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Abstract: The novel [Ru(Acriphos)(PPh3)(Cl)(PhCO2)] [1;
Acriphos = 4,5-bis(diphenylphosphino)acridine] is an excel-
lent precatalyst for the hydrogenation of CO2 to give formic
acid in dimethyl sulfoxide (DMSO) and DMSO/H2O without
the need for amine bases as co-reagents. Turnover numbers
(TONs) of up to 4200 and turnover frequencies (TOFs) of up
to 260 h¢1 were achieved, thus rendering 1 one of the most
active catalysts for CO2 hydrogenations under additive-free
conditions reported to date. The thermodynamic stabilization
of the reaction product by the reaction medium, through
hydrogen bonds between formic acid and clusters of solvent or
water, were rationalized by DFT calculations. The relatively
low final concentration of formic acid obtained experimentally
under catalytic conditions (0.33 mol L¢1) was shown to be
limited by product-dependent catalyst inhibition rather than
thermodynamic limits, and could be overcome by addition of
small amounts of acetate buffer, thus leading to a maximum
concentration of free formic acid of 1.27 molL¢1, which
corresponds to optimized values of TON = 16 × 103 and
TOFavg� 103 h¢1.

The hydrogenation of carbon dioxide to formic acid has been
intensively studied as an organometallic-catalyzed transfor-
mation of CO2 for a long time.[1, 2] The reaction has seen
increasing interest recently because of the growing interest in
the potential of CO2 as either a raw material for chemical
production or as an energy vector to store or harvest
renewable energy via H2.

[3, 4] The challenges to be met for

these applications are related to the thermodynamic insta-
bility of formic acid relative to the gaseous starting materials
and to the rate at which a given catalyst can shift the
equilibrium to the desired direction [Scheme 1, Eq. (1)].[2a]

While a variety of highly active molecular catalysts allowing
turnover frequencies (TOFs) of several hundred thousand
catalytic cycles per hour have been reported for the hydro-
genation of CO2 to formic acid, the reaction systems typically
involve stoichiometric amounts of an amine or other strong
bases as co-reagents.[3,5] Whereas the main role of the base can
be associated with the enthalpic stabilization of the product
by its conversion into formate salts or adducts [Scheme 1,
Eq. (2)], there is also evidence that amine bases, in particular,
can have a positive impact on the reaction rate. For example,
they can be involved in the catalytic cycle by assisting the
heterolytic hydrogen splitting for hydrogenolysis of the M¢O
bond in metal–formate intermediates.[6]

In early studies, dimethylsulfoxide (DMSO) and water
were identified as favorable solvents for CO2 hydrogenation
on the basis that hydrogen bonding would play an important
role for the stabilization of formic acid [Scheme 1, Eq. (3)].[7]

Although formation of free formic acid was observed in
DMSO with the most active rhodium-phosphine catalysts at
the time, concentrations remained low in contrast to the
reaction conditions comprising additional amines. In 2014,
Laurenczy et al. reported the first catalyst system allowing
high concentrations of free formic acid in DMSO, in the
absence of a base.[8] With the ruthenium complex [Ru(Cl)2-
(PTA)4] (PTA = 1,3,5-triaza-7-phosphaadamantane), turn-
over numbers (TONs) of up to 749 were achieved within
120 hours, thus resulting in a final HCOOH concentration of
1.9 molL¢1 under optimized reaction conditions [T= 60 88C
and p88(H2/CO2, 1:1) = 100 bar]. While this paper was under
review, the group of Li reported an iridium complex which is
capable of performing the base-free direct hydrogenation of
CO2 to form formic acid in water with a final concentration of
0.12 molL¢1.[9] In the present contribution, we disclose a new

Scheme 1. Gibbs free energy (DrG) and enthalpy (DrH ; all in kcal
mol¢1) for the reaction of CO2 and H2 to formic acid [Eq. (1)]. The
reaction is endergonic, however, the Gibbs free energy, DrG, can be
rendered exergonic by the addition of bases [Eq. (2)] or a stabilizing
solvent [Eq. (3)].
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base-free catalytic system which yields high concentrations of
free formic acid with very high TOFs and TONs, thus
providing additional insight into the interconnection of
kinetic and thermodynamic control factors.

