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The reactivity of nickel hydrides supported by a pincer ligand often can be tuned by modifying the ligand at the
three donor sites. In this study, ligand modification is made at the backbone, more specifically the linkers X and Y
in {2,6-CeH3(XP'Buy)(YP'Buy) }NiH. Of the three nickel hydrides investigated herein, the PNCNP-pincer complex
(X =Y = NH) is the most reactive one towards CO», whether it is for the rate of COy capture from air or for the
thermodynamic favorability of CO; insertion into the Ni-H bond. The POCOP-pincer complex (X =Y = O) is the
least reactive hydride whereas the POCNP-pincer complex (X = O, Y = NH) is ranked in the middle. To have

access to the hybrid pincer complex, an improved synthetic method for the proligand, m-C¢H4(OP'Bus)

(NHP'Buy), is also developed.

1. Introduction

Transition metal hydrides are often implicated in catalytic processes
that convert CO5 to formic acid, formate derivatives, or further reduced
molecules such as acetals, methanol, and methane [1-3]. The mecha-
nistic relevance has motivated many researchers to study the COy
chemistry of well-defined metal hydride complexes, which can provide
useful guidelines for designing more efficient catalysts. One class of
metal hydrides that have emerged as popular subjects for the reactivity
studies are nickel hydrides [4,5]. The growing interests in these specific
hydrides are primarily driven by the fact that nickel is an
earth-abundant metal and the reality that a wide variety of nickel hy-
dride complexes are synthetically accessible (Fig. 1).

It is important to point out that not all nickel hydride complexes are
reactive to CO,. Early studies focusing on trans-(CysP);NiH(X) showed
that 1-7 failed to react with CO; (1 atm) [6]. However, replacing the
X-type ligand with the more o-donating methyl or phenyl group resulted
in rapid CO; insertion to yield a nickel formate complex, although the
reaction of 8 was complicated by the formation of methane and ethane
[7]. Cationic nickel hydrides typically display low or no reactivity to-
wards COy, as demonstrated by the imine-ligated complex (10) [8] and
the diphosphine-supported nickel hydrides (11 and 12) [9,10]. In 2010,
we reported a nickel hydride stabilized by a phosphinite-based (or
POCOP-type) pincer ligand (13) as an efficient catalyst for the reduction
of CO3 (1 atm) with boranes [11]. The key step, namely CO5 insertion
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into the Ni-H bond, is fast and quantitative at room temperature. Sub-
sequent reports by us and others suggest that the pincer scaffold can be
altered in many ways (13 — 14-23) without drastically changing the
activity of the NiH moiety. Proven structural modifications include the
introduction of less bulky P-substituents [12], saturation of the central
phenyl ring [13], replacement of the backbone linker (i.e., O) with CH,
[14-16], NMe [17], or NH [18], and construction of a completely new
pincer architecture based on the donor set (P,Si,P) [15] or (P,B,P) [19].
The computational work by Hazari and Kemp concluded that having a
strong o-donor trans to the hydride would render CO; insertion favor-
able, both kinetically and thermodynamically [15]. Consistent with this
analysis, nickel hydrides supported by a PNP-type pincer ligand (24-28)
[20-23] react very slowly with COg, requiring hours/days, heating,
and/or a high CO, pressure to complete the insertion process. The
cationic nickel hydrides 29 and 30 are inert to CO5 [24], and so is the
PN3P*-pincer complex 31 [25,26]. Of particular note is that, under
photochemical conditions, 28 undergoes abnormal CO; insertion to
afford a NiC(O)OH complex [23]. The PSiNSiP-pincer supported nickel
hydride (32) also shows a unique reaction pattern with CO,, giving an
N/O transposition product {k”,"-O(SiMe,CH,P*Buy),}NiH(NCO) [27].
To probe metal-metal cooperativity, the Janus POCOP-pincer complex
33 [28] and the Ni-Ga heterobimetallic complex 34 [29] have been
developed; both react with CO; rapidly to give the corresponding nickel
formate complexes.
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Fig. 1. Well-defined nickel hydride complexes studied for CO, reduction.
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Fig. 2. Three pincer-supported nickel hydrides that differ by the back-
bone linker.

While informative, the results described above have invited more
questions than answers pertaining to the structure-reactivity relation-
ship. For example, how and to what extent would the P-substituents,
backbone linker, and hybridization of the central carbon impact the
reactivity of the nickel hydride? Some of these questions have already
been addressed. Kinetics studies of CO- insertion with 17-19 revealed
that the reaction was faster when the P-substituents became less steri-
cally bulky [16]. Thermodynamically, the insertion reaction with 13-15
also appeared to be favored by smaller P-substituents [30]. In this work,
we focus on the comparison of the POCOP-pincer complex 13 and the
PNCNP-pincer complex 21 with the objective to understand how the
ligand backbone linker (O vs NH) influences the ability of the nickel
hydride to reduce CO,. Considering that hybrid pincer complexes
sometimes can be more effective catalysts [31,32], we have also
included the POCNP-pincer complex 35 in this study (Fig. 2).

