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ABSTRACT: Ruthenium hydride complexes supported by pincer ligands play a crucial role in the catalytic hydrogenation of CO2
to reduced C1 chemicals such as formic acid and methanol. Toward a better understanding of their hydride transfer reactivity,
knowledge of the underlying thermodynamic hydricity values is deemed critical, but relevant studies remain rare. Herein, we report
the experimental thermodynamic hydricity of a new ruthenium CO2 hydrogenation catalyst (acriPNP)RuH(CO)(PPh3) (1)
supported by a rigid, acridane-based PNP pincer ligand. We provide the synthesis, structure, and spectroscopic characterization of
reaction intermediates involved in formate generation including the anionic dihydride (2), formate (3), five-coordinate purple
species (4), and H2-bound species (5). Notably, the effective hydricity of complexes 1 and 2 in THF was determined by the H2
heterolysis method, revealing values of >52 and 32 kcal/mol, respectively. The corresponding hydricity values of 45−48 kcal/mol for
related Ru dihydride complexes supported by neutral PNP pincer ligands highlight the effect of anionic complex charge in promoting
stronger hydride donors. CO2 insertion into the Ru−H bond of the dihydride complex proceeds effectively under ambient
conditions, suggesting that base-promoted H2 heterolysis is the rate-limiting step. Using 1 as a precatalyst, turnover frequencies in
the order of 300 h−1 were obtained for formate generation. Broadly, our results provide valuable benchmark thermochemical data for
the design of improved CO2 hydrogenation catalysts.
KEYWORDS: ruthenium, pincer ligands, metal-hydride complexes, CO2 hydrogenation, hydricity

■ INTRODUCTION
Toward mitigating the effect of increasing atmospheric CO2
concentration and developing a sustainable chemical industry,
processes for CO2 conversion into value-added products have
received much attention.1−3 In particular, extensive studies
have been performed to develop efficient catalysts for the
hydrogenation of CO2 into C1 chemicals such as formic acid
and methanol as chemical feedstocks and liquid fuels.4

Following an early report for the catalytic hydrogenation of
CO2 to formate using Raney nickel,

5 various homogeneous and
heterogeneous transition metal catalysts have been devel-
oped.6,7 Notably, some of the most efficient formate generating
catalysts are based on Ru and Ir hydride complexes supported
by pincer-type ligands that feature diphosphino amine or

pyridine moieties (Figure 1).8,9 Highly effective systems based
on first-row transition metals have also been described,
encouraging further studies in the chemistry of metal hydrides
for CO2 reduction.

10−12

In this regard, understanding how stereoelectronic effects
influence hydride transfer reactivity is critical in the design of
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CO2 hydrogenation catalysts.
13,14 While certain processes may

operate under kinetic control, thermodynamic parameters such
as hydricity can provide important design criteria for new
synthetic systems.15 Hydricity (ΔG°H−) is defined as the free
energy required to remove a hydride anion H− from a species,
according to the general reaction M−H → M+ + H−.
The heterolytic cleavage of a M−H bond to generate H− is

typically endergonic, and thus species with low hydricity values
are considered strong hydride donors. This propensity to
release H− can be used to define reaction driving forces and
predict reactivity. Similar thermodynamic considerations have

been applied for electrocatalytic CO2 reduction and H2
evolution/oxidation.16,17 However, given the importance of
Ru hydride complexes as hydrogenation catalysts, data
regarding their hydricity remain rare. With the exception of
two reports describing the thermodynamics of Ru PNP
complexes in THF,18,19 essentially all of the data is reported
in either MeCN or H2O for a series of ruthenium polypyridine
complexes.20 Importantly, since MeCN is rarely used in
catalysis,21 obtaining hydricity values in solvents such as THF
for a wider range of catalytically relevant Ru hydride complexes
is highly desirable.
Considering the prevalence of metal-pincer moieties in

catalysis, careful consideration of ligand design is critical, and
diverse PNP pincer ligands featuring dialkyl- or diary-
lphosphine moieties tethered to a nitrogen-containing back-
bone have been synthesized. Ru complexes with disilylamide,
diarylamide, pyrrolide, acridine, pyridine, and diethylamine
pincer backbones have been extensively studied.22−28 In
particular, metal-pincer systems that may display metal−ligand
cooperativity via incorporation of weakly acidic N−H or C−H
moieties have emerged as promising hydrogenation catalysts.29

While initially thought to serve as proton donors, recent
studies suggest that such functional moieties may stay intact in
many catalytic applications and that fully deprotonated,
anionic systems may show improved reactivity.30 In this
regard, we envisioned that such anionic Ru−H motifs can be
more easily supported with an anionic acridane pincer
backbone, while also improving the stability of the resulting
catalyst.31

Figure 1. Selected examples of PNP pincer-supported metal hydride
complexes for catalytic CO2 hydrogenation.