The precatalyst 1 was readily synthesized in 74 % yield by
stirring a toluene solution of [Ru(PPh3)3(Cl)(PhCO2)] (2)[10]

and the Acriphos ligand[11] 3 for about 16 hours at 50 88C
(Scheme 2). The rationale behind the design of 1 was to
introduce the robust and very stable pincer-type coordination
of 3[12] into ruthenium-chloro-benzoate complexes, which
were recently shown to provide efficient precursors for highly
active hydrogenation catalysts.[13]

The molecular structure of 1 in the solid state was
determined by single-crystal X-ray crystallography (Figure 1).
The Acriphos ligand coordinates as expected, tridentate-
meridionally with a P1-Ru-P2 angle of 160.588. The benzoate
ligand binds in a k1-mode, as one PPh3 molecule of the starting
complex completes the octahedral coordination geometry.
The PPh3 ligand is in a trans position to the N-donor in the
Acriphos backbone. The 31P{1H} NMR spectrum of 1 shows
a triplet at d = 33.4 and a doublet at d = 39.7 ppm with
a coupling constant of 29.8 Hz, thus reflecting the trigonal
planar arrangement of the three P-donor atoms. All analytical
data (1H, 13C, and 31P NMR spectroscopy, as well as mass
spectrometry) are in accordance with the structure in the solid
state and in solution (see the Supporting Information).

The complex 1 was found to be active in the hydro-
genation of CO2 in DMSO, without any further additives,
under mild standard reaction conditions (Table 1, entry 1). A
formic acid concentration of 0.09 molL¢1, corresponding to

more than 103 catalytic turnovers, was determined by
1H NMR spectroscopy in the reaction mixture after
16 hours. Thus an average TOF of 68 h¢1 can be calculated
as the lower limit for catalyst activity. Addition of small
amounts of water of up to 5 vol% led to significantly higher
end concentrations under otherwise identical reaction con-
ditions, thus corresponding to a TON of 4 × 103 and average
TOFs in the range of 250 h¢1 (entries 2 and 3). Additional
increase of the water content led to a decrease of productivity
(entry 4), and finally to almost negligible formation in
aqueous solution with small amounts of DMSO to solubilize
the catalyst (entry 5).

The TONs and TOFsav observed with 1 in DMSO/H2O
(95:5 v/v; Table 1, entry 3) define the highest productivities
and catalytic activities for amine-free hydrogenation of CO2

to date. However, the observed concentration of free formic
acid of 0.33 molL¢1 is significantly lower than in the experi-
ments of Dyson and Laurenczy,[8] who reported up to six-
times higher concentrations under very similar reaction
conditions. If reactions were carried out in the present
system under addition of 0.16 molL¢1 HCOOH at the
beginning of the reaction, the final concentration was still
0.33 molL¢1 after 16 hours. Even more significantly, no
further increase of the formic acid concentration was detected
within experimental error when 0.33 mol L¢1 HCOOH were
added to the reaction mixture. This result clearly indicates
that the maximum productivity that can be achieved with the
catalyst system is limited by the final formic acid concen-
tration, which does, however, not seem to reach the optimum
concentration determined by thermodynamics in the reaction
medium.

To get a more detailed understanding of the thermody-
namic driving force for the stabilization of the product, DFT
calculations were carried out to elucidate the interactions
with DMSO and DMSO/water media. Detailed experimental
studies have revealed the structure of the hydrogen-bonded
adducts of formic acid with moderately to weakly basic

Scheme 2. Synthesis of 1 from 2 and 3.

Figure 1. Structure of 1 in the crystal (thermal ellipsoids shown at
50% probability).[20] Hydrogen atoms as well as the phenyl rings of the
Acriphos ligand were omitted for clarity. Selected atom distances [ç]
and angles [88]: Ru1-P1 2.347, Ru1-P2 2.359, Ru1-P3 2.345, Ru1-O1
2.180, Ru1-N1 2.155, Ru-Cl1 2.441; P1-Ru-P2 160.54, O1-Ru1-P3 95.10.