2. Results and discussion
2.1. Synthesis of POCNP-pincer complexes

The two nickel hydrides bearing a symmetric pincer ligand (i.e., 13
and 21) were readily obtained using the synthetic procedures described
in the literature [18,33]. The hybrid compound 35, however, was
challenging to make. The needed proligand, m-CsH(OP'Bu,)(NHP'Buy),
was previously prepared by the Liu group in two steps starting from
m-aminophenol: (1) deprotonation of the OH and NH groups with n-BuLi
(2 equiv) and (2) O-P and N-P bond formation with ‘Bu,PCl (2 equiv) in
refluxing THF [34]. This method afforded the proligand with relatively
low purity (~50%), which nevertheless still led to a successful synthesis
of {2,6-CsH3(OP'Buy)(NHP'Buy)}r(H)Cl through cyclometalation with
[Ir(COE)2Cl]ly (COE = cyclooctene). In contrast, attempts to use the
impure proligand to perform cyclometalation with NiCl, failed to pro-
duce {2,6-C¢H3(OP'Buy)(NHP'Buy)}NiCl (35-Cl, the precursor to 35),
suggesting that the unknown impurities interfered with the process of
forming the desired nickel pincer complex. In other words, an improved
synthetic method for m-C¢H4(OP'Buy)(NHP'Buy) had to be developed.

We first tested the procedures that had been successfully applied to
the synthesis of the less bulky POCNP-type proligands (m-CeH4(OPPhy)
(NHPPh,) [35] and m—C6H4(OPiPr2)(NHPiPr2) [36]), the symmetric
POCOP- and PNCNP-type proligands (m-CgH4(OP™Buy)y [37] and
m-CgH4(NHP'Buy), [38]), and the analogous pyridine-based ligand (2,
6-CsH3N(OP'Buy)(NHP'Buy) [39]). To our disappointment, none of these
methods outperformed the original method as far as the purity of
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m-CgH4(OP'Buy)(NHP'Buy) was concerned. It is possible that the doubly
deprotonated form of m-aminophenol exists as aggregates, whose
structures are dependent on the solvent, counterion, and additive. The
degree of aggregation in turn could have a profound impact on its
nucleophilic substitution reactions with ‘BuyPCl. After an extensive
optimization of the reaction conditions, we found that it was beneficial
to construct the O-P and N-P bonds in a stepwise manner. This strategy,
as detailed in Scheme 1, led to the isolation of m-C¢H4(OPBuy)
(NHP'Buy) in modest yield with high purity (up to 99%).
Cyclometalation of m-CgH4(OP'Bup)(NHP'Buy) with NiCl, was
straightforwardly accomplished in the presence of EtsN under heating
(Scheme 2). The desired pincer complex 35-Cl was isolated as a yellow
air-stable solid following purification by column chromatography.
Going from the proligand to 35-Cl, the most notable changes in the NMR
spectra are the disappearance of one hydrogen resonance in the aro-
matic region, the diminished two-bond coupling constant for the NH
resonance (3Jyp: 10.8 - ~0 Hz), and the significantly shifted phos-
phorus resonances (150.6 — 185.6 ppm for OP'Buy; 58.2 — 112.3 ppm
for NHPBup). The 31p{lH} NMR spectrum of 35-Cl features two

Fig. 3. ORTEP of {2,6-C¢H3(OP'Buy)(NHPBu,)}INICl (35-Cl) at the 50%
probability level (for clarity, all hydrogen atoms except the one bound to ni-
trogen are omitted). Selected bond lengths (A) and angles (°): Ni-C(1) 1.897(2),
Ni-Cl(1) 2.2191(6), Ni-P(1) 2.1737(6), Ni-P(2) 2.2148(6), P(1)-0(1) 1.6475
(17), P(2)-N(2) 1.685(2); P(1)-Ni-P(2) 165.11(3), C(1)-Ni-Cl(1) 177.61(8), C
(2)-0(1)-P(1) 111.55(14), C(6)-N(2)-P(2) 115.55(16).

(1) EtsN (1.6 equiv)

NH2 1y koBu (1 equiv) NH2 ) Bu,PCI (1 equiv) HN—P(Bu),
(2) Bu,PCl (1 equiv) (3) "BuLi (1 equiv, -78 °C)
THF, RT, 3 h toluene, 85 °C, 20 h
OH O—P('Bu), O—P(Bu),

crude product

55% yield in two steps

Scheme 1. An improved synthetic route to m-C¢H4(OP'Bu,)(NHP'Buy).
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HN—P(Bu)2 Nicl, (1 equiv)
EtsN (20 equiv)
toluene
reflux, 48 h

O_P(tBU)z

O—P(Bu

43% yield
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HN— P(tBu) L|A|H4 HN— P tBU
(10 equiv) N
Ni—Cl —Citene toluene !
RT, 24 h

o— PtBU2

35-Cl 35
81% yield

Scheme 2. Synthesis of nickel hydride 35 from m-C¢H4(OP'Bu,)(NHP'Buy).