Figure 2. (A) Synthesis of the acriPNP-supported Ru complex 1 for base-promoted CO2 hydrogenation to formate and synthetic route of
intermediate species 2-5 involved in the catalytic cycle. Truncated displacement ellipsoid (50%) representations of (B) 1, (C) 2, (D) 3, and (E) 4.
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Herein, we report a new ruthenium CO2 hydrogenation
catalyst supported by a rigid, acridane-based PNP pincer
ligand.32,33 We provide detailed structural and spectroscopic
characterization of key reaction intermediates involved in
formate generation. For an anionic Ru dihydride complex, the
effective hydricity in THF was measured at 32 kcal/mol (calc.
30 kcal/mol). This value is significantly lower than that of 45−
48 kcal/mol for related Ru dihydride complexes supported by
neutral PNP ligands, highlighting the effect of anionic complex
charge in promoting stronger hydride donors.18 Consistent
with this strong hydridic character, CO2 insertion into the
dihydride complex proceeds effectively under ambient
conditions. Furthermore, the anionic charge of the complexes
facilitates formate dissociation, suggesting that base-promoted
H2 heterolysis may be the rate-limiting step. Using 1 as a
precatalyst, turnover frequencies in the order of 300 h−1 were
obtained for formate generation. Broadly, our results provide
valuable benchmark thermochemical data for the design of
improved CO2 hydrogenation catalysts that take into account
the overall charge of the complex and the properties of the
trans ligand for fine-tuning hydricity.

■ RESULTS AND DISCUSSION

Complex Synthesis

Building upon our previous effort in the chemistry of first-row
transition metal pincer complexes for CO2 activation,

11,32−41

related Ru complexes were targeted as catalysts for CO2
conversion. While bis(phosphinoethyl)amine and 2,6-bis-
(phosphinomethyl)pyridine PNP ligand frameworks have
been studied extensively as neutral and potentially deproto-

nated, anionic ligands under basic reaction conditions, CO2
hydrogenation catalysts supported by anionic acridane or
diphenylamide PNP ligand frameworks remain rare aside from
our previous work with a (PNP)CoH species.11 Treatment of
the Ru precursor RuHCl(CO)(PPh3)3 with (acriPNP)Li(THF)
results in the formation of complex 1 with the (acriPNP)RuH-
(CO)(PPh3) formulation (Figure 2A). A similar complex was
reported by Vogt and co-workers.42 The 1H NMR spectrum
displays a doublet of triplets at −9.5 ppm corresponding to the
hydride moiety, consistent with coupling to the 31P atoms in
Ph3P (2JH‑PPhd3

= 96 Hz) and acriPNP (2JH‑PNP = 20 Hz), see SI.
Accordingly, the 31P NMR spectrum displays a strongly
coupled doublet at 27 ppm and a broad singlet at 77 ppm
corresponding to the PPh3 and acriPNP moieties, respectively.
The single-crystal X-ray diffraction (SC-XRD) data indicate
that a Ph3P ligand coordinates at the axial site of the Ru(II)
center trans to the hydride, while a carbonyl ligand occupies
the equatorial position trans to the central amide of the acriPNP
ligand (Figure 2B). A significant distortion away from
octahedral geometry is observed in 1, particularly in the
∠(P1−Ru−P2) = 147.00(4)° angle. The corresponding angle
of 158.52(2)° in the analogous [(Ph2PCH2CH2)N]RuH(CO)-
(PMe3) complex suggests that steric effects influence the
structure of 1.43 Accordingly, a slightly elongated Ru−P3
distance of 2.477(1) Å is also observed in 1, suggesting that
catalytic CO2 hydrogenation is likely initiated upon loss of
Ph3P. Subsequent binding and base-promoted heterolysis of
H2 would lead to an anionic dihydride species. To study the
formation of such a species, complex 1 was treated with
Li[Et3BH], resulting in the formation of Li[(acriPNP)Ru(CO)-
(H)2] (2). The 1H NMR spectrum in THF-d8 displays a

Figure 3. (A) UV−vis absorption spectrum of 4 in pentane. The red bars indicate the TD-DFT predicted electronic transitions. (B) Calculated
frontier orbitals of 4 involved in the 556 nm transition rendered at 0.055 e/au3. UV−vis spectrum of 4 in (C) THF, (D) MeCN, (E, F) upon
addition of [nBu4N][OCHO] in THF, and fit of the data to obtain the formate binding equilibrium constant.
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distinctive triplet at −7.0 ppm (2JH‑PNP = 20 Hz)
corresponding to the hydride moieties. Accordingly, the 31P
NMR spectrum displays a triplet at 92.1 ppm, indicating that
the two hydride moieties are chemically equivalent in solution.
The SC-XRD data indicate the presence of two hydride
moieties trans to each other at a six-coordinate ruthenium
center (Figure 2C). In the solid state, the [Li(THF)2]+ moiety
binds to the central amide of the acriPNP ligand featuring a Li−
H−Ru bridging hydride interaction. This interaction is evident
in the acute ∠(Li−N−Ru) angle of 79.96(14)° and the Li−H1
distance of 1.84(3) Å. Accordingly, elongated Ru−H1 and
Ru−H2 distances of 1.72(4) and 1.64(4) Å are observed,
respectively, compared to that of 1.58(3) Å in 1. The
elongated Ru−H distances in 2 can be attributed to the
strong trans influence of the hydride ligand and the presence of
Li−H Lewis acid interaction in the solid state. Computational
studies suggest that ligands with strong trans influence weaken
the metal−H bond and increase the nucleophilicity of the
hydride.44 Lewis acids such as Li+ have also been shown to
increase the rate of CO2 insertion into metal hydrides,
suggesting that rapid CO2 insertion into the Ru−H1 bond of
2 may take place.45 The structural parameters of 2 are similar
to those of a Mn hydride complex featuring a Li−H−Mn
interaction.30 Related anionic ruthenium hydride complexes
have been reported previously.19,46,47 With the synthesis of the
catalytically important trans-dihydride intermediate fully
established, hydride transfer reactivity to CO2 was further
explored.
CO2 Reactivity

