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ABSTRACT: The bis-imidazolium salt, 1,1-bis(N-methylimidazolium) acetate bromide, is a convenient precursor for the
synthesis of zwitterionic iridium(I) [Ir(cod){(MeIm),CHCOO}] and cationic iridium(III) [IrH(cod){(MeIm),CHCOO}]"
compounds (Melm = 3-methylimidazol-2-yliden-1-yl) having a carboxylate-functionalized bis(NHC) ligand. The
[Ir(cod){(MeIm),CHCOOY}] compound catalyzes the hydrogenation of CO, to formate in water using NEt, as base reach-
ing turnover numbers of approximately 1500. Reactivity studies have shown that activation of the catalyst precursor in-
volves the reaction with H, in a multistep process that result, under catalytic conditions, in the formation of a dihydrido
iridium(IIT) octahedral [IrH,(H,O){(Melm),CHCOO}] species stabilized by the x>-C,C’,O coordination of the ligand. DFT
studies on the mechanism were carried out to elucidate two possible roles of the base. In the first one, NEt; neutralizes
only the produced formic acid whereas in the second it assists the proton transfer in heterolytic cleavage of the H, mole-
cule. Although this base-involved mechanism is more favourable exhibiting a lower energy span for the overall reaction,
the energy barrier obtained from kinetic experiments suggests that both mechanisms could be operative under the exper-
imental reaction conditions.

INTRODUCTION formamides, formate esters or silyl formats,® as well as in
the methylation of NH bonds.”

The major hurdle for the direct conversion of carbon
dioxide into formic acid is the combination of unfavorable
reaction thermodynamics with the high kinetic stability
of CO, toward reduction. While the hydrogenation of CO,
in the gas phase is endergonic (AG® (g) = + 7.9 kcal mol™),
it is slightly exergonic in suitable solvents and in particu-
lar in aqueous phase (AG® (aq) = - 1 kcal mol™).**® Using in
addition a base that neutralizes the produced formic acid
makes the reaction even more exergonic and drives the
reaction equilibrium toward the formate salt product.’ It
has been also shown, however, that the base can partici-
pate in the catalytic cycle by assisting the heterolytic
cleavage of the H, molecule.’ At the same time, acid/base
equilibria of CO, in water must be also considered for the
kinetics of the transformation.”” CO, reaches equilibrium
with bicarbonate and carbonate under basic conditions.
The equilibrium concentrations of CO,/HCO;/CO,” are
highly dependent on pH, temperature and CO, pressure,

Formic acid, the simplest carboxylic acid, is commonly
found in nature in the bites and stings of insects. As in-
dustrial chemical it is produced mainly from methyl for-
mate generated by carbonylation of methanol. It is also a
by-product of petroleum refining (naphtha partial oxida-
tion), biomass processing, and several industrial organic
syntheses. In addition to its applications in agriculture
and in the textile and leather industries, formic acid has
been proposed as an energy carrier (formic acid fuel cells)
and also as a potential chemical hydrogen storage sys-
tem.”” The use of CO, as a (1 feedstock for producing
fuels and chemicals is an attractive strategy that poten-
tially may be helpful in the reduction of the carbon foot-
print at the interface of the chemistry and energy sectors.’
Consequently, intensive research efforts have been devot-
ed to the search of efficient catalysts for formic acid pro-
duction via hydrogenation of carbon dioxide.** In particu-
lar, organometallic complexes of the late transition metals
have shown catalytic activity for CO, hydrogenation to
formic acid or its derivatives such as formate salts,



and the actual reactive species may change with the reac-
tion conditions.

Inoue et al. firstly reported the homogeneous catalytic
hydrogenation of CO, into formic acid in seventies.'
Since then, many transition-metal complexes based on
ruthenium, rhodium, iridium, iron and cobalt have been
extensively investigated. A common feature of most cata-
lytic systems is that all key transformations occur at the
metal center whereas the ligands act as spectators. How-
ever, in the last decade, the design of catalytic systems
involving the active participation of the ancillary ligands
have allowed for the development of outstandingly active
catalytic systems for the reduction of CO,.*"

Himeda et al. developed a series of water soluble half-
sandwich Cp*Ir(Ill) complexes having proton-responsive
ligands, such as dihydroxy-substituted 2,2’-bipyridine or
1,10-phenanthroline, and a dinuclear catalyst with a tetra-
hydroxy-substituted bipyrimidine as a bridging ligand,
which have successfully been applied to the hydrogena-
tion of CO,.” A seminal contribution was made by Nozaki
et al. that disclose the iridium(IIl) [IrH,(PNP)] catalysts
featuring a pyridine-based pincer ligand (PNP = 2,6-
bis(di-isopropylphosphino-methylene)pyridine) ~ which
showed very high catalytic activity for the hydrogenation
of CO, to formate under basic conditions.” Subsequently,
Hazari et al. developed a related water soluble iridium
trihydride catalyst featuring a flexible pincer amine-
diphosphine ligand, [IrH,(PNP)] (PNP = HN(C2H4PiPr2)2).
Interestingly, the reaction proceeds through an outer-
sphere mechanism in which the N-H moiety plays a cru-
cial role.” A related iridium pincer catalyst featuring an
imine-diphosphine ligand operating through a mecha-
nism involving metal-imine cooperative catalysis has
been recently reported by Zhou.'

Transition metal catalysts based on lutidine-derived
pincer ligands exhibit a “non-innocent” behavior through
metal-ligand cooperation involving an aromatiza-
tion/dearomatization mechanism associated to H, activa-
tion, one of the key steps in the catalytic cycle of CO,
hydrogenation.” In addition, it has been demonstrated
that ruthenium complexes having lutidine-derived pincer
ligands are also able to cooperatively interact with CO,
after being dearomatized by reaction with a strong base,
resulting in the formation of a M-O bond and C-C bond
to the exo-cyclic methine carbon of the pincer arm.”
However, this interaction is usually reversible and does
not hamper the catalytic activity under the appropriate
catalytic conditions. In fact, compound [RuH(CO)(PNN)]
(PNN = 2-(di-tert-butylphosphinomethyl)-6-
(diethylamino-methyl)pyridine) shows an excellent cata-
lytic activity in the hydrogenation of CO, to formate.”
Noteworthy, Pidko et al. reported a catalytic activity to a
TOF of 1.1 10° h™” of catalyst [RuHCI(CO)(PNP)] (PNP =
2,6-bis(di-tert-butylphosphino-methylene)pyridine)  in
DMF using DBU as base.*

N-heterocyclic carbenes (NHC) have recently attracted
widespread attention in homogeneous catalysis because
of their strong coordination ability and tunable character

that allows for the control of the steric and electronic
properties of the metal centre.” However, only a limited
number of catalysts based on such ligands for the hydro-
genation of CO, have been hitherto reported. Peris et al.
disclosed the catalytic activity of a series of water-soluble
ruthenium and iridium complexes having bis-NHC lig-
ands for the reduction of CO, to formate with hydrogen
and by transfer hydrogenation.” The catalytic activity for
carbon dioxide hydrogenation and formic acid dehydro-
genation of iridium and ruthenium complexes featuring a
bidentate ligand containing a NHC and a pyridinol ring
has been very recently described by Grotjahn et al.” Final-
ly, the catalytic activity in CO, hydrogenation of lutidine-
derived bis-N-heterocyclic carbene ruthenium CNC-
pincer complexes has been studied by Pidko et al. They
observe irreversible formation of a stable CO, adduct that
is not catalytically competent. However, this deactivation
pathway can be effectively suppressed by an increase of
the H,/CO, ratio resulting in a high catalytic perfor-
mance.*

In recent years our research interest has been focused
on the synthesis and catalytic applications of transition-
metal complexes containing functionalized NHC ligands
of hemilabile character.”> We have now envisaged the
potential of carboxylate-functionalized bis(NHC) ligands
for the construction of a metal-ligand platform with ap-
plication in catalysis. The carboxylate group at the linker
should confer hemilabile properties to the ligands allow-
ing for the stabilization of catalytic intermediates through
the >-C,C’,O-tridentate coordination mode. The aim of
this work is the preparation of a water-soluble iridium
catalyst precursor comprising this principle for the hy-
drogenation of CO, in water and the investigation of the
reaction mechanism by a combination of experimental
and computational studies.

