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ABSTRACT: This paper reports the hydrogenation of carbon
dioxide to formate catalyzed by the Ru pincer complex
Ru(PNN)CO(H) (PNN = 6-(di-tert-butylphosphinomethy-
lene)-2-(N,N-diethylaminomethyl)-1,6-dihydropyridine). Stoi-
chiometric studies are presented that support the feasibility of
the individual steps in a proposed catalytic cycle for this
transformation. The influence of base and solvent on catalyst
performance is explored. Overall, under optimized conditions
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(using diglyme as the solvent and potassium carbonate as the base) up to 23,000 turnovers of formate and a turnover frequency

of up to 2,200 h™! can be achieved.
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Bl INTRODUCTION

Formic acid (FA) is a commodity chemical that is widely used
in agriculture and in the textile and leather industries." The
current commercial production of FA involves carbonylation of
methanol to yield methyl formate, followed by hydrolysis of
methyl formate to produce FA and regenerate MeOH.' An
attractive alternative route to FA would involve the direct
hydrogenation of CO,. Indeed, significant effort has been
directed toward the development of catalysts for CO,
hydrosgenation to FA,>™* formate salts,>”'' forma-
mides,” "> and formate esters.”” "¢ Two of the most
active homogeneous CO, hydrogenation catalysts reported to
date are Jessop’s Ru(PMe;),(Cl)(OAc) complex 1'7 and
Nozaki’s Ir(PNP)(H); [PNP = 2,6-bis-
(diisopropylphosphinomethylene )pyridine] pincer catalyst 2
(Scheme 1).'® Both complexes provide formate from CO, in
yields representing >10* catalytic turnovers and with turnover
frequencies in excess of 10* h™".

We recently reported the catalytic reduction of CO, to
methanol by a cascade sequence that be%ins with the
conversion of CO, to FA (Scheme 2, step a)."> This step is
followed by Lewis-acid-catalyzed esterification to provide
methyl formate (step b), with subsequent ester hydrogenation
to liberate 2 equiv of CH;OH (step c). We originally utilized
Jessop’s catalyst 1 for the CO, hydrogenation step, in concert
with Milstein’s Ru pincer complex Ru(PNN)(CO)(H)
(3)"7*" as the catalyst for ester hydrogenation. However,
since 3 closely resembles Nozaki's Ir pincer catalyst 2, we
hypothesized that it might also be capable of catalyzing CO,
hydrogenation. Herein, we demonstrate that 3 is an effective
catalyst for the conversion of CO, to formate in the presence of
an appropriate base. Furthermore, we provide insights into
divergent mechanistic pathways by which catalyst 3 reacts with
CO, and H,.
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Scheme 1. Hydrogenation of CO, to Formate with (a) Ru
Catalyst 1 and (b) Ir Catalyst 2
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B RESULTS AND DISCUSSION

Proposed Catalytic Cycle. By analogy to iridium catalyst
2,'® a possible catalytic cycle for reducing CO, to formate at
complex 3 (Scheme 3) would involve (i) heterolytic cleavage of

Scheme 3. Possible Catalytic Cycle for CO, Hydrogenation
to Formate by Complex 3
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Figure 1. ORTEP diagram (50% probability level) of the molecular
drawing of 5. The packing solvent (benzene) as well as all H atoms
(other than the Ru—H and H-COO) have been omitted for clarity.
Selected bond lengths (A) and angles (deg): Rul—H1 = 1.45(3),
Rul-N1 = 2.0983(18), Rul-N2 = 2.2535(18), Rul-02 =
2.2497(16), Rul—C1 = 1.834(2), Rul-P1 = 2.2626(5), 02—C2 =
1.203(3), 03—C2 = 1.283(3); H1-Rul—02 = 169.2(10); P1-Rul—
N2 = 158.83(5); NI-Rul—02 = 82.67(7), N2—Rul—02 = 83.88(6).