Treatment of a THF solution of 2 with CO2 at room
temperature results in an immediate reaction accompanied by
a color change from greenish yellow to purple. Concomitant
formation of a white precipitate was observed, which was
determined to be about one equivalent of lithium formate
according to 1H NMR data in D2O. The observed reactivity is
consistent with the initial formation of an anionic Ru formate
species (3) (Figure 2A). Subsequent loss of formate results in
the formation of the purple species as a five-coordinate Ru
complex (4) or a solvento species (4-THF). The filled dπ
orbitals of Ru parentage may contribute toward the loss of
formate via dπ−pπ repulsive interactions.

48 The 1H NMR
spectrum in THF-d8 displays a new hydride triplet at −21.2
ppm (2JH−P = 20 Hz), see the SI. Accordingly, the 31P NMR
spectrum displays a doublet at 71.5 ppm (2JH−P = 19 Hz). To
obtain further insight into the structure of 4, UV−vis
absorption spectroscopic studies were performed in different
solvents. Complex 4 reveals a purple color in pentane solution,
showing a distinctive absorption band at 560 nm (1968 L
mol−1 cm−1) (Figure 3A). This absorption band completely
disappears in CH3CN solution, accompanied by a rapid color
change to greenish yellow (Figure 3D). This result indicates
that strongly coordinating solvents lead to the formation of a
six-coordinate species similar to 1. Interestingly, a THF
solution of 4 reveals the presence of the absorption band at
560 nm (478 L mol−1 cm−1) albeit in decreased intensity
(Figure 3C). This implies that THF partially binds to the
empty coordination site of 4 with an equilibrium constant of
Keq = 3.1, with the assumption that the extinction coefficient of
the five-coordinate species 4 is the same in both pentane and
THF. The intensity of the calculated absorption band at 556
nm of 4 matches well with the experimental spectrum in
pentane (Figure 3A), vide inf ra. To assign the electronic

transition at 560 nm, time-dependent density functional theory
calculations were conducted on 4. Results show that this
transition is due to the ligand-to-metal charge transfer
(LMCT) transition between the HOMO and the LUMO of
4 (Figure 3B). The HOMO is primarily of ligand character,
containing the π-orbitals of the acridane backbone. As
expected, the LUMO is primarily of Ru dz2 orbital character,
consistent with a Ru(II) low-spin d6 electronic configuration.
The absence of this absorption band in the six-coordinate
complexes can be explained in terms of the higher energy of
the Ru dz2 orbital as it assumes a more pronounced σ-
antibonding character, suggesting that the transition at 560 nm
undergoes a hypsochromic shift upon ligand binding. The SC-
XRD data further support the (acriPNP)RuH(CO) formulation
of 4 (Figure 2E). The location of the hydride moiety could not
be located in the crystal structure due to disorder, consistent
with a five-coordinate species positioned in two orientations
with respect to the Ru−H vector (i.e., the hydride located
above or below the plane defined by the acriPNP ligand).
Accordingly, the CO ligand is disordered in two distinctive
positions, indicating a small deviation from a perfectly square
pyramidal geometry around the Ru center (see the SI). Further
support for the structure of 4 was established via electrospray
ionization mass spectrometry (ESI-MS) data (see the SI). By
adding increasing amounts of soluble [nBu4N][OCHO] to a
THF solution of 4, quenching of the absorption band at 560
nm (Figure 3E) and formation of an anionic, octahedral Ru
formate species 3 was observed (Figure 2A). ESI-MS data also
supports the formation of 3 (see the SI). Yellow single crystals
of 3 were obtained from THF solution in the presence of 20
equiv of [nBu4N][OCHO] (Figure 2D). The SC-XRD data
indicate a formate ligand coordinated to the Ru(II) center
trans to hydride, as expected from CO2 insertion into the
dihydride species 2. Interestingly, the Ru−O1 distance of
2.275(8) Å in 3 is slightly longer than previously reported
examples, consistent with the observed labile character of the
formate.26,48,49 The equilibrium constant of formate binding to
4 was obtained (Figure 3F), leading to a formate dissociation
free energy of 4 kcal/mol from 3. In comparison, formate
dissociation free energies of 13−19 kcal/mol were calculated
for related, neutral (PNP)Ru complexes featuring a similar
coordination environment with a hydride trans to the formate
moiety.49 Thus, the lower formate dissociation energy of 3 is
attributed to the anionic charge of the complex. With the
hydride transfer reactivity to CO2 fully established, the
thermodynamic hydricity of 2 was further studied.
Thermodynamic Hydricity