RESULTS AND DISCUSSION

Synthesis and reactivity of iridium complexes bear-
ing a carboxylate-functionalized bis(NHC) ligand.
The carboxylate-functionalized bis-(imidazolium) salt
precursor was prepared according to the general synthetic
method entailing the alkylation of N-alkylimidazole with
a suitable functionalized alky bromide.*® Thus, reaction of
ethyl dibromoacetate with an excess of N-
methylimidazole in THF at 343 K for 72 h gave a brown
slurry from which the salt 1,I’-bis(N-methylimidazolium)
acetate bromide, [(MeImH),CHCOO] Br (1), was obtained
as a white hygroscopic solid in 79% yield after recrystalli-
zation from methanol/acetone (Scheme 1).

Scheme 1. Synthesis of 1,1-bis(N-methylimidazolium)
acetate bromide.
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The isolation of 1 is, to certain extent, an unanticipated
result because the formation of the ester functionalized
bis-imidazolium salt [(MeIlmH),CHCOOEt]Br, should be
expected. However, under anhydrous reaction conditions
and in the presence of a large excess of bromide, nucleo-
philic substitution by bromide likely results in the for-
mation of ethyl bromide and the carboxylate moiety.*

The salt 1 has been characterized by means of FT-IR, 'H
and ®C{'H} NMR spectroscopy, as well as mass spectrome-
try. Although the ESI+ mass spectrum of 1 only shows the
cation fragment resulting from the decarboxylation of the
compound, the ATR-IR spectrum showed two intense
absorption bands at 1671 and 1367 cm™ corresponding to
the asymmetric and symmetric -COO stretching modes,
respectively, of the carboxylate fragment. The 'H NMR
spectrum of 1 in DMSO-dy showed a set of five resonances
in agreement with the proposed structure of Cs symmetry.
The low-field shifted resonance at & 9.50 ppm corre-
sponds to the equivalent NCHN imidazolium protons
whereas the CHCOO was observed at 7.19 ppm. Interest-
ingly, both resonances were not observed in the 'H NMR
spectrum recorded in CD,0OD as a consequence of fast
H/D exchange, which is in agreement with the acid char-
acter of both types of protons. The most relevant reso-
nances in the *C{'H} NMR spectrum of 1 (DMSO-d;) are
those of the CHCOO fragment which were observed at &
159.5 (COO) and 70.4 (CH) ppm, respectively.

The synthesis of the zwitterionic iridium(I)
[Ir(cod){(MeIm),CHCOO}] (2) compound was accom-
plished by using the in-situ deprotonation of the func-
tionalized bis-imidazolium salt methodology.”® Thus,
sequential reaction of [(MeImH),CHCOO]Br (1) with half
equivalent of [Ir(p-OMe)(cod)], and NaH (60% oil disper-
sion) in MeOH gave a dark red solution from which com-
plex 2 was isolated as a red microcystalline solid in 70%
yield after removing the inorganic salts (Scheme 2). It is
worth mentioning that 2 could not be prepared by reac-
tion of 1 with NaH (2 equiv) and [Ir(p-Cl)(cod)],. In spite
of the strict reaction conditions required for the synthesis
and isolation of 2, in particular exclusion of oxygen and
moisture, the compound is soluble and stable in metha-
nol or water under argon.

Scheme 2. Synthesis of carboxylate-functionalized
bis(NHC) iridium(I) and iridium(III) complexes.
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The zwitterionic character for 2 was established by an
X-ray diffraction analysis. The ORTEP view of the com-
plex and selected bond lengths and angles are given in
Figure 1. The complex contains a «*-C,C’ coordinated bis-
NHC ligand and a bidentate cod ligand resulting in a
distorted square planar geometry at the metal centre. The
observed angle ¢ = 18.6° (Figure 1b) between plane A -
through Ir(1), C(1) and C(9) - and plane B - through Ir(1),
centroid [C(15)-C(16)] and centroid [C(19)-C(20)] - clearly
indicates a deviation from the ideal square planar geome-
try similar to that observed in the related cations of for-
mula  [M(cod)(bis-NHC)]*  (bis-NHC =  meth-
ylenebis(imidazol-2-ylidene) (M = Rh,* Ir*°).

The iridium-bis-NHC metallacycle adopts a puckered
conformation with a dihedral angle of 60.4° between the
least square planes containing each carbene ring. Also
yaw angles™ of 6.72 and 8.32 have been observed for the
C(1)- and C(9)-carbenes, respectively. The Ir(1)-C(1) and
Ir(1)-C(9) bond lengths (2.048(3) and 2.036(3) A) and the
C(1)-Ir(1)-C(9) bite angle (83.57(12)?) are similar to those
reported for related chelate bis-NHC iridium complexes.*
When dealing with the carboxylato group, the C(14)-O(1)
and C(14)-O(2) bond lengths (1.244(4), 1.252(4) A) and the
0(1)-C(14)-0O(2) angle of 128.4(3)° are indicative of a delo-
calised negative charge. In addition the lattice methanol
molecules are found to interact with the oxygen atoms of
the carboxylate groups with O-H.-O contacts of 2.7 A
(av.) and almost lineal D-H-A angles (See Supporting
Information).



Figure 1. a) ORTEP view of [Ir(cod){(Melm),CHCOOY}] (2)
with the numbering scheme adopted. Ellipsoids are at the
50% probability and the hydrogen atoms are omitted for
clarity; b) View of the angle ¢ between plane A (Ir(1) C(1)
C(9)) and plane B (Ir(1) centroid[C(15)-C(16)] centroid[C(19)-
C(20)]). Selected bond lengths (A) and angles (2): Ir(1)-C(1)
2.048(3), Ir(1)-C(9) 2.036(3), Ir(1)-ct(1) 2.0758(1), Ir(1)-ct(2)
2.0581(1), C(15)-C(16) 1.396(5), C(19)-C(20) 1.397(5), C(14)-O(1)
1.244(4), C(14)-0(2) 1.252(4), C(1)-Ir(1)-C(9) 83.57(12), OG)-
C(14)-0(2) 128.4(3), C(1)-Ir(1)-ct(r) 95.77(8), C(1)-Ir(1)-ct(2)
161.51(9), C(9)-Ir(1)-ct(1) 178.91(9), C(9)-Ir(1)-ct(2) 94.49(8),
ct(1)-Ir(1)-ct(2) 85.86(1). ct(1): centroid[C(15)-C(16)], ct(2):
centroid[C(19)-C(20)].

The 'H and ®C{'H} NMR spectra of 2 in CD,OD are in
agreement with the molecular structure of C, symmetry
found in the solid state. The existence of the iridium-
carbene bonds was confirmed by the absence of reso-
nances for the imidazolium protons in the '"H NMR spec-
trum and the singlet resonance observed at § 176.25 ppm
in the *C{'H} NMR spectrum. In addition, the presence of
two resonances at § 4.67 and 4.42 ppm for the =CH pro-
tons of the cod ligand in the 'H NMR spectrum that corre-
late with those at 81.4 and 75.3 ppm in the *C{'H} NMR
spectrum suggests a rigid boat conformation of the 6-
membered metallacycle in solution.

In sharp contrast, reaction of [(MelmH),CHCOO]Br (1)
with a suspension of [Ir(u-OMe)(cod)], (half equiv) in
MeOH at 323 K for 48 h gave a yellow-orange suspension
of the iridium(III) [IrH(cod){(MeIm),CHCOO}|Br (3-Br)
compound which was isolated in 78% yield (Scheme 2).
Most likely, the formation of 2 and 3-Br proceeds through
the common intermediate  species of  type
[IrBr(NHC)(cod)] that results from the deprotonation of

one of the imidazolium fragments in 1 by the bridging
methoxo ligands of [Ir(u-OMe)(cod)],. Further deproto-
nation of the pendant imidazolium fragment by NaH or
NaOMe, formed by reaction of NaH with MeOH, should
result in the formation of 2 after elimination of NaBr.
However, in the absence of additional base the oxidative
addition of the acidic C2-H of the pendant imidazolium
fragment® affords the iridium(Il)-hydrido species 3"
which was isolated as the bromide salt (Scheme 2).