Fig. 4. ORTEP of {2,6-C¢H3(OP'Buy)(NHP'Bu,)}NiH (35) at the 50% proba-
bility level (for clarity, all hydrogen atoms except those bound to nitrogen and
nickel are omitted and only one of the two independent molecules is shown).
Selected bond lengths (A) and angles (°): Ni(1)-H 1.438(3), Ni(1)-C(l1A) 1.8993
(19), Ni(1)-P(1A) 2.1094(5), Ni(1)-P(2A) 2.1381(5), P(1A)-0(1A) 1.6662(15),
P(2A)-N(2A) 1.6975(17); P(1A)-Ni(1)-P(2A) 167.78(2), C(1A)-Ni(1)-H 178
(1), C(2A)-O(1A)-P(1A) 111.26(12), C(6A)-N(2A)-P(2A) 114.40(13).

HN—P(Bu):, o, HN—P(Bu);
. _(1atm) NS
NiI—H ~benzene ™ ! o
RT, <5 mi
0—P(Bu), 1M 0—P(Bu),H
35 35-OCHO
96% yield

doublets with a large coupling constant of 298 Hz, consistent with a
pincer complex that contains two different trans-positioned phosphorus
donors. The structure of 35-Cl was more unambiguously established by
X-ray crystallography (Fig. 3), which also provided a great opportunity

to compare the phosphinite donor (P1) with the phosphinous amide
donor (P2) within the same molecule. Evidently, the P1 atom forms a
shorter bond with nickel (2.1737(6) A for Ni-P1 vs 2.2148(6) A for
Ni-P2), implying a stronger interaction between the phosphinite donor
and nickel. It is also worth noting that the nitrogen is flat, and the NH
group is engaged in a hydrogen-bonding interaction with the chloride
from a neighboring molecule of 35-Cl.

The target nickel hydride 35 was prepared by stirring 35-Cl with a
suspension of LiAlHy in toluene followed by filtration through Celite
(Scheme 2). The isolated product was a pale-yellow powder. The pres-
ence of a hydride ligand was confirmed by the proton resonance
centered at —-8.32 ppm (in C¢Dg) as an apparent triplet Cip1 = ypa =
54.4 Hz) and the medium-intensity IR band found at 1763 cm~ L. The
hydride was also located crystallographically (Fig. 4). As expected,
replacing the chloride with hydride, which is considerably smaller in
size, causes contraction of Ni-P bonds by 0.06-0.08 A. This is also re-
flected by the phosphorus resonances (doublets at 218.4 and 145.6
ppm), which are shifted downfield relative to the signals of 35-Cl.
Nevertheless, the Ni-P bond formed by the phosphinite donor remains to
be the shorter one. While the nitrogen in 35 still adopts the planar ge-
ometry, the NH group no longer participates in any hydrogen-bonding
interactions.

2.2. Reduction of CO2

Having made a brand-new nickel hydride, we wished to know if it
could react with CO,. When a solution of 35 in CgDg (73 mM) was
exposed to CO (1 atm) at room temperature, it quickly turned slightly
darker while forming a yellow precipitate. The NMR spectra of the
sample confirmed that 35 was fully consumed and replaced by a new
pincer complex. The observation of a broad proton resonance at 8.51
ppm suggested that CO3 insertion was successful, and the product must
be the nickel formate complex (35-OCHO). The reaction was then scaled
up in a Schlenk flask, allowing the isolation of 35-OCHO in an almost
quantitative yield (eq 1).

To confirm the presence of a formate group, 13C{'H} spectrum of 35-
OCHO was recorded. Because 35-OCHO has a relatively low solubility
in CgDg (2.9 mg/mL), CDCl3 was used as the deuterated solvent to
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Fig. 5. ORTEP of {2,6-C¢H3(OP'Bu,)(NHP'Bu,)}NiOCHO (35-OCHO) at the
50% probability level (for clarity, all hydrogen atoms except the one bound to
nitrogen and carbonyl carbon are omitted). Selected bond lengths (A) and an-
gles (°): Ni-C(1) 1.8966(18), Ni-O(2) 1.9214(13), Ni-P(1) 2.1894(5), Ni-P(2)
2.2245(5), P(1)-0(1) 1.6392(14), P(2)-N(2) 1.6794(17); P(1)-Ni-P(2) 164.300
(19), C(1)-Ni-O(2) 173.43(7), C(2)-O(1)-P(1) 112.29(12), C(6)-N(2)-P(2)
114.92(13).

dissolve the formate complex, which displayed a singlet at 168.6 ppm
attributed to the OCHO resonance. Interestingly, the NMR sample left at
room temperature overnight was analyzed as a 4 : 1 mixture of 35-
OCHO and 35-Cl. The halogen exchange process was accelerated at 80
°C, leading to a quantitative conversion of 35-OCHO to 35-Cl (along
with CDHCly) in 4 h. This result suggested that de-insertion of CO4 from
35-0OCHO took place and the resulting hydride 35 underwent halogen
exchange with CDCls. In fact, simply heating a C¢Dg solution of 35-
OCHO (in a sealed NMR tube) at 80 °C produced a small amount of 35
(<5%). Presumably, the released CO; stayed in the headspace. A control
experiment also confirmed that 35 dissolved in CDCl3 was fully con-
verted to 35-OCHO along with CDHCI, in 2 h.