To obtain further insight into the thermodynamics of hydride
transfer reactivity, the hydricity of complex 2 was determined
in THF (Figure 4). Having measured the equilibrium constant
for the binding of THF to the five-coordinate species 4 (Keq2),
measuring the energy of the heterolytic cleavage of H2 (Keq1)
yields the effective hydricity of 2.13 This can be achieved via
spectrophotometric titration of 2 with an appropriate acid
under 1 atm of H2. To help narrow down the pKa of the acid
that would result in a measurable equilibrium constant, DFT
calculations were also performed. On the basis of the
calculated energies of complexes 2 and 4 corrected for
dissolution in THF, a hydricity of ΔGH− = 30.6 kcal/mol
was obtained. Considering the free energy of THF binding to 4
(ΔG2 = −0.7 kcal/mol), a calculated effective hydricity of
ΔGH−(THF) ≈ 30 kcal/mol was obtained. Using the
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phosphonium [Ph3P−CH3][BPh4] with a pKa = 26.6 in
THF,50 an equilibrium was established between 2 and 4, and a
value of Keq1 = 0.33 was obtained after mass balance
considerations (Figure 4c). In comparison, an equilibrium
constant of Keq1 = 0.2 was obtained using 31P NMR, see SI.
Using the value of ΔGH2 = 68.7 kcal/mol for the free energy of
H2 heterolysis in THF, this corresponds to an experimental
hydricity of ΔGH− = 33 kcal/mol and an effective hydricity of
ΔGH−(THF) ≈ 32 kcal/mol for 2. Because THF binding to 4
is nearly thermoneutral, the hydricity values with or without
THF binding are within the experimental error of ∼1 kcal/
mol. While hydricity values have been determined for a wide
variety of metal hydride complexes in MeCN, hydricity data in
a catalytically more relevant solvent such as THF have only
recently been reported.18,19,21,51,52 In the case of Ru hydride
species, hydricity values of 45−48 kcal/mol have been reported
for (PNP)Ru(H)2(CO) complexes supported by neutral PNP
pincer ligands featuring pyridine or secondary amine donors
(Table 1).18 Considering the similar coordination sphere
between these complexes and 2, the noticeably more hydridic
character of 2 by 13−15 kcal/mol can be attributed to the
anionic charge of 2. In fact, the hydricity of a deprotonated,

anionic [(PNP)Ru(H)2(CO)]− complex was measured at 30
kcal/mol, showing that large changes in hydricity can be
observed based on complex charge.19 Furthermore, the nature
of the rigid pincer backbone of an (acriPNP)Ru scaffold allows
two hydride ligands to be firmly located trans to each other,
effectively providing a strong trans inf luence on each other and
increasing the hydricity of 2.
To provide further comparison, the hydricity of 1 was

measured using the conjugate acids of TBD (pKa = 21.0),
DBU (pKa = 16.9), pyrrolidine (pKa = 13.5), and Et3N (pKa =
12.5). In all four cases, no reactivity was observed, indicating
that the hydricity of 1 is greater than 52 kcal/mol (see the SI).
Compared to that of complex 2, such a dramatic shift in
hydricity of more than 20 kcal/mol is noteworthy. For an
anionic Re−H complex with a trans carbonyl ligand as a
weaker σ donor than hydride, a hydricity of 38 kcal/mol was
obtained, suggesting that further fine-tuning of hydricity can be
achieved with diverse trans donors.21 While analogous
examples of structurally similar complexes that differ only by
the overall charge are difficult to find, hydricity values for a few
redox series have been reported: [Co(dppe)2H]+/0, [CpW-
(CO)2(IMes)H]+/0, [Ru(terpy)(bpy)H]+/2+.

20,53,54 In all three
cases, the more reduced complexes are more hydridic, by 10.6,
10.8, and 17.3 kcal/mol, respectively. In a series of highly
analogous Rh hydride complexes, steric and electronic effects
influence hydricity by as much as 22 kcal/mol without changes
in oxidation state; when solvent binding is involved, smaller
phosphine ligands lead to more hydridic species, but otherwise,
more electron rich ligands support stronger hydride donors.55

Combined, our results underscore the importance of careful
catalyst design that incorporates into consideration the overall
charge of the complex for controlling the thermodynamic
driving force of hydride insertion into unsaturated moieties.
H2 Binding
For better understanding of the formation of the dihydride
complex 2, the reactivity of the five-coordinate purple species 4
with H2 was explored. Upon cooling a toluene solution of 4
under an atmosphere of H2, a decrease in the intensity of the
absorption band at 560 nm was observed (see the SI). This is
consistent with the formation of a six-coordinate species
through H2 binding, with an estimated H2-binding equilibrium
constant of Keq = 0.38 at room temperature. This process was
additionally monitored by variable temperature 1H NMR
spectroscopy in toluene-d8 (see the SI). As shown in Figure 5,
the triplet at −25 ppm corresponding to the hydride moiety of
4 becomes broad and shifts downfield upon H2 addition and
cooling. Upon further cooling to −85 °C, a triplet at −9.6 ppm

Figure 4. (A) Thermodynamic scheme for the effective hydricity of
complex 2 in THF. (B) UV−vis spectrophotometric titration of 2 in
THF with incremental addition of the phosphonium [Ph3P−
CH3][BPh4] as acid. (C) Fit of the data to obtain the equilibrium
constant.