The species 3" has been characterized by multinuclear
NMR spectroscopy and mass spectra (ESI+), which
showed the molecular ion at m/z 521.2 with the correct
isotopic distribution. In addition, the molecular structure
of the triflate salt 3:OTf has been determined by an X-ray
diffraction study (see below). The 'H NMR spectrum of
3-Br in DMSO-d¢ showed a singlet at 3 -19.05 ppm which
is consistent with the presence of an Ir-H bond. In addi-
tion, the number of resonances in the 'H and *C{'H} NMR
spectra suggests an octahedral structure of C; symmetry
with the symmetry plane relating both halves of the bis-
NHC and cod ligands. Interestingly, the resonance for the
equivalent carbene carbon atoms was observed at & 149.6
ppm, considerably high-field shifted compared to that of
2 (176.2 ppm) likely as a consequence of the coordination
to the Ir(Il) centre. On the other hand, the «>-C,C,0
coordination of the carboxylate-functionalized bis(NHC)
ligand results in a significant down-field shift of the
CHCOQO resonance at 3 6.89 ppm which is a diagnostic
for this coordination mode. In the same way, the =CH
resonances of the cod ligand were observed at § 5.90 and
4.67 ppm largely down-field shifted compared to those of
2. The hydrido ligand in 3" undergoes fast H/D exchange
in CD,OD at room temperature suggesting an acidic
character.*

Scheme 3. Protonation of [Ir(cod){(Melm),CHCOO}] (2)
by HOT{.

& o) *oTf T
/ C
§ (0]
7
\Ir+\(l\'l sl N 2 | ol
Lo
\N’( ) MeOH, 223K [N)R— |\|
N \ H
NS0
2 3-0TF (77 %)
Interestingly, the zwitterionic complex

[Ir(cod){(MeIlm),CHCOO}] (2) reacts with HOTf in di-
chloromethane at 223 K to give a yellow suspension of the
salt 3-OTf which was isolated in 77% yield (Scheme 3).
The 'H NMR spectra of 3-OTf in CD,0D (273 K) showed
the characteristic singlet at § -19.05 ppm that confirmed
the formation of the iridium(IIl)-hydrido complex 3*. In
spite of the presence of a basic uncoordinated carboxylate
fragment in 2, protonation likely takes place directly at
the basic iridium centre resulting in the formation of an
unsaturated square-pyramidal iridium (III) species. This



unusual geometry enforces the coordination of the car-
boxylate moiety to give the octahedral species with the
functionalized bis-NHC ligand coordinated in fac-
disposition.

The solid state structure of 3-OTf was determined by
single crystal X-ray diffraction. The molecular structure of
the cation [IrH(cod){(Melm),CHCOOY}]" is shown in Fig-
ure 2. The coordination polyhedron at the metal centre is
a distorted octahedron. The «*-C,C,O bis-NHC ligand
adopts a fac coordination mode and the coordination
sphere is completed by the hydride ligand, trans to O(1)
(H(@)-Ir(1)-O(1) 172(1)?), and the bidentate cod ligand.
The bite angle C(1)-Ir(1)-C(9) (82.9(1)?) and the Ir(1)-C(1)
and Ir(1)-C(9) bond lengths (2.029(3), 2.028(3) A) are
similar to those observed in the iridium(I) derivative 2.
Nevertheless, reasonably as a consequence of the -
C,C’,0O coordination to the metal centre, both the dihedral
angle between the least square planes containing each
carbene ring (69.6°) and the yaw angles of the C(1)- and
C(9)-carbene moieties (9.5°, 9.22) are bigger than those
observed for the square planar complex 2.

Figure 2. ORTEP view of the cation
[IrH(cod){(MeIm),CHCOO}]" in 3-OTf with the number-
ing scheme adopted. Ellipsoids are at the 50% probability
and the hydrogen atoms, except H(1), are omitted for
clarity. Selected bond lengths (A) and angles (2): Ir(1)-C(1)
2.029(3), Ir(1)-C(9) 2.028(3), Ir(1)-ct(1) 2.0718(1), Ir(1)-ct(2)
2.1618(1), Ir(1)-O(1) 2.188(2), Ir(1)-H(1) 1.55(2), C(15)-C(16)
1.377(4), C(19)-C(20) 1.382(4), C(14)-O(1) 1.281(3), C(14)-
0(2) 1.221, C(1)-Ir(1)-C(9) 82.9(1), C(1)-Ir(1)-ct(1) 97.40(7),
C()-Ir(1)-ct(2) 177.34(7), C(9)-Ir(1)-ct(1) 178.00(7), C(9)-
Ir(1)-ct(2) 96.51(7), ct(1)-Ir(1)-ct(2) 83.323(3), O(1)-Ir(1)-
H@) 172(1), O@-Ir(1)-C(1) 84.67(9), OQ)-Ir(1)-C(9)
86.04(8). ct(1): centroid[C(15)-C(16)], ct(2): cen-
troid[C(19)-C(20)].

Hydrogenation of CO, to formate catalyzed by
[Ir(cod){(MeIlm),CHCOOY}] (2). The catalytic activity of
the zwitterionic iridium(I) complex 2 for the hydrogena-
tion of CO, was evaluated. The reactions were carried out
under 60 atm of 2:1 H,/CO, in a 1.8 M solution of NEt; in
water in the presence of 0.07 mol% of iridium catalyst at

110 °C. The catalytic results obtained in the hydrogenation
of CO, under these reaction conditions are shown in Ta-
ble 1. Analysis of the final reaction solution evidenced in
all cases the exclusive formation of the triethyla-
mine/formic acid adduct as product. Conversion values
were calculated from the HCOOH/NEt, ratio and the
amount of base added in each experiment with the 11
adduct typically observed in aqueous phase defined as
100% of conversion. The values are averaged from at least
two measurements with a reproducibility of +5%. A nega-
tive mercury drop test indicated that iridium nanoparti-
cles are not involved in the catalytic process.

Table 1. Hydrogenation of CO, to formate catalyzed by 2.

ir]
- + +
1.8 M NEty/H,0 HCOO HNEts

Entrv Cat T t mmol [HCOO yield
W Raboc hHCOO (M) (%)

1 2 10 4 3.65 0.91 51 729 182

CO, + Hy

TON® TOF®

> 2° 10 20 0.03 0.01 <1 7 03
d
3 2 10 4 269 0.53 54 538 135
4 2° 10 4 243 0.61 34 486 121
5 4 10 4 264 0.66 37 528 132
6 2 1o 2 279 0.70 39 558 279
7 2 10 42 7.3 1.78 99 1427 34
8 2 1o 72 7.5 1.94 108 1550 22
9 2 80 20 3.96 0.99 55 791 40

10 2 1o 20 6.40 1.60 89 1280 64

1 2 140 20 5.74 1.44 8o 148 57
f

12 2 10 20 5.44 1.36 76 857 43

* Catalyst: 5 pmol, at 60 atm (PH,/PCO,: 2/1) in H,O (3
mL), NEt; (1 ml, 717 mmol). ® TONs based on formate con-
centration calculated by '"H NMR in D,O using DMF as inter-
nal standard. TOFs (h™) calculated at the end of reaction
time. “No base.  KOH 1M as base (5 mL, 5 mmol). ¢ DMSO
as solvent. 'H NMR in DMSO-d, using mesitylene as internal
standard. f 60 atm (PH,/PCO,: 1/1)

Under these initial conditions catalyst precursor 2 pro-
vided a 51% yield to formate in 4 h with an average TOF of
182 h™ (entry 1). The presence of the base is essential for
catalysis as no significant catalytic activity was observed
under the same reaction conditions in the absence of base
even at longer reaction times (entry 2). The nature of the
base also influences the catalytic activity. Although NEt,
has been frequently employed as base in CO, hydrogena-
tion reactions,”* a variety of bases have been also evalu-
ated as for example K,CO,, KOH, K;PO,, or KHCO,. In
general, weaker bases result in lower activity and conse-
quently KOH is one of the most used bases for this reac-
tion2°¥2°%227 However, a decrease of activity was ob-
served when the hydrogenation of CO, was performed in
a 1M KOH solution in water, under the same reactions
conditions, giving a 54% of conversion but with a TOF of



135 h™ (entry 3). As can be seen in Table 1, the catalytic
performance of 2 was inferior in DMSO (entry 4) and
consequently, NEt,/H,O was used as reaction medium
throughout the study. Interestingly the related cationic
bis-NHC iridium [Ir(cod){(Melm),CH,}]I (4) compound
lacking the carboxylate functional group is less active
than 2 giving a 37% yield with a TOF of 132 h™ (entry 5),
which suggests that the carboxylate group in the bis-NHC
ligand of 2 has an important role in the catalysis. The
evolution of conversion with the reaction time has been
also studied showing a steady increase of the amount of
formic acid produced (entries 6-8). The highest TOF of
279 h™ was observed at 2 h with a 39% conversion and full
conversion was attained after 42 h with an average TOF of
34 h™. Longer reaction times resulted in higher yields,
which is likely due to the formation of HCOOH/NEt; with
stoichiometry slightly higher than 1:1.