The structure of 35-OCHO was further studied by X-ray crystallog-
raphy (Fig. 5). Upon COg insertion, the Ni-P bonds are elongated to
lengths similar to those determined for 35-Cl. Once again, the phos-
phinite donor forms a shorter bond with nickel than the phosphinous
amide donor (2.1894(5) A for Ni-P1 vs 2.2245(5) A for Ni-P2). The
formate group adopts an orientation that is perpendicular to the coor-
dination plane, likely to avoid the steric clash with the tert-butyl groups.
Unsurprisingly, the carbonyl oxygen (023) forms a hydrogen bond with
the NH group of a neighboring molecule. The strengths of the hydrogen
bond correlate inversely with the N-H stretching frequencies: 35-OCHO
(3207 cm’l) > 35-Cl (3354 cm’l) > 35 (3385 cm’l). Furthermore, the
N-H band of 35-OCHO is broad, in contrast to the sharp N-H bands
observed with 35-Cl and 35.

2.3. Comparison of the three pincer systems

In an attempt to assess the air stability of 35, its solution in CgDg was
intentionally exposed to air, which resulted in direct COy capture to
form 35-OCHO. Powder X-ray diffraction patterns for an air-exposed
sample of 35, however, showed no change after a week, indicating
that direct air capture failed to occur on the solid surface. The behavior
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in solution is nevertheless fascinating, which prompted us to examine if
the reactivity is unique to 35. For a more quantitative comparison,
toluene solutions of 13, 21, and 35 were stirred in air under the same
conditions (i.e., 2.2 mM concentration, 21 °C, 360 rpm stirring rate, 396
ppm CO4, level). The PNCNP pincer complex 21 took the shortest time (3
h) to be fully converted to the corresponding formate complex (21-
OCHO). The POCNP derivative 35 ranked second, requiring 5 h to
complete CO; capture. The POCOP pincer complex 13 was the slowest to
react; its reaction with CO; from the air did not complete until after 26 h.

Next, the relative thermodynamic favorability of CO, insertion
(AAG) was obtained using the NMR method that we developed earlier
[28,30]. As illustrated in Scheme 3, the equilibrium constant (Keq) for
the CO, exchange reaction between a nickel formate complex and a
nickel hydride supported by a different pincer ligand can be measured,
provided that CO insertion and de-insertion are kinetically feasible.
Because CO; insertion is typically fast, the amount of free CO5 present in
the system is often negligible (for experimental evidence, see Section
4.7). A Keq value smaller than 1 means that AAG has a positive value and
[Ni]-H reacts with COy more favorably than [Ni’]-H. Thus, the
measured Keq value of 0.65 + 0.02 for eq 2 indicates that AG for CO2
insertion is improved by 0.25 kcal/mol when the O linker in 35 is
replaced by an NH linker (Scheme 4). Conversely, the measured Keq
value of 1.64 + 0.06 for eq 3 translates to a AAG value of —0.29 kcal/mol
or, qualitatively, a thermodynamically less favorable process with the
POCOP pincer system.

The results described above clearly establishes the advantage of
using NH over O as the linker to build pincer-supported nickel hydrides
for CO; reduction. A comparison of the bond metrics among the three
pincer systems (Table 1) shows that the Ni-Cj,s, bonds are nearly
identical. Importantly, the phosphinous amide donor consistently forms
a longer Ni-P bond than the phosphinite donor, whether the comparison
is made within the same molecule (35 or 35-OCHO) or between mole-
cules (21 vs 13, or 21-OCHO vs 13-OCHO). This trend has also been
observed with other pincer complexes that involve palladium [40] or
X-type ligands beyond hydride and formate [41]. Because Ni-Pyy bonds
are longer than Ni-Pg bonds, the steric approachability of the Ni-H bond
follows the decreasing order of 21 (PNCNP) > 35 (POCNP) > 13
(POCOP), which explains the relative rates of CO5 capture for the three
nickel hydrides. The thermodynamic data can be rationalized by the
strengths of the Ni-OCHO bonds. The formate group would prefer a
harder [(pincer)Ni]™ fragment to increase the electrostatic contribution
to the Ni-OCHO bond. Natural population analysis (NPA) and cyclic
voltammetry studies have confirmed that the PNCNP pincer system is
indeed less electron-rich than the POCOP pincer system [41]. The
backbone linkers can alter the electronic property of the pincer ligand
not only through the phosphorus donors but also via the ipso carbon
(n-donation to the aryl ring) [42]. The less negative NPA charge calcu-
lated for the ipso carbon of the PNCNP pincer ligand implies that the
diminished n-donation from the NH linkers is mainly responsible for
creating a less electron-rich nickel center [41].

o) Keq j\
Nij—0~ S + INIT—H —= INI—H +[Ni]—0” “H
[Ni]—H +CO AGn 9
[l + —
? NI—0~ H
[Ni]—H +CO AGinin i
iT—H + —
2 [Ni']—O)J\H