Table 1. Comparison of Hydricity Values Reported in THFa

complex hydricity (kcal/mol) refs

[(iPr2PEt−)2NH]Fe(H)2(CO) 59.3−62.4b 19,56
(SiP3)Fe(H2)H 54.4 51
(PNP)RuH(CO)(PPh3) (1) >52 d

[(Cy2PEt−)2NH]Ru(H)2(CO) ∼48 19
(PNP)M(H)2(CO) (M = Mn, Fe, Co, Ru) 43.6−44.6 18
[(P3N4)MCo(H2)]− (M = Al, Ga) 35.4, 40.5c 52
[(P3N4)MNiH]− (M = B, Al, Ga, In) 21.4, 31.8, 34.7, 39.2c 57
[(PCP)ReH(CO)2]− 37.6 21
[(PNP)M(H)2(CO)]− (M = Fe, Ru) 27.7, 30.0c 19
[(PNP)Ru(H)2(CO)]− (2) 32 d

aRu complexes highlighted in bold. bTwo separate values reported.
cRespectively, in the order shown. dThis work.
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can be partially resolved, in addition to a broad, uncoupled
signal at −2 ppm. Tentatively, we assign the signal at −9.6 ppm
to a hydride moiety and the signal at −2 ppm to a dihydrogen
moiety with a (acriPNP)RuH(H2)(CO) formulation (5)
(Figure 2A). Solution 1H NMR spectra of η2-H2 ligands
typically give such broad uncoupled signals.58,59 The 31P NMR
spectra collected under H2 show similar temperature depend-
ence, with the initial doublet at 72 ppm of 4 shifting to a broad
singlet at 82 ppm corresponding to 5. Similar Ru dihydrogen
complexes have been reported with PNP and POP pincer
ligands.60−62 Finally, treatment of 4 with Ph3P = CH2 as a base
in the presence of H2 generates an equilibrium mixture of 4
and 2, see the SI. These results suggest the formation of a
hydride-dihydrogen complex consistent with 5, closing the
synthetic cycle for the hydrogenation of CO2 to formate at an
acriPNP-supported Ru center.
Catalytic Studies
Initially, the catalytic activity of 1 toward CO2 hydrogenation
to formate was explored. Reaction conditions with high
pressure CO2/H2 generally result in improved yields (see the
SI).63 Keeping the pressure constant at 40 bar of 2:2 CO2/H2,
the effect of different bases was studied (Table 2, entries 1−5).
At 150 °C, the soluble organic base DBU (1,8-
diazabicyclo[5.4.0]undec-7-ene) gave very poor yields of
formate. This is in stark contrast to the impressive turnover
frequency of 1.1 × 106 h−1 reported for a neutral PNP-Ru
complex using DBU as a base.9 Considering the ΔGH− ≈ 32
kcal/mol for 2, this indicates that the base-promoted H2
heterolysis step is endergonic, with a ΔG[kcal/mol] = 36.7−
1.364(pKa) at room temperature. With DBU, this translates to
an uphill process by ∼14 kcal/mol, close to the driving force of
∼13 kcal/mol for hydride insertion into CO2 to generate
formate. Thus, future catalyst design should focus on obtaining
metal hydricity values near the formate hydricity value of ∼45
kcal/mol to operate at near thermoneutral conditions. Using
inorganic bases such as KOH and K3PO4 at 150 °C, decent to
good yields of formate were obtained. At increased amounts of
K3PO4, turnover numbers of up to ∼103 were obtained after 24
h. Encouraged by these results, a series of alkali metal bases
were tested (Table 2, entries 6−11) under reaction conditions
that would entropically favor the H2 heterolysis step (lower
temperature). Using water as a cosolvent at 60 bar of 3:3
CO2:H2 and 75 °C, Na3PO4 was identified as a particularly

effective base for formate generation (Table 2, entry 10).
Under otherwise identical conditions, increasing the H2
pressure led to a significant increase in formate yield, reaching
turnover frequencies in the order of ∼300 h−1 over 5 h (Table
2, entry 13). This catalyst behavior suggests that the H2
heterolysis step leading to the formation of the dihydride
species may be the rate-limiting step, with CO2 insertion into
Ru−H and formate loss being very facile according to our
stoichiometric reactivity studies vide supra. Such an inverse
temperature dependence on turnover frequency has been
observed in a related system.21 Using 4 as the precatalyst led to
poor formate yield (Table 2, entry 14), indicating that the
presence of Ph3P is necessary to prevent catalyst decom-
position. To further compare the activity of 1, the
commercially available catalyst [(Ph2PEt−)2NH]RuHCl(CO)
(Ru-MACHO) was used for formate generation (Table 2,
entry 15). Results show a slightly decreased activity compared
to that of 1, with a TOF of ∼170 h−1. For the MACHO
system, TOF values in the range of 200−2000 h−1 have been
reported, depending on experimental conditions.64 Compared
to 1, the lower activity of Ru-MACHO may be related to the
turnover-limiting formate dissociation step,49 suggesting that
formate dissociation is facilitated by a negative complex charge.
Interestingly, Vogt and co-workers reported that Ru-PNP
complexes bearing secondary amines were ineffective for the
transfer hydrogenation of alcohols to amines, while ligands
with tertiary amines gave active catalysts.42 In this regard, the
observed catalytic activity toward CO2 hydrogenation offers a
distinct possibility that 1 is a competent catalyst for transfer
hydrogenation, and this line of questioning will be uncovered
in future studies.
With the catalytic activity of 1 toward CO2 hydrogenation to

formate established, strategies to convert formate to further
reduced products such as formaldehyde and methanol through
amine-promoted pathways were explored.4 Under catalytic
conditions, ammonium formates generated via CO2 hydro-

Figure 5. Truncated, variable temperature 1H NMR spectra of
complex 4 in the presence of H2.