Previous studies have demonstrated that the catalytic
productivity in the hydrogenation of CO, is largely de-
pendent on the temperature.>** In general, the catalytic
productivity expressed as the attained formate concentra-
tion increases with the temperature as in the case of the
Sanford’s [RuH(CO)(PNN)]” catalyst. However, it has
been found that the catalytic productivity of
[RuCL(PTA) 4]8b decrease with temperature which proba-
bly reflects the interplay of catalyst stability and thermo-
dynamic stability of the product. The performance of the
catalyst precursor 2 has been studied in the temperature
range of 80-140 °C (entries 9-11). At 80°C the hydrogena-
tion proceeds up to 55% of conversion after 20h. As it
could be expected, an increase of the catalytic activity was
attained at 110 °C with a 89% conversion after the same
reaction time. However, a 140 °C a slight decrease in con-
version was observed, which is most likely due to catalyst
deactivation. Finally, the influence of the H,(g) partial
pressure on the catalytic activity was studied. It has been
found that lowering of the H,(g) partial pressure main-
taining the total pressure results in a decreased of the
catalytic activity with a 76% of conversion in 20 h (entries
10 and 12) which is in agreement with the results reported
by Nozaki et al."*

In order to determine the activation parameters for the
hydrogenation of CO, to formate catalyzed by 2, the tem-
perature influence on the reaction rate was further inves-
tigated. A set of catalytic experiments was performed
under 60 atm of 2:1 H,/CO, in a 1.8 M solution of NEt, in
water (0.07 mol% iridium catalyst load) in the tempera-
ture range 50-110 °C. The obtained results after two hours
reaction time are summarized in Table 2. As can be seen,
a steady increase in the formate yield was attained with
increasing the temperature, with the largest TOF value of
279 h™at no °C.

Table 2. Influence of temperature on the hydrogenation
of CO, to formate catalyzed by 2.

Cat T t mmol [HCOO yiel

b
°C h HCOO (M) d TOF

Entry TON®

(%)

1 2 50 2 027 0.07 4 54 27
65 2 036 0.09 5 58 36

[8)
N

3 2 80 2 o0.64 0.16 9 128 64

4 2 95 2 1.54 0.38 21 308 154

5 2 10 2 279 0.70 39 558 279

* Catalyst: 5 pmol, at 60 atm (PH,/PCO,: 2/1) in H,0 (3
mL), NEt; (1 ml, 7.17 mmol). ® TONs based on formate con-
centration calculated by 'H NMR in D,O using DMF as inter-

nal standard. TOFs (h™) calculated at the end of reaction
time (2 h).

TOF values determined at two hours reaction time were
used to derive the activation parameters by using the
logarithmic form of the Eyring equation (see Supporting
Information). The kinetic parameters obtained from the
Eyring plot (Figure 3) were AH* = 9.3 (3.7) kcal mol”, AS*
= -40. (11.9) cal/K-mol and AG* = 21.2 (5.2) kcal mol™ at
298 K.
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Figure 3. Eyring plot for the hydrogenation of CO, to
formate catalyzed by 2.

Mechanistic studies: reaction of
[Ir(cod){(MeIm),CHCOO}] (2) with CO, and H,. In
order to gain insight into possible catalytic active species
in the hydrogenation of CO, the reaction of 2 with carbon
dioxide and hydrogen under milder conditions was ex-
plored. Stirring of a solution of
[Ir(cod){(Melm),CHCOO}] (2) in MeOH under a CO,(g)
atmosphere immediately resulted in a colour change from
deep red to yellow. However, the solution turned out red
again under vacuum suggesting that the reaction in the
presence of CO, is a reversible process, which was con-
firmed by 'H NMR analysis. Working on a concentrated
suspension of 2 in MeOH (1 mL) under CO,(g) a yellow
solid could be isolated upon addition of diethyl ether. To
our surprise, we found that the '"H NMR spectrum of this
solid showed exclusively the presence of the iridium(III)-
hydrido species [IrH(cod){(Melm),CHCOO}]* (3"). We
hypothesized that adventitious water in methanol could
play a key role in the formation of 3". In fact, compound 2
did not react with CO,(g) in dichloromethane under strict
anhydrous conditions. However, in agreement with our



expectations, the addition of ca. 1 pL of water resulted in
the clean formation of 3". As CO,(g) reversibly forms
carbonic acid in aqueous solution and traces of water are
required to perform the reaction, HCO, was seen as pos-
sible counter-anion of 3" (Scheme 4).

Scheme 4. Reversible formation of
[IrH(cod){(MeIm),CHCOO}]* (3%) from 2 and CO,(g) in
the presence of water.
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In order to confirm this proposal the reaction of 2 with
isotopic labeled carbon dioxide (*CO,) was carried out in
CD,OD in a NMR tube equipped with a Young Valve. The
'H NMR spectrum of the obtained yellow solution con-
firmed the formation of 3" and the ®*C{'H} NMR spectrum
showed, besides the resonance of the dissolved CO, at &
126.3 ppm, a resonance at 3 161.5 ppm which was assigned
to the H®CO, anion (see Supporting Information)®
thereby confirming the formation of 3HCO,.

Most likely the mechanism for the formation of 3" in-
volves the direct protonation of the iridium centre by the
carbonic acid generated under reaction conditions, pK, =
6.35.° In fact, we have shown that protonation of 2 by a
strong acid (HOTY) results in the clean formation of 3.
However, the water attack to a CO, adduct of 2 followed
by proton transfer to the iridium centre assisted by coor-
dination of the carboxylate moiety cannot be ruled out.””

A suspension of [Ir(cod){(Melm),CHCOO}] (2) in
MeOH immediately reacted under a H,(g) atmosphere to
give a pale yellow solution that turned out into an off-
white suspension in a few minutes. Unfortunately the
isolated solid was completely insoluble in common organ-
ic solvents which preclude its characterization. Therefore,
a variable temperature 'H NMR study in CD,0OD was car-
ried out in order to identify possible reaction intermedi-
ates.