Table 1: Hydrogenation of CO2 to formic acid in DMSO/H2O mixtures
using 1 as a catalyst.

Entry[a] Solvent c (HCOOH)
[molL¢1]

TON TOFav [h¢1]

1 DMSO (5 ppm H2O) 0.09 1094 68
2 97.5% DMSO 2.5% Water 0.31 4020 250
3 95% DMSO 5% Water 0.33 4200 260
4 90% DMSO 10% Water 0.14 1750 110
5 15% DMSO 85% Water 0.007 85 5

[a] Reaction conditions: 0.23 mmol [Ru], 80 bar H2, 40 bar CO2 (pressure
at room temperature), 60 88C, 16 h, 3.0 mL total solvent volume. TONs
and TOFs are mean values from at least two independent experiments
with a mean deviation of � (5–10)%. TOFav is the average TOF over the
full reaction time, thus defining a lower limit for the maximum activity of
the catalyst.
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tertiary amines,[14] which are the standard stabilizers used so
far. Given the well-established role of DMSO as a hydrogen-
bond acceptor, it is plausible to assume that similar adducts
are formed with the solvent molecules in the absence of
a base. Indeed, a stable 1:1 adduct of HCOOH and DMSO
could be identified and structurally optimized, using the
density functional MN12-L[15] developed by the group of
Truhlar, with a basis set typically used for quantitative
conclusions (def2-TZVP[16]). However, the enthalpic contri-
bution of the hydrogen bond in the adduct was found to be too
small to compensate for the unfavorable entropic contribu-
tion when using an implicit solvent model (see the Supporting
Information). To model the solution-phase process more
realistically, the adduct, as well as the reactants, were
embedded in an explicit solvent cloud of 10 DMSO molecules
and optimized using an implicit solvent model (IEF-PCM;[17]

SMD,[18] see the Supporting Information for details).
The optimized structure of the hydrogen-bonded adduct

in the solvent cloud is shown on the left-hand side of Figure 2.

The hydrogen bridge between the proton of the carboxylate
group of formic acid and the oxygen atom of the solvent
molecule is clearly evidenced by the O–O distance of 2.67 è,
which is significantly shorter than the sum of the van der
Waals radii of two oxygen atoms (3.1 è). The formation of
this adduct is weakly exergonic relative to the solvated
starting materials when a solvent cluster of 10 DMSO
molecules is considered [DrG =¢0.3 kcalmol¢1; Scheme 3,
Eq. (4)]. The computed Gibbs free energy of the reaction is
even slightly more negative (DrG =¢0.6 kcalmol¢1) when
larger clusters of 20 DMSO molecules are considered.

Changing the solvent cloud to DMSO/H2O in a ratio 10:1
resulted in an even larger driving force with a Gibbs free
energy of reaction, DrG, of ¢2.2 kcal mol¢1 [Scheme 3,
Eq. (5)]. This value can be associated with an increased
stabilization resulting from the formation of three hydrogen
bridges between DMSO, water, and formic acid (Figure 2,
right). These computational results provide an analytical
rationale for the thermodynamic stabilization of HCOOH in
these media. They are also in agreement with the experimen-
tal results shown in entries 1–5 of Table 1, where the presence
of small amounts of water led to a significant increase of the
concentration of formic acid in the reaction mixture as
compared to pure DMSO.

The significant Gibbs free energies of reaction calculated
for the realistic solvent models furthermore substantiate the
experimental evidence that the maximum amount of formic
acid of 0.33 molL¢1 obtained in the DMSO/H2O system is not
limited by the thermodynamic equilibrium, but rather by the
kinetic inhibition of 1 at this product concentration. An
obvious parameter which might explain the product inhibition
is the increasing proton concentration in solution resulting
from the formation of HCOOH (pKa = 3.77). Ruthenium
hydride complexes, plausibly inferred as catalytic active
species in CO2 hydrogenation, are well known to be readily
protonated, thus resulting in equilibria between neutral and
cationic complexes.[19] To probe this hypothesis, reactions
were carried out under standard reaction conditions, but in
the presence of acetate buffer (CH3COOH/CH3COONa 1:1,
pH 4.75).