AAG = AGNi'H - AGNiH =—-RT |nKeq

Scheme 3. Method of determining the relative thermodynamic favorability of
CO,, insertion.
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€4~ [35][21-OCHO] ~ '
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\ l\\l H CeDs ,L H l\\l o
Ni—O + i— i—H + i— (3)
o) (0]
G / | P
O—-P(Bu), H O—P(Bu), O—P(!Bu), O-P(Bu), H
13-OCHO 35 13 35-OCHO
_ [350CHOIM3] _ . o
€a” [35][13-OCHO] '
AGyiH O
Ni]—H + COp —= P
IN]—O~ ~H
HN—P(Bu), HN—P\(fBu)2 O—Fi(’Bu)z
Ni—H Ni—H Ni—H
HN—P (Bu), O—P(Bu), O—P(Bu),
21 35 13
AGNiH AGNiH + 0.25 kcal/mol AGNiH + 0.54 kcal/mol

Scheme 4. Relative thermodynamic favorability of CO, insertion with the three pincer systems.

Table 1
Comparison of key bond lengths and angles of the hydride and formate complexes.

Ni—Cipso (A) Ni-Po (A) Ni-Pyy (A) P-Ni-P (°) reference
13 1.892(3) 2.1160(5) 166.26(3) 33
35° 1.8993(19) 2.1094(5) 2.1381(5) 167.78(2) this work
1.9019(19) 2.1117(5) 2.1394(5) 167.83(2)
21 1.9086(18) 2.1270(6), 2.1326(6) 169.79(2) 18
13-OCHO 1.886(2) 2.2040(7), 2.1817(8) 164.02(3) 11
35-0CHO 1.8966(18) 2.1894(5) 2.2245(5) 164.300(19) this work
21-0CHO 1.908(2) 2.2147(6), 2.2333(6) 165.31(3) 18

@ 35 crystallized with two independent molecules, hence two sets of data.

3. Conclusions

We have successfully improved the synthetic method for m-
CeH4(OP'Buy)(NHP'Buy), a hybrid pincer-type proligand that was
needed to build the POCNP-pincer ligated nickel hydride complex. This
has provided us with the opportunity to systematically study the effect of
the backbone linker (O vs NH) on the reactivity of the nickel hydrides in
the context of CO; reduction. The comparative study has shown that the
rates for CO, capture from air follow the decreasing order PNCNP >
POCNP > POCOP. For the thermodynamic favorability of CO; insertion,
the PNCNP pincer system also ranks first, followed by the POCNP pincer
system and then the POCOP pincer system. The kinetic preference for
the PNCNP pincer system can be attributed to the more exposed Ni-H

bond created by the relatively longer Ni-Pyy bonds. The thermody-
namic advantage can be explained by a stronger Ni-OCHO bond formed
by the PNCNP pincer ligand, which is less electron rich than the POCOP
pincer ligand.

4. Experimental
4.1. Materials and methods

Unless otherwise noted, all compounds were prepared and handled
under an argon atmosphere using standard glovebox and Schlenk

techniques. Dry and oxygen-free toluene and pentane used for the syn-
theses were collected from an Innovative Technology solvent
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purification system. Anhydrous and inhibitor-free tetrahydrofuran
(THF) was purchased from Sigma-Aldrich (packed in a Sure/Seal™
bottle). Dichloromethane (CH3Cly) and pentane used for column chro-
matography and recrystallization were purchased from Fisher Scientific.
Chloroform-d (99.8% D, 0.03% v/v tetramethylsilane) was purchased
from Cambridge Isotope Laboratories. These commercial reagents were
used as received without further purification. Benzene-dg (99.5% D) and
benzene were dried over sodium-benzophenone and then distilled under
agon. Triethylamine was dried over calcium hydride prior to distillation
under argon. Complexes 13 [33],13-OCHO [11], 21 [18] and 21-OCHO
[18] were prepared as described in the literature. NMR spectra were
recorded at 23 °C on a Bruker AV400 or NEO400 NMR spectrometer.
The chemical shift values for 'H and '3C{'H} NMR spectra were refer-
enced internally to the residual solvent resonances or tetramethylsilane
(0 ppm). SIplH} NMR spectra were referenced externally to 85%
phosphoric acid (0 ppm). IR spectra were recorded on a PerkinElmer
Spectrum Two Fourier transform infrared spectrometer equipped with a
Smart Orbit diamond attenuated-total-reflectance (ATR) accessory. The
CO;, level in the fume hood was measured by a Cole-Parmer data logging
carbon dioxide monitor (item # EW-94560-00). Finely-ground
powdered samples of 35 and 35-OCHO were analyzed at room tem-
perature using Cu Ka radiation (3-100 deg in 6-20, 2 deg/min, 0.01 deg
step width, reflection mode) on a Rigaku MiniFlex 6 G diffractometer.