As soon as the argon atmosphere was changed by dihy-
drogen immediate reaction between 2 and H,(g) was
observed even at 213 K. The '"H NMR spectrum at 213 K in
the hydride region showed the presence of two main
species. The first one displays two resonances at 8 -10.75
and -13.69 ppm, which showed correlation peaks in the
'H-"H-cosy NMR spectrum, which were assigned to the
zwitterionic  iridium (1Im) dihydride  species
[IrH,(cod){(MeIm),CHCOO}] (5). In agreement with the
unsymmetrical structure of 5 the spectrum shows four
resonances in the range 8 4.82-4.08 ppm for the inequiva-
lent =CH protons of the cod ligand. The second species
displays a single resonance at § -24.40 ppm and was as-
signed to the species [IrH(1-k-4,5-1-

vacuum, Ar

CgH,;;){(Melm),CHCOO}] (6) having a o,n-cyclooctenyl
ligand resulting from the insertion of the coplanar C=C
bond of the cod ligand in 5 into the Ir-H bond (Scheme
5).3*% Increasing the temperature to 233 K caused a
broadening for the hydrido resonances of 5 and an in-
crease in the intensity of the hydrido resonance of 6 (see
Supporting Information). In fact, complete disappearance
of 5 took place at 248 K. Interestingly, a new species fea-
turing two hydrido doublet resonances at 3 -10.03 and -
30.52 ppm (Jyy = 6.1 Hz) appeared at 253 K which was
supposed to be the dihydrido species
[IrH,(coe){(MeIlm),CHCOOY}] (7) (Scheme 5). The small
value of the Jyy coupling constant is indicative of a mu-
tually cis disposition of both hydrido ligands. In addition,
the spectrum showed four resonances for the imidazole-
2-carbene ring protons and other two for the =CH pro-
tons of the coe ligand at 8 4.83 and 4.10 ppm, which is
consistent with an unsymmetrical structure with the
hydrido ligands having very different trans ligands. The
hydrido ligand at 8 -10.03 should be located trans to the
carbenic atom carbon whereas the high-field shifted reso-
nance at -30.52 ppm should correspond to the hydrido
ligand trans to the carboxylate moiety of the functional-
ized bis-NHC ligand «>-C,C’,0 coordinated.*” The mecha-
nism for the formation of 7 likely involves reductive elim-
ination in 6 to give a cyclooctene-iridium(I) intermediate
(not observed) that further reacts with dihydrogen to give
the dihydrido species. However, heterolytic hydrogenoly-
sis of the Ir-C bond in 6 with assistance of the carboxylate
group followed by protonation of the resulting Ir(I) centre
could also lead to the formation of 7.

At this point it is worth of note that the above men-
tioned off-white solid was formed from 248 K upwards
along with formation of cyclooctene. Finally, increasing
the temperature to 293 K resulted in the disappearance of
6. Thus, the off-white solid possibly could be a polymeric
species that results from the elimination of coe from 7.

Scheme 5. Hydrido species identified in the reaction of
[Ir(cod){(MeIm) CHCOOY}] (2) with H,(g) in the tempera-
ture range of 213-293 K.
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Theoretical calculations on the CO, hydrogenation
mechanism. The above described results reveal the abil-
ity of the carboxylate-funcionalized bis-NHC ligand to
stabilize iridium(IIl) octahedral species through the -
C,C’,O coordination mode. On the other hand, the elec-
tron rich iridium centre in [Ir(cod){(Melm),CHCOO}] (2)
promotes the activation of dihydrogen and the hydro-
genation of the coordinated 1,5-cyclooctadiene to cy-
clooctene which has proven to be a labile ligand.* Thus,
under the catalytic reaction conditions (H,O, 60 atm,
PH,/PCO,: 2/1) replacement of the coe ligand in 7 by a
water molecule to give the species
[IrH,(H,O){(MeIm),CHCOO}] (A) can be assumed. In
order to shed light on the reaction mechanism, a compu-
tational study at the DFT level has been carried out. In
the following discussion all the energies are reported in
terms of AG (kcal mol™). The optimized structure of A is
octahedral with the iridium (III) metal centre surrounded
by the functionalized bis-NCH ligand with a «*-C,C,0
facial coordination, two hydride ligands mutually cis
disposed and trans to the carboxylate and imidazole-2-
carbene fragments, and a water molecule trans to the
remaining imidazole-2-carbene fragment, in full agree-
ment to the experimentally observed complex 7.

We have considered three mechanisms. The first one
relies on the active participation of the base in bond
forming/bond breaking chemical events. The second one
is @ mechanism in which the base only deprotonates the
formed formic acid thus creating the necessary driving
force for the reaction.” Thirdly, a mechanism with the
participation of HCO, was investigated.

At first the mechanism involving the assistance of the
amine in the proton transfer during heterolytic cleavage
of the H, molecule is described (Figure 4). In this path-
way, the activation of H, precedes the CO, insertion.

Replacement of the water molecule by a hydrogen mol-
ecule in the catalytic active species
[IrH,(H,O){(Melm),CHCOO}] (A) is by and large energy

neutral (AG = -1.0 kcal mol™) and gives the octahedral
dihydride-dihydrogen complex B with the dihydrogen
ligand trans to one of the imidazole-2-carbene fragments.
Heterolytic cleavage of the coordinated dihydrogen mole-
cule by NEt,, via TSgc with an energy barrier of 5.4 kcal
mol”, gives the anionic trihydride iridium (III) species C
which is 6.6 kcal mol™ more stable than B. Association of
CO, at C leads to minimum D, with the CO, molecule
showing no significant interaction with the metal com-
plex. From D, CO, insertion into a Ir-H bond through a
transition state TSpg (AG* = +9.2 kcal mol™) gives the for-
mate complex E, which is 11.6 kcal mol™ more stable than
B. The intermediate E features a formate molecule coor-
dinated to the iridium center and hydrogen bonded to the
HNELt," cation. In a further step, replacement of the for-
mate product by a water molecule results in the regenera-
tion of the catalytic active species A’ and the release of the
formate product as an acid-base adduct.

NEt, and HCOOH are known to form relatively stable
adducts ranging from 111, 1:2 or 2:5 ratios.*” Here, the de-
termination of the end point energy was calculated as-
suming the formation of a 11 acid-base adduct. In terms
of energy, this base-involved reaction pathway shows an
energy span of the overall reaction of AG* = 16.2 kcal mol”
with the turn over determining intermediate being E (-
12.6 kcal mol™) and the turn over determining transition
state being TSg¢ (4.4 - 0.8 = 3.6 kcal mol™) suggesting that
the reaction should proceed even at room temperature.
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Figure 4. DFT calculated Gibbs free energy profile for
the hydrogenation of  CO, catalyzed by
[IrH,(H,O){(Melm),CHCOOQOY}] in water via amine-assisted
heterolytic H, cleavage (base-involved mechanism).

In an alternative base-free catalytic cycle a low energy
transition state could be identified in which the catalytic
reduction of carbon dioxide starts by insertion of CO, into
the iridium-hydride bond as depicted in Figure 5.*
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Figure 5. DFT calculated Gibbs free energy profile for
the hydrogenation of CO, catalyzed by
[IrH,(H,0){(MeIm),CHCOOY}] in water via water-assisted
heterolytic H, cleavage (base-free mechanism).

CO, insertion takes place by an outer sphere mecha-
nism that entails the nucleophilic attack of the hydride
ligand trans to the imidazole-2-carbene fragment to a CO,
molecule. Passing through transition state TS,p with an
energy barrier of 8.7 kcal mol™, the hydride is transferred
directly from the iridium center to the carbon atom in
CO, to form the formate complex F. This intermediate,
where the formate remains loosely bonded to the coordi-
nated water molecule is more stable than A by 6.4 kcal
mol™. This intermediate rearranges to intermediate G in
which the formate molecule weakly interacts with the
iridium center through the C=0O bond while maintaining
the interaction with the coordinated water molecule.
These interactions provide an energy minimum more
stable than A by 12.5 kcal mol™. Stabilization of formate by
hydrogen bonding has been reported by several authors,
suggesting that solvation effect by H,O decrease the ener-
gy barrier for the insertion of CO, in the M-H bond.%*

Proton transfer from G to the coordinated formate is
possible once the water molecule is replaced by H, gener-
ating H which is uphill by 7.2 kcal mol™.* Proton transfer
from H to the oxygen atom of the formate is mediated by
an external water molecule through TSy; with an energy
barrier of 13.0 kcal mol™ (Figure 6). The heterolytic cleav-
age of the dihydrogen molecule results in the formation
of the dihydride species I having a solvated formic acid
molecule coordinated to the iridium center which is 4.3
kcal mol™more stable than A. Attempts to find an alterna-
tive TSy; where the proton is transferred directly from the
dihydrogen molecule to the oxygen atom of the formate
were unsuccessful despite intensive research. In the last
step of the catalytic cycle, formic acid is dissociated from
the iridium complex and neutralized by the base to form
the acid-base adduct [HNEt;"~-HCOO'] with regeneration
of the catalytic active species A’. It should be noted, that
in water a stabilization of formic acid by the base is not

inevitably necessary as the Gibbs free energy of the for-
mation of formic acid from CO,/H, was computed to be -
1.6 kcal/mol (see Supporting Information). The seemingly
counterintuitive fact that the stabilization by water solely
is stronger than by the base can be debilitated by the facts
that i) the computed 11 Hbase"'HCOO™ adduct might not
be exactly what is present in solution and ii) that hydro-
gen bonding plays a more prominent role in the solvent
water than can be described by using an implicit solvation
model.