H, to form ruthenium dihydride 4, (ii) insertion of CO, to
generate formate complex S, and (iii) deprotonation of the
pincer ligand of S with concomitant release of formate to
complete the catalytic cycle.*™>* Step i of this cycle is well
precedented, and has been studied in detail by Milstein and co-
workers.”® In contrast, the feasibility of steps ii and iii has not
yet been established for this ruthenium system.

We began our investigation by treating a solution of 3 in
anisole-dg with a 4: 1 mixture of H, and CO, (Scheme 4). This

Scheme 4. Reaction of 3 with CO, and H,
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resulted in the conversion of 3 to formate complex S in 88%
NMR yield after 24 h at room temperature (see Supporting
Information, Figure S1), thus establishing the feasibility of steps
i and ii of the catalytic cycle proposed in Scheme 3. The
identity of § was confirmed by independent synthesis, and this
complex was characterized using standard one- and two-
dimensional NMR spectroscoplc techniques as well as X-ray
crystallography (Figure 1).2° The CO, adduct 6 (formed by the
direct reaction of 3 with CO,, step ia of Scheme 3)*"~*° was
detected as a minor side product in this reaction (12% vyield,
vide infra for further discussion).

We next sought to identify conditions for promoting the final
step (iii) of the proposed catalytic cycle. Based on precedent by
Nozaki with Ir catalyst 2,'® we hypothesized that a strong base
could deprotonate the pincer ligand of § and induce formate
release. Indeed, the treatment of a solution of § in anisole-dg
with 1 equiv of KO'Bu resulted in quantitative formation of 3
and potassium formate as determined by '"H NMR spectro-
scopic analysis (Scheme S and Supporting Information, Figures
$2-S83).

Catalytic Hydrogenation of CO,. The results in Schemes
4 and S demonstrate the feasibility of all three individual steps
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Scheme S. Deprotonation of 5 by KO'Bu to Form 3 and
HCOOK
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of the proposed 3-catalyzed hydrogenation of CO, to formate.
To combine these steps to achieve catalysis, we initially treated
3 with 10 bar CO, and 30 bar H, in the presence of 1200 equiv
of KOBu in anisole at room temperature, conditions analogous
to those of the stoichiometric reactions in Schemes 4 and 5
(Table 1, entry 1). The turnover number (TON) for this
reaction was determined based on the yield of formate after 4 h
as a preliminary estimate of catalyst reactivity (see Supporting
Information, Figure S4 for a representative 'H NMR
spectrum). Catalysis was sluggish under these initial conditions,

Table 1. Hydrogenation of CO, to Formate Catalyzed by 3

3 (0.554 umol) o
co, + o ®
Base (1200 equiv) O HBase
10 bar 30 bar 4h
entry solvent temp (°C) base TON formate
1 anisole 25 KO'Bu 7
2 anisole 120 KO'Bu 270
3 diglyme 120 KO'Bu 800
4 diglyme 120 K,CO, 1,100
sb diglyme 120 KOH 510
6 diglyme 120 K;PO, 900
7 diglyme 120 KHCO, 550
8 diglyme 120 NEt; <$
9b diglyme 120 K,CO;, 660
10°° diglyme 120 K,CO; 1,400
1% diglyme 200 K,CO, 9,000
1254 diglyme 200 K,CO; 23,000

“Conditions: CO, (10 bar), H, (30 bar), 3 (0. 5544;101, 1 equiv), base
(0.6648 mmol, 1200 equiv), solvent (2 mL), 4 h. “With 100,000 equiv
of K,CO3, 5 mL of diglyme. 24 h. 948 h.
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and only 7 turnovers were observed after 4 h (max possible
TON = 1200 based on equiv of base). However, raising the
temperature to 120 °C resulted in a dramatic improvement in
the performance of catalyst 3, as it afforded 270 turnovers
under otherwise analogous conditions (entry 2). We reasoned
that replacing the nonpolar solvent anisole with diglyme should
better solubilize KO'Bu.® This change resulted in a 3-fold
improvement in TON (to 800) after the same period of time
(entry 3).