As shown in Table 2, the catalytic hydrogenation in the
buffered solution led indeed to a nearly fourfold increase in
the final formic acid concentration, thus reaching up to
1.3 molL¢1 (entries 1 and 2), which is roughly six-times higher
than the buffer concentration. The productivity of this system
amounts to a TON of 16 310 and the observed TOFav indicates
maximum turnover rates well above 1 000 h¢1. This perfor-
mance is now approaching that of amine-based systems. As
the molar ratio of HCOOH to sodium acetate is greater than
6:1, it can be ruled out that the buffer is acting merely as base
to shift the thermodynamic equilibrium. This was further
substantiated by using acetic acid alone as weak acid (pKa =

4.75) to act as proton buffer. Although it was less effective

Figure 2. Core structures of the hydrogen-bonded adducts in the
calculated clusters of formic acid in DMSO-based media as shown in
Equations (4) [left] and (5) [right] (MN12-L/def2-TZVP(IEF-PCM,
SMD)) with selected O–O distances [ç] highlighting the hydrogen
bridges. The hydrogen atoms of the DMSO molecules were omitted
for clarity as well as the other DMSO molecules of the solvent cloud.
S, C, O, and H atoms are shown in decreasing size.

Scheme 3. Computed (MN12-L/def2-TZVP, IEF-PCM, SMD) Gibbs free
energies (DrG) and enthalpies (DrH ; all in kcalmol¢1) for the hydro-
genation of CO2 in DMSO and DMSO/H2O solvent clouds.

Table 2: Hydrogenation of CO2 to formic acid in buffered DMSO/H2O
mixtures using 1 as the precatalyst.

Entry[a] Additive (molL¢1) c (HCOOH)
[molL¢1]

TON TOFav [h¢1]

1[b] Acetate buffer (0.2) 1.03 13 240 827
2[b] Acetate buffer (0.4) 1.27 16 310 1019
3 Acetic acid (0.16) 0.55 7040 423
4 Acetic acid (0.33) 0.61 8090 505
5 Acetic acid (0.66) 0.83 10 680 670
6 Acetic acid (1.33) 0.79 10 190 640

[a] Reaction conditions: 0.23 mmol [Ru], 80 bar H2, 40 bar CO2 (pressure
at room temperature), 60 88C, 16 h, 3.0 mL total volume (5% H2O), mean
TONs and TOFs from at least two experiments with a deviation of � (5–
10)%. [b] 0.3 mL aqueous acetate buffer of 2.0 molL¢1 (entry 1) and
4.0 molL¢1 (entry 2) concentration, 3.0 mL total volume (10% H2O).
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than in combination with sodium acetate, it still resulted in
a more than a twofold increase of the TONs and TOFsav of the
catalytic system as compared to pure DMSO (entries 3–6).

In summary the complex 1 was shown to be a highly active
precatalyst for the hydrogenation of CO2 to give formic acid
in the absence of amine bases. The productivity of the
transformation is critically determined by a combination of
thermodynamic and kinetic boundaries. Hydrogen bonding
between HCOOH and the Lewis-basic solvent molecules, and
the role of solvent clusters were determined as crucial factors
in providing the necessary thermodynamic driving force for
high equilibrium concentration of formic acid. These high
concentrations can be achieved, however, only if the catalyst
remains active over a wide range of proton concentrations.
Considering the molecular active species and the reaction
medium as an integrated catalytic system is therefore
essential in the rational optimization of the process. Thus,
catalytic turnovers as high as 4200 with average TOFs of
260 h¢1 could be achieved in DMSO/H2O (95:5 v/v), and
improved in buffered solutions to TONs of 16 × 103 and TOFs
of 103 h¢1 at final formic acid concentrations of 1.3 molL¢1.
These data define one of the currently most productive and
active catalytic systems for the hydrogenation of CO2 to
formic acid in the absence of bases as co-reagents.
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