In this mechanism the energy span defining intermedi-
ate is G (-12.5 kcal mol™) and the transition state with the
highest energy is TSsr (8.7 - 0.8 = 7.9 kcal mol™), which
gives an overall activation barrier for the reaction of AG* =
20.4 kcal mol™ (12.5 + 7.9 kcal mol™) and thus, the rate-
determining transition state for this pathway is the attack
of the hydride to CO, in TS4. In pure water the computed
Gibbs free overall activation barrier AG* is 19.6 kcal/mol.

Figure 6. Structure of TSy;. Optimized geometry of
TSi; with selected atom distances (A): Ir-O1 2.232, Ir-H1
1.597, Ir-H2 1.740, H2-H3 0.971, H3-O2 1.301, O2-H4 0.989,
H4-O31.707, 03-C11.236, C1-O4 1.256.

Catalytic tests in the absence of base do show catalytic
activity (Table 1, entry 2), albeit with only very limited
product formation. This supports the finding that the
reaction mechanism shown in Figure 5 is catalytically
competent.

The computed energy spans for both mechanisms agree
sufficiently well with the experimental value obtained
from kinetic experiments. However, due to a non negligi-
ble error in the experimental value (AG* = 21.2 (+5.2) kcal
mol™) a clear distinction between the two mechanisms
basing on energy differences only is not possible. Accord-
ingly, both mechanisms should in principle be operative
under the experimental reaction conditions.

In order to explore the possible participation of hydro-
gen carbonate in the catalytic reaction the reactivity of
the catalytic active species [IrH,(H,O){(Melm),CHCOO}]
(A) with HCO, was studied by DFT calculations. HCO;’
can be protonated by the coordinated water molecule of
A through a transition state in which the simultaneous
breaking of C-O bond results in the formation of CO,,
water and the anionic hydroxo
[IrH,(OH){(MeIm),CHCOO}]” complex. The high energy



barrier of 26.5 kcal mol™ for this process along with the
possible subsequent insertion of CO, into the Ir-OH bond
to give stable carbonate species,* that likely is not com-
petent for catalysis, allow to discard this reaction path-
way. Furthermore, transfer of a hydride from A to HCO;
with simultaneous formation of formate and hydroxide
also is not possible due to an even higher barrier (see
Supporting Information).

CONCLUSIONS

The zwitterionic iridium(I) [Ir(cod){(MeIm),CHCOOY}]
and cationic iridium(IlI) [IrH(cod){(Melm),CHCOO}]"
compounds  having a  carboxylate-functionalized
bis(NHC) ligand have been prepared from the salt 1,1-
bis(N-methylimidazolium) acetate bromide. The carbox-
ylate moiety, that remains uncoordinated in the iridi-
um(I) compound, allows the stabilization of the iridi-
um(III)-hydrido compound through the coordination to
the iridium center resulting in a «>-C,C’,O-tridentate faci-
al coordination mode.

The [Ir(cod){(Melm),CHCOO}] compound catalyzes
the hydrogenation of CO, to formate in water using NEt;
as base. Reactivity studies have evidenced that activation
of the catalyst precursor involves the reaction with H,
followed by the hydrogenation of the cod ligand in a mul-
tistep process that results, under catalytic conditions, in
the likely formation of the dihydrido iridium(III) species
[IrH,(H,O){(MeIm),CHCOO}]. In agreement with this,
the related bis-NHC iridium [Ir(cod){(Melm),CH,}]"
compound lacking the carboxylate functional group
showed inferior catalytic performance.

DFT studies on the reaction mechanism have shown
that two mechanistic scenarios are plausible: a) A mecha-
nism in which the base participates in the heterolytic
cleavage of a coordinated dihydrogen molecule in the
species [IrH,(H,){(MeIlm),CHCOO}]. This mechanism is
more favourable in terms of energy with a lower energy
span for the overall reaction. b) The catalytic reduction of
carbon dioxide involving the insertion of CO, into an
iridium-hydride bond of [IrH,(H,O){(Melm),CHCOO}]
which is followed by proton transfer to the coordinated
formate through the heterolytic cleavage of the dihydro-
gen mediated by an external water molecule. In both
cases formic acid is neutralized by the base to form an
acid-base adduct. However, according to the calculations
an entirely base free mechanism in which formic acid is
relased directly can also be operative, which is reflected
by the finding that small amounts of formic acid were
detected in a base free experiment. The computed energy
span for both mechanisms agrees sufficiently well with
the experimental value obtained from kinetic experiments
and thus, both mechanisms could be operative under the
experimental reaction conditions.

EXPERIMENTAL SECTION

General Considerations. All the experimental proce-
dures were performed under an argon atmosphere using

Schlenk or glovebox techniques. Solvents were taken
under argon atmosphere from an Innovative Technologies
PS-400-6 solvent purification system (SPS), or dried fol-
lowing standard procedures and distilled under argon
prior to use. Standard literature procedures were used to
prepare the starting materials [Ir(u-Cl)(cod)],,*” [Ir(u-
OMe)(cod)],*® and [(Melm),CH,]L,* 1-Methylimidazole
(MeImH) and ethyl dibromoacetate were obtained from
Aldrich and Alfa Aesar, respectively, and used as received.
Deuterated solvents CD,OD, CD,Cl, and DMSO-d; were
dried with molecular sieves and degassed by repeated
freeze-pump-thaw cycles. NMR spectra were recorded on
Bruker Avance 300MHz, Bruker ARX 300 or Bruker
Avance 400 MHz spectrometers. Chemical shifts are re-
ported in ppm (parts per million) and referenced relative
to residual peaks of the deuterated solvent. Coupling
constants J are given in Hertz. Full assignment of the
resonances was done by combination of 'H-'H gradient-
selected correlation spectroscopy (COSY), 'H-2C hetero-
nuclear single quantum coherence (HSQC) and 'H-C
heteronuclear multiple bond correlation (HMBC). Mass
spectra and high-resolution mass spectra were obtained
on a Bruker Esquire3o00 plus™ ion-trap mass spectrome-
ter equipped with a standard ESI source. Infrared spectra
were recorded on a 100 FTIR-Perkin-Elmer Spectropho-
tometer equipped with a Universal Attenuated Total Re-
flectance (UATR) accessory made by thallium bromide-
iodide crystals (KRS-5). Elemental analyses for C, H, and
N were carried out in a PerkinElmer 2400 Series II
CHNS/O analyser.

Synthesis of 1,1’-bis(N-methylimidazole) acetate
bromide, [(MeIm),CHCOO]Br (1). Ethyl dibromoace-
tate (0.5 mL, p = 1.9o2 gmL”’, 3.86 mmol) and N-
methylimidazole (1.0 mL, p = 1.03 gmL", 12.50 mmol) were
dissolved in THF (4 mL) into a Teflon-sealed glass vessel
and the solution stirred at 343 K for 72 hours. After cool-
ing to room temperature the brown solid residue was
dissolved in methanol and the solution concentrated to
ca. 5 mL. Addition of acetone (10 mL) gave the salt as
white solid that was filtered, washed with acetone (3 x 10
mL) and dried under vacuum. Yield: 915 mg, 79%. 'H
NMR (298 K, 300 MHz, DMSO-d): 8 9.48 (s, 2H, NCHN),
7.92 (t, Jy.y = 1.8, 2H, CH), 7.74 (t, Ju.y = 1.8, 2H, CH), 7.6
(s, 1H, CHCOO), 3.89 (s, 6H, NCH,). *C{'"H} NMR (298 K,
75 MHz, DMSO-d;): 8 159.5 (COO), 137.9 (Cnen), 123.5,
122.0 (CH), 70.4 (CHCOO), 361 (NCH,;). MS (ESI+,
MeOH, m/z, %): 177.3 ([(MeIlm),CH]*, 75), 95.6
([MeImCHY]", 33). IR (ATR, cm™): 1671 (COO). Anal. Calc.
for C,,H;BrN,O,: C, 39.88; H, 4.35; N, 18.60. Found: C,
39-57; H, 4.57; N, 18.48.