4.2. Synthesis of m-CsH4(OP'Bus) (NHP'Buy)

This compound was previously reported by Liu and co-workers,
although its purity was low (~50%) [34]. The procedure described
here provided samples with higher purity (up to 99%). Under an argon
atmosphere, m-aminophenol (1.60 g, 14.7 mmol) was mixed with 40 mL
of THF in a 100 mL Schlenk flask, after which potassium tert-butoxide
(1.65 g, 14.7 mmol) and di-tert-butylchlorophosphine (2.65 g, 14.7
mmol) were added sequentially. The resulting mixture was stirred at
room temperature for 3 h and then concentrated under vacuum to yield
m-CgH4(OP'Buy)(NH,) (along with KCl, the presumed by-product) as a
brown oil. 'H NMR (400 MHz, CgDg): 6 6.99 (t, 3JH_H = 8.0 Hz, ArH, 1H),
6.81 (dt, 3Jy.y = 8.0 Hz, *7 = 2.2 Hz, ArH, 1H), 6.54 (q, “Jup = Jpn =
2.2 Hz, ArH, 1H), 6.02 (dd, 3Jiu = 8.0 Hz, “Jyy = 2.0 Hz, ArH, 1H),
2.80 (s, NHy, 2H), 1.15 (d, 3Jiz.p = 11.6 Hz, C(CH3)3, 18H). *'P{'H} NMR
(162 MHz, C¢Dg): 6 149.9 (s, OP'Buy).

In the second step of the synthesis, the newly formed phosphinite
was treated with 40 mL of toluene, followed by the addition of trie-
thylamine (2.37 g, 23.4 mmol) and di-tert-butylchlorophosphine (2.65 g,
14.7 mmol). The reaction flask was subsequently chilled in a dry ice/
acetone bath (-78°C) prior to slow addition of an n-butyllithium solution
(1.6 M in hexanes, 9.2 mL, 14.7 mmol, added over 30 min via a syringe
pump). The resulting mixture was warmed to room temperature and
then heated at 85°C for 20 h. After cooling, the volatiles were removed
under vacuum. The residue was extracted with pentane (15 mL x 5) and
filtered through a short pad of Celite. The resulting filtrate was placed
under vacuum for an extended period of time (5 h), giving the desired
product as a viscous brown oil (3.20 g, 55% yield). 1 NMR (400 MHz,
CeDe): & 7.29 (quint, “Jy.p = Yy = 2.4 Hz, ArH, 1H), 7.08 (t, 3Jyn =
8.0 Hz, ArH, 1H), 6.88 (dt, 3J.q = 8.0 Hz, *J = 2.4 Hz, ArH, 1H), 6.70
(dt, *Jyn = 8.0 Hz, *J = 2.4 Hz, ArH, 1H), 3.82 (d, %Jup = 10.8 Hz, NH,
1H), 1.16 (d, 3Ju.p = 12.0 Hz, C(CH3)3, 18H), 0.99 (d, 3Jy.p = 11.6 Hz, C
(CH3)s, 18H). 3'P{'H} NMR (162 MHz, C¢Dg): & 150.6 (s, OP'Buy, 1P),
58.2 (s, HNP'‘Bu,, 1P).

4.3. Synthesis of {2,6-CsH3(OP'Buz) (NHP'Buz) }NiCl (35-Cl)

To a 100 mL Schlenk flask were added anhydrous nickel chloride
(587 mg, 4.53 mmol), m-C¢H4(OP*Buy)(NHP'Buy) (1.80 g, 4.53 mmol),
triethylamine (9.17 g, 90.6 mmol), and toluene (30 mL). The resulting
mixture was refluxed under argon for 48 h. After cooling, the volatiles
were removed under vacuum. The residue was exposed to air, washed
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with pentane (10 mL), and subject to further purification by column
chromatography (eluted with 1:9 CH,Clp-pentane first, followed by 1:1
CHyCly-pentane). The desired product was isolated as a yellow solid
(948 mg, 43% yield). X-ray-quality crystals were grown at room tem-
perature from CH,Cly-pentane (1:1). 11 NMR (400 MHz, CDCl3): § 6.81
(t, 3Jun = 7.6 Hz, ArH, 1H), 6.19 (d, *Jy.zs = 8.0 Hz, ArH, 1H), 6.13 (d,
3Jin = 8.0 Hz, ArH, 1H), 4.13 (s, NH, 1H), 1.50 (d, 3Ji.p = 11.6 Hz, C
(CH3)s, 18H), 1.47 (d, 3Ju.p = 11.2 Hz, C(CH3)s, 18H). 3C{'H} NMR
(101 MHz, CDCl3): 6 169.7 (dd, Jc.p = 13.3 and 5.8 Hz, ArCyytho), 160.2
(dd, Jep = 23.9 and 4.9 Hz, ArCortho), 127.7 (5, ArCpara), 121.3 (dd, 2Jc p
=21.9 and 19.0 Hz, ArCip,), 102.8 (d, 3Jcp = 13.6 Hz, ArCpeta), 102.3
(d, 3Je.p = 13.3 Hz, ArCpeta), 39.2 (dd, Je.p = 10.6 and 3.9 Hz, C(CH3)s3),
37.8 (dd, Jep = 12.9 and 2.8 Hz, C(CHz)3), 28.4 (d, 2Jcp = 4.9 Hz, C
(CH3)3), 28.2 (d, %Jcp = 4.8 Hz, C(CH3)3). *'P{'H} NMR (162 MHz,
CDCl3): 6185.6 (d, 2Jp_p =298 Hz, OP'Buy, 1P), 112.3 (d, 2Jp_p =298 Hz,
HNP'Buy, 1P). Selected ATR-IR data (solid, em™1): 3354 (vn-n), 2968,
2946, 2898, 2866, 1575, 1471, 1442, 1370, 1352, 1293, 1213, 1178.
Anal. Caled for CyoH49NOP,CINi: C, 53.85; H, 8.22; N, 2.85; Cl, 7.23.
Found: C, 53.84; H, 8.22; N, 2.83; Cl, 7.34.