Table 2. Catalytic CO2 Hydrogenation to Formatea

entry base formate (mmol)b TON TOF (h−1)

1−5: 10 mL THF, 40 bar 2:2 CO2:H2, 150 °C, 24 h
1 DBU (10 mmol) 0.13 6.6 0.3
2 KOH (10 mmol) 6.23 312 13
3 K3PO4 (5 mmol) 2.16 108 5
4 K3PO4 (10 mmol) 8.23 412 17
5 K3PO4 (20 mmol) 18.71 936 39
6−11: 10 mL/5 mL THF/H2O, 60 bar 3:3 CO2:H2, 75 °C, 5 h
6 LiOH (25 mmol) 3.56 178 36
7 NaOH (25 mmol) 2.41 121 24
8 KOH (25 mmol) 5.43 271 54
9 Li3PO4 (25 mmol) 0.53 27 5
10 Na3PO4 (25 mmol) 8.19 410 82
11 K3PO4 (25 mmol) 5.49 275 55
12: 10 mL/5 mL THF/H2O, 80 bar 3:5 CO2:H2, 75 °C, 5 h
12 Na3PO4 (25 mmol) 11.39 569 114
13−15: 10 mL/5 mL THF/H2O, 100 bar 3:7 CO2:H2, 75 °C, 5 h
13 Na3PO4 (25 mmol) 28.25 1412 282
14c Na3PO4 (25 mmol) 0.07 3.5 0.7
15d Na3PO4 (25 mmol) 17.07 853 171

aUsing 20 μmol of 1 as precatalyst. bObtained from integration of
formate 1H NMR signal using 1,3,5-trimethoxybenzene as internal
standard. cUsing 20 μmol of 4 as precatalyst. dUsing 20 μmol of
[(Ph2PEt−)2NH]RuHCl(CO) (Ru-MACHO) as precatalyst.
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genation condense to give formamides as key intermediates for
reduced C1 chemicals. Keeping the pressure constant at 80 bar
of 1:3 CO2/H2, the effect of different amine bases was studied
(Table 3). At 150 °C, poor turnover was observed with tertiary

amines (Table 3, entries 1 and 5), as only primary or
secondary amines can generate formamides via condensation
with formate. With ethylene diamine and dimethylated
derivatives as base (Table 3, entries 2−4), improved
formamide turnover was observed with the N,N′ disubstituted
diamine, indicating that formation of formamides from
secondary amines is more favorable. With longer polyethylene
amines as base (Table 3, entries 6−8), turnover numbers in the
order of 103 cycles were obtained, with no significant loss of
activity over 48 h. While more reduced compounds such as
methanol have not been detected thus far, further catalyst
optimization studies are underway to discover conditions that
would allow the conversion of secondary formamides to aminal
species, and preliminary reactivity studies indicate that the
dihydride complex 2 reacts with dimethylformamide at
ambient conditions and these results will be reported in due
course.

■ CONCLUSIONS
A new ruthenium CO2 hydrogenation catalyst supported by a
rigid PNP pincer was synthesized and characterized. The
intermediates of CO2 hydrogenation to formate were
thoroughly studied via structural, spectroscopic, and computa-
tional methods revealing an anionic dihydride 2 with an
experimental thermodynamic hydricity of 32 kcal/mol in THF.
The strong hydridic nature of this species can be attributed to
the charge and the trans influence of the dihydride moiety
resulting from a structurally rigidified acriPNP pincer ligand.
Notably, the hydricity of the neutral hydride species 1 featuring
a trans PPh3 ligand is estimated to be greater than 52 kcal/mol,
representing a shift of more than 20 kcal/mol. Our studies
provide important thermodynamic benchmarking results for
future catalyst designs, in which the overall charge of the
complex and the properties of the trans ligand are taken into
consideration for fine-tuning hydricity. Specifically, metal
hydricity values near that of the target product such as formate
should be targeted to avoid large changes in the potential
energy surface and minimize barriers in the catalytic process.