A variety of different bases were next evaluated for the
reaction in diglyme. K,CO;, KOH, K;PO,, and KHCO; were
all effective in promoting this transformation, with TONs
ranging from 510 to 1,100 (entries 4—7)>' The best base for
this reaction was K,COj, yielding a TON of 1,100 and a TOF
of 1,600 h™'3*** These data stand in contrast to Nozaki’s
results with Ir pincer complex 2. In that system, moving from
KOH to a weaker base like K;PO, resulted in a significant
decrease in the TON (>7-fold).'"® The diversity of bases
effective in the reaction of 3 suggests that deprotonation of
intermediate 5 may be more facile than deprotonation of the
analogous Ir—formate intermediate. Notably, however, the
neutral amine base NEt;, which has been frequently employed
in CO, hydrogenation reactions,”™”"*~'*!” resulted in <5
turnovers in this system (entry 8).

Because the best results were obtained using K,COj; as the
base (entry 4), we next examined the effect of increasing the
equivalents of K,CO;, which would correspondingly increase
the theoretical maximum TON of 3. The use of 100,000 equiv
of K,COj; at 120 °C provided 660 turnovers after 4 h (entry 9)
and 1,400 turnovers after 24 h. Notably, based on the
stoichiometry of K,CO;, the maximum possible turnovers is
200,000.** Furthermore, increasing the temperature to 200 °C
provided 9,000 and 23,000 turnovers after 4 and 48 h,
respectively, with a TOF of 2,200 h™! at this temperature.>®

Preliminary Mechanistic Considerations. As discussed
above, we originally envisioned the catalytic cycle in Scheme 3
as a plausible pathway for this transformation. If this
mechanism is operative, formate complex 5 should display
similar catalytic activity as 3. Indeed, under otherwise identical
conditions, this catalyst provided a comparable TON after 4 h
(compare Table 1, entry 4 and Table 2, entry 1) and reaction
rate profiles (see Supporting Information, Figures SS and S6).

The mechanism as drawn in Scheme 3 implicates Ru-CO,
complex 6 as an off-cycle side product. Previous studies from
our group showed that the formation of 6 is irreversible at
room temperature,27 suggesting it may serve as a catalyst

Table 2. Complexes 3, 5, and 6 as Catalysts for CO,
Hydrogenation®

co, + H [Ru] (0.554 umol) (0]
K>CO3 (1200 equiv) H™ "OK
10 bar 30 bar diglyme, 4 h
entry [Ru] temp (°C) TON formate
1 S 120 1,000
2 6 120 1,100
3 6 70 )
4 3 70 340
S S 70 430

“Conditions: CO, (10 bar); H, (30 bar); Ru catalyst 3, 5, or 6 (0.554
pumol, 1 equiv), K,CO; (0.6648 mmol, 1200 equiv), diglyme (2 mL), 4
h.
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deactivation pathway. To test this possibility, we also examined
the reactivity of 6 as a catalyst for CO, hydrogenation under
our standard reaction conditions. Unexpectedly, we found that
this Ru—CO, adduct afforded a TON of formate comparable to
that of 3 and § after 4 h at 120 °C (Table 2, entry 2).

The observed catalytic activity of 6 can be explained by at
least two mechanistic possibilities. A first is that CO, binding at
6 (step ia of Scheme 3) could be reversible at the elevated
temperatures used for catalysis. This would enable the
regeneration of 3, which could then participate in CO,
hydrogenation. Alternatively, 6 could potentially be capable of
directly catalyzing CO, hydrogenation. As outlined in Scheme
6, a possible mechanism for this latter transformation could

Scheme 6. Possible Catalytic Cycle for CO, Hydrogenation
at Complex 6
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involve deprotonation of 6 to generate the unsaturated complex
7 (step i), followed by H, heterolysis (step ii), CO, insertion
(step iii), and base-promoted product release (step iv).**

