The concentration of formate was determined by 'H
NMR integration relative to the residual HDO resonance (5.6
ppm) of the CoCl,/D,0 standard. The *'P spectra were
collected at the same time interval, with four scans per spectrum,
a delay time of S s, and an acquisition time of S s (totaling 21 s
per spectrum). The contents of the PEEK cell were mixed using
a vortex mixer when NMR data were not being collected to
promote optimal gas—liquid mixing during the catalytic trial.

Computational Methods. Density functional theory
(DFT) calculations were performed with Gaussian 09
software.”* Geometries were optimized in the gas phase with
the M06-L”" functional and the following basis sets: def2-
TZVPP for Co, Ga, and any atoms directly involved in the
reaction (e.g., atoms in CO,, CO, HCO,~, H™, H,0O, and H,);
def2-TZVP for N and P; and def2-SVP basis set for any invariant
C and H atoms.*® The M06-L functional and the above basis sets
gave the best match to the experimental geometries and binding
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energies for the related Ni-group 13 complexes.”® In addition,
the geometry of 2-H was optimized using five different
functionals, and M06-L gave the best match to the experimental
structure (Table S13). Harmonic vibrational frequencies were
computed and confirmed the nature of all intermediates (no
imaginary frequencies) and transition-state structures (one
imaginary frequency). The gas-phase Gibbs free energies, G,
were calculated at T =298.15 K and 1 atm pressure by using the
harmonic approximation for the optimized structures. The
solvation effect of tetrahydrofuran (THF) was included by
performing single-point energy calculations at the gas-phase
geometries using the SMD solvation model.”” The relative
solution-phase Gibbs free energies were calculated by adding
solvation energies to the gas-phase relative Gibbs free energies.
Gibbs free energies are reported for a standard state 0of 298.15 K,
1 atm for gases, and 1 M for solutes and include the solvent effect
of THF (Table S12).

TD-DFT calculations were performed on the MO06-L-
optimized structures of 1-H and 2-H with solvent considerations
(SMD and THE). The M06 hybrid functional®® with Grimme’s
dispersion D3 damping function and 6-31G(d,p) basis sets was
used.
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