■ MATERIALS AND METHODS

General Considerations
All manipulations were carried out using standard Schlenk or
glovebox techniques under N2 or Ar atmosphere. Unless otherwise
noted, solvents were deoxygenated and dried by thoroughly sparging
with Ar followed by passage through an activated alumina column.
Nonhalogenated solvents were tested with a standard purple solution
of sodium benzophenone ketyl in tetrahydrofuran in order to confirm
effective oxygen and moisture removal. All reagents were purchased
from commercial vendors and used without further purification unless
otherwise stated. Elemental analyses of complex 1 and 2 were carried
out at Sogang Center for Research Facilities on Thermo Scientific
FLASH 2000 series instrument.
X-ray Crystallography
The diffraction data of complexes 1−4 were collected on a Bruker D8
QUEST instrument. Suitable crystals were coated with Paratone-N oil
and mounted on a Dual-Thickness MicroLoops LD purchased from
MiTeGen. The data were collected with graphite-monochromated
Mo Kα radiation (λ = 0.71073 Å) under a stream of N2 at 100 K. The
structures were solved by direct methods, and all non-hydrogen atoms
were subjected to anisotropic refinement by full-matrix least-squares
on F2 by using the SHELXTL/PC package.65,66 Hydrogen atoms were
placed at their geometrically calculated positions and refined, riding
on the corresponding carbon atoms with isotropic thermal
parameters. Full crystallographic details can be obtained free of
charge from the Cambridge Crystallographic Data Center via CCDC
deposition numbers 2380485−2380488.
Characterization
An Agilent 400-MR spectrometer was used to measure room
temperature 1H and 31P NMR spectra at the chemistry department
of Seoul National University; a Bruker AVANCE III HD-400
spectrometer was used to measure variable temperature 1H and 31P
NMR spectra at the chemistry department of the Korea Advanced
Institute of Science and Technology. Deuterated solvents were
purchased from Deutero, degassed, and dried over activated 4 Å
molecular sieves prior to use. The chemical shifts for 1H NMR spectra
are quoted in parts per million (ppm) and are referenced to residual
solvent peaks. The chemical shifts for 31P NMR spectra are quoted in
parts per million (ppm) and are referenced to external phosphoric
acid in D2O at 0.00 ppm. Coupling constants J are reported in Hertz
(Hz). Low-temperature UV−vis spectra were measured using an
Agilent Cary 8454 UV−vis spectrophotometer equipped with a
UNISOKU Scientific Instruments cryostat. Infrared spectra were
recorded in KBr pellet using Bruker VECTOR 33. Frequencies are
given in reciprocal centimeters (cm−1) and only selected absorbances
are reported. Electrospray ionization mass (ESI-MS) spectra were
obtained using a Thermo Scientific LTQ XL linear ion trap mass
spectrometer. All sample solutions were directly infused into the mass
analyzer using a syringe pump. The temperature of the MS capillary
inlet was set to 250 °C and the tube lens voltage was set at 4.5 kV.
Computational Methods
The initial geometries for the computational models were obtained
from the corresponding X-ray crystal structures. Density functional
theory (DFT) geometry optimization calculations were performed
with the B3LYP functional67 and Def2SVP basis set68 using the
Gaussian 16 package.69 The optimized geometries were verified using
frequency calculations to confirm the absence of any imaginary
frequencies. Using the optimized geometries, thermochemical analysis
was performed using the calculated Gibbs free energies obtained with
the M062X functional70 and Def2TZVP basis set.68 The solvent
effects were included using the CPCM model for THF.71,72

Synthesis of (acriPNP)RuH(CO)(PPh3) (1)
An oven-dried Schlenk tube (100 mL) was charged with RuHCl-
(CO)(PPh3)3 (1.823 mmol, 1.743 g), (acriPNP)Li(THF) (1.896
mmol, 1.038 g), and toluene. The sealed Schlenk tube was then
heated to 110 °C and stirred for 3 h. Upon cooling, all volatiles were

Table 3. Catalytic CO2 Hydrogenation to Formamidea

entry baseb formamide (mmol)c TON TOF (h−1)

20 mL THF, 80 bar of 2:6 CO2:H2, 150 °C, 24 hd

1 Et3N 0.12 0.12 5 × 10−3

2 EN 1.2 120 5
3 N,N′-DMEDA 3.63 363 15
4 N,N-DMEDA 2.08 208 9
5 TMEDA 0.067 0.67 3 × 10−2

6 DETA 9.22 922 38
7 PEHA 9.39 939 39
8 PEHA 19.67 1967 41

aUsing 10 μmol of 1 as precatalyst. b10 mmol base used.
Abbreviations: EN: ethylenediamine, N,N′-DMEDA: N,N′-dimethy-
lethylenediamine, N,N-DMEDA: N,N-dimethylethylenediamine,
TMEDA: tetramethylethylenediamine, DETA: diethylenetriamine,
PEHA: pentaethylenetriamine. cObtained from integration of
formamide 1H NMR signal using 1,3,5-trimethoxybenzene as internal
standard. d48 h for entry 9.
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removed under reduced pressure. Benzene (20 mL) was added to
dissolve the residue, filtered through Celite, and dried under reduced
pressure. The residue was redissolved in pentane (30 mL) and stored
at −35 °C to induce precipitation. The resulting product (acriPNP)-
RuH(CO)(PPh3) (1) (1.588 mmol, 1.367g, 75%) was isolated as a
yellow powder after washing three times with 10 mL of cold pentane
and drying under reduced pressure. 1H NMR (400 MHz, Toluene-
d8): δ 7.46−7.41 (m, 6H), 7.11−7.08 (m, 4H), 6.92−6.90 (m, 9H),
2.45−2.30 (m, 8H), 1.85−1.77 (m, 2H), 1.71 (m, 3H), 1.35−1.26
(m, 12H), 1.20−1.14 (q, 6H), 0.93 (s, 3H), 0.89−0.83 (q, 6H),
−9.45 − −9.69 (dt, 2JH‑PPh3 = 96 Hz, 2JH‑PNP = 20 Hz, 1H), 31P NMR
(162 MHz, Toluene-d8): δ 76.86 (s), 27.07−26.46 (d, 2JPPh3‑H = 99
Hz). Anal. Calcd for C48H60NOP3Ru: C, 66.96; H, 7.02; N, 1.63.
Found: C, 66.89; H, 7.04; N, 1.65. UV−vis [THF, nm (L mol−1
cm−1)]: 350 (420), 400 (100), 440 (44). X-ray quality single crystals
were grown by layer diffusion of pentane into a saturated THF
solution of 1.