4.4. Synthesis of {2,6-CsH3(OP'Buy) (NHP'Buy) }NiH (35)

To a 25 mL Schlenk flask were added {2,6-CgH3(OP'Bus)(NHP'Buy)}
NiCl (530 mg, 1.08 mmol), lithium aluminum hydride (409 mg, 10.8
mmol), and toluene (6 mL). The resulting suspension was stirred under
argon for 24 h and then filtered through a pad of Celite. The filtrate was
pumped to dryness, giving the desired product as a pale-yellow powder
(400 mg, 81% yield). X-ray-quality crystals were obtained from slow
evaporation of a solution of 35 in Cg¢Dg. 'H NMR (400 MHz, C¢Dg): 6 7.08
(t, *Jin = 7.6 Hz, ArH, 1H), 6.81 (d, ®Jy. = 8.0 Hz, ArH, 1H), 6.37 (d,
3Jy = 7.6 Hz, ArH, 1H), 3.94 (s, NH, 1H), 1.36 (d, 3Jyyp = 13.6 Hz, C
(CHs)3, 18H), 1.19 (d, 3Ji.p = 13.6 Hz, C(CHs)3, 18H), -8.32 (t, ZJi.p1 =
2 Ju.p2 = 54.4 Hz, NiH, 1H). '*C{'H} NMR (101 MHz, C¢Ds): § 169.2 (dd,
Jcp = 13.1 and 6.2 Hz, ArCortho), 159.8 (dd, Jcp = 24.0 and 4.9 Hz,
ArCortho), 140.9 (dd, 2Jc,p = 17.0 and 14.3 Hz, ArCjps,), 128.0 (s, ArC-
para) 102.9 (d, 3Jcp = 13.7 Hz, ArCpera), 102.6 (d, 3Jcp = 13.3 Hz,
ArCpneta), 37.8 (dd, Jcp = 14.8 and 3.6 Hz, C(CH3)3), 36.4 (dd, Jep =
16.7 and 2.5 Hz, C(CH3)3), 28.9 (d, 2Jc.p = 6.3 Hz, C(CH3)3), 28.7 (d, 2Jc.
p = 6.3 Hz, C(CHs)3). 3'P{'H} NMR (162 MHz, C¢D¢): 5 218.4 (d, 2Jp.p =
261 Hz, OP'Buy, 1P), 145.6 (d, 2Jp.p = 261 Hz, HNP'Buy, 1P). Selected
ATR-IR data (solid, cm™1): 3385 (un_n), 2957, 2942, 2895, 1763 (vni_1),
1566, 1473, 1439, 1369, 1346, 1195. Anal. Calcd for CooH41NOP,Ni: C,
57.92; H, 9.06; N, 3.07. Found: C, 57.68; H, 8.90; N, 3.07.