To test the first possibility (reversible formation of 3 from 6
at elevated temperatures), we treated a '*CO,-labeled sample of
6 with 1 bar of 2CO, at 120 °C. After 4 h, >98% exchange was
observed (Supporting Information, Figure S8), indicating
essentially complete reversibility under our standard catalysis
conditions (Table 3, entry 1). Notably, the extent of exchange
decreased sharply with temperature. At 100 °C, <45% exchange
was observed after 4 h, and minimal (3%) exchange was
detected after 4 h at 70 °C (entries 2—3). To probe the
relevance of this reversibility to CO, hydrogenation catalysis,
we examined the 6-catalyzed hydrogenation of CO, to formate
at 70 °C (slow exchange conditions). As shown in Table 2,

Table 3. Quantification of Reversible Binding of CO, at
6-'3C at Varied Temperatures®

H H
| e
N< 0 us 1 bar 12002 N ! Uo
N~/ ~CO - N~/ ~CO
Et, anisole, 4h Et,
13¢c—0 ., 2c—0
7 (6-°C) / (6)
(0] (@)
entry temp (°C) %6-"*C remaining
1 120 12
2 100 54
3 70 97

“Conditions: CO, (1 bar), 6-"*C (1.8 mg, 3.63 pmol), anisole (0.45
mL), 4 h.
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entry 3, less than S turnovers were observed after 4 h. In
contrast, 3 and S provided 340 and 430 turnovers under these
conditions at 70 °C (entries 4—S5). The efficiency of 6 as a
catalyst for hydrogenation at higher temperatures (fast
exchange conditions), but not at lower temperatures (slow
exchange conditions), suggests that the reversible binding of
CO, is likely relevant to catalysis by 6 at elevated temperatures.

Importantly, the reversible formation of 3 from 6 under the
conditions for catalysis does not rule out the possibility of
direct CO, hydrogenation at 6 (catalytic cycle shown in
Scheme 6). To explore this latter possibility, we first examined
the stoichiometric reaction of 6 with 1 equiv of KOBu in
dimethylsulfoxide (DMSO) at 25 °C. After 5 min, a color
change from yellow to bright orange was observed,
accompanied by the complete conversion of 6 to a new Ru—
H species, 7 (Scheme 7). This complex proved challenging to

Scheme 7. Formation of Anionic Ru Complex 7 by
Deprotonation of 6

H
/’N\\ |—:P’Bu2 1 equiv. KOtBu
th// “~co DMSO-dg, 25 °C, 5 min.
0 o
0

(89%)

isolate in high purity,> as it is extremely moisture sensitive;
however, an in situ-generated sample of 7 was fully
characterized by 'H and "*C NMR spectroscopy.

To probe whether 7 can participate in steps ii and iii of the
catalytic cycle proposed in Scheme 6, a sample of 7°° was
heated in DMSO-dj in the presence of 1 bar of a 4:1 mixture of
H,:CO, at 120 °C for 1 h in the absence of exogenous base
(Scheme 8). Under these conditions, 15% yield of HCOOK

Scheme 8. Stoichiometric Conversion of CO, to Formate
with 7
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was detected.®® This result suggests that the 6-catalyzed
hydrogenation of CO, (Scheme 6) is a potentially viable
route to formate, albeit a likely minor pathway relative to that
depicted in Scheme 3.

In summary, this paper has shown that Ru(PNN)(CO)(H)
(3), a known ester hydrogenation catalyst, can also catalyze the
hydrogenation of CO, to formate in the presence of a base. The
transformation is proposed to proceed through a mechanism
involving (i) heterolytic cleavage of H, at 3 to form a Ru—
dihydride species, (ii) CO, insertion to generate a Ru—formate
complex, and (iii) base-promoted release of formate. The
teasibility of each of these proposed mechanistic steps has been
demonstrated through stoichiometric studies of organometallic
intermediates. Ongoing work in this area aims to exploit this
newfound reactivity of 3, in combination with its ester
hydrogenation activity, to accomplish 3-catalyzed production
of MeOH from CO,.

2415

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic data in CIF format. Further details are given in
Figures S1—S7 and Tables S1—S4. This material is available free
of charge via the Internet at http://pubs.acs.org.
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