Synthesis of Li[(acriPNP)Ru(CO)(H)2] (2)
At room temperature, a solution of complex 1 (0.483 mmol, 0.42 g)
in THF was treated with 0.58 mL of 1 M superhydride solution in
THF (0.58 mmol, 0.061 g) and stirred for 12 h. Subsequently, all
volatiles were removed under reduced pressure. The resulting product
Li[(acriPNP)Ru(CO)(H)2] (2) (0.309 mmol, 0.188 g, 64%) was
isolated as a greenish white powder after washing with 10 mL of
benzene followed by 10 mL of pentane three times and drying under
reduced pressure. 1H NMR (400 MHz, THF-d8): δ 6.89 (s, 2H), 6.81
(m, 2H), 2.25−2.18 (m, 10H), 1.36−1.31 (m, 18H), 1.12−1.06 (q,
12H), −6.94 − −7.94 (t, 2JH‑PNP = 20 Hz, 2H). 31P NMR (162 MHz,
THF-d8): δ 92.14 (s). Anal. Calcd for C30H46LiNOP2Ru: C, 59.40; H,
7.64; N, 2.31. Found: C, 59.31; H, 7.84; N, 2.23. UV−vis [THF, nm
(L mol−1 cm−1)]: 350 (744), 400 (183), 440 (85). X-ray quality
single crystals were grown by layer diffusion of pentane into a
saturated THF solution of 2.

Formation of [nBu4N][(acriPNP)RuH(CO)(OCHO)] (3)
Into the solution of 4 (0.835 mmol, 0.050 g) in 3 mL THF,
[nBu4N][OCHO] (1.67 mmol, 0.480 g) was added and stirred for 10
min at room temperature. The resulting product was obtained as
yellow crystal after crystallization grown by layer diffusion of pentane
into a prepared mixture solution.

Synthesis of (acriPNP)RuH(CO) (4)
A solution of complex 2 (0.181 mmol, 0.110 g) in 10 mL of THF was
charged into an oven-dried 100 mL Schlenk tube. After three times of
freeze−pump−thaw, CO2 gas was injected into the Schlenk tube.
Subsequently, reaction mixture was dried under reduced pressure and
redissolved in 10 mL of pentane. The resulting product (acriPNP)-
RuH(CO) (0.176. mmol, 0.105 g, 97.2%) was isolated as purple solid
after Celite filter with 50 mL of pentane and drying under reduced
pressure. 1H NMR (400 MHz, THF-d8): δ 7.05 (s, 2H), 6.90 (m,
2H), 2.60−2.50 (m, 2H), 2.60−2.49 (m, 2H), 2.37−2.28 (m, 2H),
2.23 (s, 6H), 1.70 (s, 6H), 1.46−1.41 (m, 6H), 1.29−1.23 (m, 6H),
1.23 (m, 6H), 1.15 (m, 3H), 1.13−1.07 (m, 6H), 0.86−0.80 (m, 6H),
−21.09 − −21.20 (t, 1H). 31P NMR (400 MHz, THF-d8): δ 71.63 (d,
2JPNP‑H = 19 Hz). Anal. Anal. Calcd for C30H48LiNOP2Ru: C, 60.18;
H, 7.58; N, 2.34. Found: C, 60.24; H, 7.60; N, 2.26. UV−vis
[Pentane, nm (L mol−1 cm−1)]: 556 (2028). [THF, nm (L mol−1
cm−1)]: 556 (460) X-ray quality single crystals were grown by H-
grease assisted slow evaporation of saturated pentane solution of 4.

Synthesis of the Phosphonium [Ph3PCH3][BPh4]
At room temperature, a solution of [Ph3PCH3][I] (5.0 mmol, 2.02 g)
in THF was treated with NaBPh4 (5.0 mmol, 1.71 g) and stirred for
12 h. Subsequently, all volatiles were removed under reduced
pressure. The residue was dissolved in CH2Cl2, filtered through
Celite and dried under reduced pressure. The resulting product
[Ph3PCH3][BPh4] (4.9 mmol, 2.92 g, 98%) was obtained as a white
powder. 1H NMR (400 MHz, CD2Cl2): δ 7.84−7.80 (t, 3H), 7.66−
7.61 (td, 6H), 7.41−7.34 (m, 14H), 7.00−6.96 (t, 8H), 6.85−6.81 (t,

4H), 7.00−6.96 (t, 8H), 1.99 (t, 3H). 31P NMR (162 MHz, CD2Cl2):
δ 21.32 (s).
Catalytic Hydrogenation of CO2
The hydrogenation reactions were performed in a batch reactor. The
specified amount of complex 1 and base were dissolved in THF and
then added to the batch reactor. Before each experiment, a leak test
was conducted on the batch reactor. To remove residual O2, the
reactor was pressurized with N2 and purged three times.
Subsequently, CO2 was injected into the batch reactor to the
specified pressure, followed by H2 injection to the specified pressure.
The reaction was carried out under heating (150 °C) and stirring
(100 rpm). After the reaction for a given amount of time, the reactor
was cooled to room temperature. The reaction mixture was collected
from the reactor, and then pure H2O (5−10 mL) was added to the
mixture, which was stirred to form a homogeneous solution. The
amount of product in solution was confirmed using an NMR
instrument (400 MHz, Bruker Avance III HD 400). In more detail,
1,3,5-trimethoxybenzene (0.5 mmol) was dissolved in the homoge-
neous solution as an internal standard. This solution was analyzed by
1H NMR with a few drops of D2O.
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