Synthesis of [Ir(cod){(MeIlm),CHCOO}] (2). [Ir(u-
OMe)(cod)], (114.7 mg, 0.173 mmol) was added to a solu-
tion of [(MeIm),CHCOO]Br (1) (103.9 mg, 0.345 mmol) in
MeOH (5 mL) to give a yellow suspension which was
stirred for 30 min. Then, NaH (15.2 mg, 60% oil disper-
sion, 0.380 mmol) was added to give immediately a dark
red solution which was stirred for 4 hours at room tem-
perature. The solution was concentrated to ca. 1 mL under



reduced pressure to give a red microcrystalline solid
which was filtered, washed with cold methanol (2 x 1 mL)
and dried under vacuum. Yield: 125.5 mg, 70%. 'H NMR
(298 K, 400 MHz, CD,0D): § 7.40 (d, Ji.u = 2.0, 2H, CH),
714 (d, Jy.y = 2.0, 2H, CH), 6.38 (s, 1H, CHCOO), 4.67 (m,
2H, =CH cod), 4.42 (m, 2H, =CH cod), 3.77 (s, 6H, NCH,),
2.46-2.33 (br m, 4H, >CH, cod), 2.17-2.12 (br m, 2H, >CH,
cod), 1.72-1.64 (br m, 2H, >CH, cod). *C{'H} NMR (298 K,
101 MHz, CD,0D): § 176.2 (Cncn), 170.1 (COO), 123.1, 122.7
(CH), 81.4 (=CH cod), 76.3 (CHCOO), 75.3 (=CH cod),
38.0 (NCH,), 32.5, 31.2 (>CH, cod). MS (ESI, MeOH, m/z,
%): 5531 ((M + H + MeOH]", 57), 537.1 (M + OH]’, 100),
521.2 ([M + HJ%, 26). IR (ATR, cm™): 1648 (COO). Anal.
Calc. for C,sH,;IrN,O,: C 41.61; H, 4.46; N, 10.78. Found: C
41.61; H, 4.59; N, 10.44. Suitable crystals for X-ray diffrac-
tion analysis were grown by slow evaporation of a concen-
trated solution of the complex in methanol.

[IrH(cod){(MeIm),CHCOO}|Br (3-Br). [(Melm),CH
COO]Br (1) (127.0 mg, 0.422 mmol) was disolved in
MeOH (10 mL) into a Teflon-sealed glass vessel and then
[Ir(n-OMe)(cod)], (139.8 mg, 0.211 mmol) was added. The
suspension was stirred for two days at 323 K to give a
yellow-orange suspension which was concentrated to ca.
2 mL and filtered off via cannula. The yellow solid was
washed with diethyl ether (3 x 5 mL) and dried under
vacuum. Yield: 197.5 mg, 78%. 'H NMR (298 K, 300 MHz,
DMSO-de): 8 7.77 (d, Jun = 1.9, 2H, CH), 7.43 (d, Jun = 1.9,
2H, CH), 6.89 (s, 1H, CHCOOQ), 5.90 (m, 2H, =CH cod),
4.67 (m, 2H, =CH cod), 3.73 (s, 6H, NCH,), 2.77-2.57 (m,
4H, >CH, cod), 2.48-2.40 (m, 2H, >CH, cod), 2.33-2.17 (m,
2H, >CH, cod), -19.05 (s, 1H, Ir-H). *C{'H} NMR (298 K, 75
MHz, DMSO-dy): § 163.8 (COO), 149.6 (Cnen), 124.3, 121.0
(CH), 96.3, 93.6 (=CH cod), 73.2 (CHCOO), 38.4 (NCH,),
31.7, 27.0 (>CH, cod). MS (ESI+, DMSO/MeOH, m/z, %):
521.2 ([M]*, 100). Anal. Calc. for CgH,,BrIrN,O,: C, 36.00;
H, 4.03; N, 9.33. Found: C, 36.08; H, 4.01; N, 9.36. IR (ATR,
cm’™): 2216 (Ir-H), 1654 (COO).

Synthesis of [IrH(cod){(MeIm),CHCOO}|OTf
(3-OTf). HOTf (5.0 pL, p = 1.69 gmL”, 0.056 mmol) was
added to a red suspension of [Ir(cod){(Melm),CHCOO}]
(2) (29.1 mg, 0.056 mmol) in CH,Cl, (3 mL) at 223 K to
give a yellow suspension in 10 minutes. The solvent was
removed under vacuum to give a yellow solid, which was
washed with diethyl ether (3 x 3 mL) and dried in vacuo.
Yield: 28.8 mg, 77%. 'H and “C{'H} NMR data (298 K, 300
MHz, DMSO-d,) evidenced the formation of the cation
[IrH(cod){(MeIm),CHCOO}]*. MS (ESI+, DMSO/MeOH,
m/z, %): 521.2 ([M]", 100). Anal. Calc. for C,;H,,F,IrN,O.S:
C 34.08; H, 3.61; N, 8.37; S, 4.79. Found: C, 34.02; H, 3.60;
N, 8.39; S, 4.81. IR (ATR, cm™): 2224 (Ir-H), 1658 (COO),
1000. Suitable crystals for X-ray diffraction analysis were
grown by slow evaporation of a concentrated solution of
the complex in methanol.

Synthesis of [Ir(cod){(MeIm),CH_}]I (4). The com-
pound was prepared following the procedure described by
Herrmann et al. for the rhodium complex
[Rh(cod){(MeIm),CH,}]I.>° NaH (12.1 mg, 95% oil disper-
sion, 0.480 mmol) and [Ir(p-Cl)(cod)], (73.2 mg, 0.109

mmol) were dissolved independently in ethanol (5 mL)
and the solutions combined and stirred for 30 minutes.
The clear yellow solution was added via cannula to a solu-
tion of [(Melm),CH,]L, in ethanol (5 mL) to give a dark
orange suspension. Stirring for 4 h gave an orange solu-
tion which was concentrated to ca. 1 mL under reduced
pressure. Slow addition of cold diethyl ether (3 mL) af-
forded an orange solid which was filtered, washed with
diethyl ether (3 x 3 mL) and dried in vacuo. Yield: 83.2
mg, 63%. 'H NMR (298 K, 400 MHz, CD,Cl,): § 7.26 (d, Ju.
y = 2.0, 2H, CH), 6.81 (d, Ji.4 = 2.0, 2H, CH), 6.03 (d, Jy.y =
1.9, 1H, NCH,N), 5.82 (d, Ji.i; = 11.9, 1H, NCH,N), 3.82 (m,
4H, =CH cod), 3.79 (s, 6H, NCH,), 2.32-2.06 (m, 4H, >CH,
cod), 2.01-1.80 (m, 4H, >CH, cod). *C{'H} NMR (298 K, 101
MHz, CD,CL,): 8 172.1 (Cnen), 122.2, 119.2 (CH), 63.8 (=CH
cod) and (NCH,N), 39.3 (NCH,), 33.2 (>CH, cod). MS
(ESI", MeOH, m/z, %): 47716 ([M]", 100). Anal. Calc for
C,,H,IIrN,: C 33.83; H, 4.01; N, 9.28. Found: C, 33.92; H,
4.40; N, 9.01.

Reaction of [Ir(cod){(MeIm),CHCOO}] (2) with CO.,.
A low pressure/vacuum (LPV) 5 mm NMR tube equipped
with a Young valve was charged with a suspension of
[Ir(cod){(Melm),CHCOOY}] (2) (12.0 mg, 0.023 mmol) in
CD,0D (0.4 mL). The red suspension was frozen and the
argon atmosphere changed by carbon dioxide to give
immediately a clear yellow solution. The 'H NMR spec-
trum revealed the formation of
[IrH(cod){(MeIm),CHCOO}]* (3"). The *C{'H}-apt spec-
trum of the solution obtained using isotopic labelled
carbon dioxide (®CO,) showed a resonance at § 161.46
ppm which was assigned to the H®CO;" anion.”