4.5. Synthesis of {2,6-CsH3(OP'Buz) (NHP'Bu) }NiOCHO (35-OCHO)

Under an argon atmosphere, nickel hydride 35 (200 mg, 0.44 mmol)
was mixed with benzene (10 mL) in a 25 mL Schlenk flask. The resulting
solution was degassed via three freeze-pump-thaw cycles and then
exposed to COz (1 atm, 23 °C), which resulted in a slight darkening of
the solution followed by the formation of a yellow precipitate. The re-
action mixture was stirred for another 2 min before being placed under
vacuum. The desired formate complex was isolated as a yellow solid
(210 mg, 96% yield). X-ray-quality crystals were obtained from a solu-
tion of 35-OCHO in CH,Cl, layered with pentane. H NMR (400 MHz,
CDCl3): 6 8.16 (s, OCHO, 1H), 6.78 (t, 3JH_H =7.6 Hz, ArH, 1H), 6.13 (d,
3Jiim = 8.0 Hz, ArH, 1H), 6.08 (d, *Jyi = 7.6 Hz, ArH, 1H), 4.22 (s, NH,
1H), 1.47 (d, %Jip = 9.6 Hz, C(CH3)3, 18H), 1.44 (d, 3Jup = 9.2 Hz, C
(CHs)s, 18H). 'H NMR (400 MHz, C¢Dg): & 8.51 (br, OCHO, 1H), 6.89 (t,
3Jin = 7.6 Hz, ArH, 1H), 6.44 (d, >Ji.1; = 8.0 Hz, ArH, 1H), 5.99 (d, >Jy.
u = 7.6 Hz, ArH, 1H), 3.71 (s, NH, 1H), 1.46 (d, 3Jup = 14.0 Hz, C
(CH3)3, 18H), 1.29 (d, 3Jup = 13.6 Hz, C(CH3)3, 18H); sometimes the
OCHO resonance was resolved as a triplet (*Jgp = 2.4 Hz). Bc{H}
NMR (101 MHz, CDCls3): § 169.9 (dd, Jcp = 11.1 and 5.6 Hz, ArCortho),
168.6 (s, OCHO), 160.4 (dd, J.p = 23.2 and 5.1 Hz, ArCorho), 127.8 (s,
ArCpara), 116.4 (dd, %Jcp = 21.2 and 19.2 Hz, ArCipso), 102.9 (d, *Jcp =
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14.1 Hz, ArCpeta), 102.4 (d, 3Jcp = 13.1 Hz, ArCeta), 38.8 (dd, Jop =
10.6 and 3.5 Hz, C(CH3)3), 37.5 (dd, Jc.p = 12.6 and 2.5 Hz, C(CH3)3),
28.2 (d, 2Jc.p = 6.1 Hz, C(CH3)3), 27.7 (d, 2Jc.p = 5.1 Hz, C(CHs)3). 3'P
{'H} NMR (162 MHz, CDCls): 5 185.3 (d, 2Jp.p = 273 Hz, OP'Bu,, 1P),
111.7 (d, %Jp.p = 273 Hz, HNPBuy, 1P). 3'P{'H} NMR (162 MHz, C¢Ds):
5 185.2 (d, 2Jpp = 276 Hz, OP'Buy, 1P), 111.7 (d, 2Jpp = 276 Hz,
HNP'Buy, 1P). Selected ATR-IR data (solid, cm™'): 3207 (vn_n), 2962,
2949, 2897, 2867, 1607 (voco), 1577, 1472, 1445, 1366, 1335, 1216,
1131, 1124, 1006. Anal. Caled for Co3Hs1NO3PoNi: C, 55.23; H, 8.26; N,
2.80. Found: C, 55.24; H, 8.30; N, 2.80.

4.6. CO2 capture by nickel hydrides

To three separate 20 mL scintillation vials equipped with a stir bar (8
x 12.7 mm) were added a different nickel hydride complex (13/21/35,
5.0 mg, 11 pmol) and toluene (5.0 mL). The resulting solutions were
stirred at the same speed (360 rpm) in a fume hood with a CO5 level of
396 ppm and an ambient temperature of 21 °C. The progress of CO5
capture was monitored by periodically withdrawing aliquots from the
solutions for 3'P{'H} NMR analyses. Each experiment was continued
until full conversion of the nickel hydride was achieved.

4.7. Determination of equilibrium constants

Under an argon atmosphere, a nickel hydride (2 mg), a nickel
formate supported by a different pincer ligand (2 mg), and C¢Dg (0.6
mL) were mixed in a J. Young NMR tube and then sealed. The CO; ex-
change reaction was monitored by 'H and 3'P{*H} NMR spectroscopy at
room temperature (21 °C) for a week, although the equilibrium usually
was established after a day. The experiment was repeated, and the
equilibrium was approached from both directions. The equilibrium
constants were calculated based on the NMR integrations of the NiH and
NiOCHO resonances. The reported values are the averages of four data
sets (two for each direction). To rule out the possibility that free CO5
may be present in the system, one of the K¢q measurements (35-OCHO
mixed with 21) was repeated by doubling the volume of C¢Dg to 1.2 mL
(i.e., changing the headspace-to-solution volume ratio). This resulted in
no change to the Keq value. In addition, at room temperature, the release
of CO; from 35-OCHO (in CgDg) to give 35 was not observed after 5
days.

4.8. X-ray crystallography

Crystal data collection and refinement parameters are provided in
the supplementary material. The intensity data were collected at 150 K
on a Bruker D8 Venture Photon-II diffractometer using Mo Ka radiation,
L = 0.71073 A. The data frames were processed using the program
SAINT. The data were corrected for decay, Lorentz, and polarization
effects as well as absorption and beam corrections. The structures were
solved by a combination of direct methods and the difference Fourier
technique as implemented in the SHELX suite of programs and refined
by full-matrix least squares on F? for reflections out to 0.75 A. Non-
hydrogen atoms were refined with anisotropic displacement parame-
ters. The hydride in 35 was located directly from the difference map for
both independent molecules; the coordinates and isotropic displacement
parameters were refined. Hydrogen atoms bound to the nitrogen atoms
were located directly from the difference map and treated with a riding
model. All remaining hydrogen atoms were calculated and treated with
a riding model. The isotropic displacement parameters were defined as
a*Ueq (a = 1.5 for methyl, 1.2 for all others) of the adjacent atom.
Crystals of 35 are pseudo-merohedrally twinned, twin law applied 1
000-100 0 -1. Crystal structures of 35-Cl, 35, and 35-OCHO were
deposited at the Cambridge Crystallographic Data Centre (CCDC) and
assigned the deposition numbers CCDC 2377135 - 2377137.
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