Reaction of [Ir(cod){(Melm),CHCOO}] (2) with H,.
A low pressure/vacuum (LPV) 5 mm NMR tube equipped
with a Young valve was charged with a solution of
[Ir(cod){(Melm),CHCOO}] (2) (12.0 mg, 0.023 mmol) in
CD,0D (0.4 mL). The red suspension was frozen and the
argon atmosphere changed by dihydrogen. A variable-
temperature NMR study in the range 213-293 K was un-
dertaken. Selected 'H NMR data for the identified species:

[IrH,(cod){(MeIm),CHCOOY}] (5). 'H NMR (213 K, 300
MHz, CD,OD): § 7.71 (s, CH), 7.44 (s, CH), 7.33 (s, CH),
6.94 (s, CH), 6.55 (s, CHCOO), 4.82 (br, =CH cod), 4.61
(br, =CH cod), 4.50 (br, =CH cod), 4.08 (br, =CH cod),
3.82 (s, NCH,), 3.80 (s, NCH,), -10.75 (s, 1H, Ir-H), -13.69
(s, 1H, Ir-H).

[IrH(1-x-4,5-h-CgH,;){(Melm),CHCOO}] (6). 'H NMR
(248 K, 300 MHz, CD,0OD): § 7.52 (d, J.u = 1.7, CH), 7.46
(d, Jun =15, CH), 723 (d, Juu =17, CH), 7-04 (d, Jun = L5,
CH), 6.48 (s, CHCOO), 5.66 (br, =CH), 4.59 (br, =CH)
(CsH,,), 3.75 (s, NCH,), 3.65 (s, NCH,), -24.40 (s, 1H, Ir-H).

[IrH,(coe){(Melm),CHCOOY}] (7). 'H NMR (298 K, 300
MHz, CD,0D): § 7.60 (d, Ju.n = 1.8, CH), 7.48 (d, Jun = 1.9,
CH), 7.24 (d, Jy.u = 1.8, CH), 7.15 (d, Jy.u = 1.9, CH), 6.53 (s,
1H, CHCOO), 4.83 (br, =CH coe), 4.10 (br, =CH coe), 3.74
(s, NCH,), 3.58 (s, NCH,), -10.07 (d, Ji.u = 5.8, 1H, Ir-H), -
30.55 (d, J.g = 6.1, 1H, Ir-H).

General Procedure for catalytic CO, hydrogenation
experiments. All high-pressure batch catalytic experi-



ments were carried out in a stainless steel autoclave
equipped with a 20 mL glass cylinder and a magnetic stir
bar. After sealing, the reactor was deoxygenated several
times by evacuation-refill (argon) cycles. A solution of the
catalyst precursor (0.005 mmol) in 3 mL of degassed wa-
ter and 1 mL NEt; was transferred to the reactor under
argon via teflon cannula. The autoclave was pressurized
with CO, to 20/30 bar and then H, was added up to a total
pressure of 60 bar. The reaction mixture was vigorously
stirred and heated in an oil bath at 353-413 K for the ap-
propriate reaction time. Thereafter, the autoclave was
cooled in an ice bath, the unreacted gases carefully re-
leased and the reaction solution analysed by '"H NMR with
DMF (dimethylformamide) as internal standard. TONs
were found to be reproducible within + 5% from two or
three independent runs for selected experiments.

Computational details. DFT calculations performed
in this work were carried out with the Gaussianog pro-
gram (revision D.o1).>" All structures were calculated with
the MN12-L functional®® and the def2-TZVP* basis set in
combination with the associated ECP for iridium.** The
automatic density fitting approximation was activated.”
To account for solvent effects the solvent water was im-
plicitly included in the geometry optimizations by apply-
ing the IEF-PCM, SMD solvation model.*® An elevated
pressure was specified to take entropy effects of the sol-
vent into account (1354 atm).”” The resulting structures
were classified as minima or transition states by frequen-
cy calculations showing no (i = 0) or 1 (i = 1) imaginary
frequency for local minima and transition states, respec-
tively. Thermal corrections were calculated for a tempera-
ture of 298 K. For some compounds mentioned in Figure
S6 of the supporting information the def2-TZVPD basis
set was used for optimizations/energy computations to
properly describe anionic systems. Besides that the same
procedures were applied as mentioned above.

Crystal structure determination for complexes 2
and 3-OTf. X-ray diffraction data were collected at 100(2)
K with graphite-monochromated Mo Ko radiation (A =
0.71073 A) using a narrow w rotation (0.32) on Bruker
SMART diffractometers. The intensities were integrated
by using the SAINT+ program® and corrected for absorp-
tion effects with the SADABS program® integrated in the
APEX2 package. The structures were solved by the Patter-
son’s method with SHELXS-2013% and refined by full-
matrix least-squares methods on F> with SHELXL-2014"
included in the WINGX package.”

Crystal data for [Ir(cod){(MeIm),CHCOO}]-2CH,OH
(2:2CH,0H). C,,H,,IrN,O,, M, = 583.69, monoclinic, P2,/n,
a=103999(5) A, b=14.5133(7) A c=14.2006(7) A,
£=98.9050(10)°, V=2117.56(18) A3, Z=4, pea=1.831 g-cm>,
4#=6339 mm ", F(000)=1152, 0.200X0.250X0.300 mm,
260hx=57.330%, —13<h=13, -19<k=<18, -18<l<18, reflections
collected/unique 24437/5102 [R(int) = 0.0297], da-
ta/restraints/parameters 5102/0/293, GOF 1.028, final R
indices for I>20(I): R=0.0226, wR2=0.0535, R indices for
all data: R;=0.0330, wR2=0.0577, largest diff. peak and hole
1.594 and -o0.727 e A,

Crystal data for [IrH(cod){(Melm),CHCOO}]OTf
(3-0Tf). C, H,,F,IrN,O.S, M,=669.68, monoclinic, P2,/c,
a=8.8790(3) A, b=16.9895(6) A, c=14.9656(6) A, =103.14°,
V=2198.46(14) A, Z=4, peic=2.023 g-cm?, ©=6.234 mm~,
F(000)=1304, 0.110X0.120Xx0.200 mm, 26,.,,=57.382°, -
ushsn, —22<k<22, —20<l<19, reflections collected/unique
25414/5325 [R(int) = 0.0276], data/restraints/parameters
5325/1/371, GOF 1.051, final R indices for I>20(]): R,=0.0193,
WR2=0.0430, R indices for all data: R,=0.0230, WR2=0.0447,
largest diff. peak and hole 11764 and -0.479 e'A .

CCDC-1545126 (2) and 1545127 (3-OTf) contain the sup-
plementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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Figure 4. DFT calculated Gibbs free energy profile for the hydrogenation of CO, -catalyzed
[IrH,(H,O){(MeIm),CHCOOY}] in water via amine-assisted heterolytic H, cleavage (base-involved mechanism).



15 o o
I ? g 0 H
Do b HTR\ o} ¢
r [) 'Son, 0 [ .-0=5
OH, Wi, | - 0,
I W LR“n,
ol 8.7 VR G
L . 7.7
TSAF —_—
i ; TSHI
L o
5 co,
s T JRe)
S Ny N, [ WwOH;
E | [) R
© N | ~~H
¢ [ 0.0 H,O N
“or e Y A 0.8
(O] L A o H™H N B
< | o LS Q oK
s | DR : A~
= o] N \ | O ' 4.3
3] F N N | WwH PN H '\_‘ ; HCOOH
e e 3 5.3 !
w5 [h?a—‘l{\OH | ,'—'5'3 o +H,0
LN \-6.4 “H {Jﬂ 7'
L ; > o}
[ F H,Q - H R, |/,o;C\O_H
., e} | [) 0 Q \
" H W |_--0=C5 NN TH o
/ iy o et
10k o [N) ||r\H N H W TH
- o H N
3 o125
+ 0 ,0// o
3 [ ):Ia\/,,,ﬂr/ / G
st N J'\c‘r” HCOOH + NEt, —* HCOO" + HNEt,*
\

Figure S. DFT calculated Gibbs free energy profile for the hydrogenation of CO, catalyzed by [IrH,(H,0){(Melm),CHCOO}] in water via
water-assisted heterolytic H, cleavage (base-free mechanism).



