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Long-range metal–ligand bifunctional catalysis:
cyclometallated iridium catalysts for the mild and rapid
dehydrogenation of formic acid†

Jonathan H. Barnard,a Chao Wang,b Neil G. Berrya and Jianliang Xiao*a

Formic acid (HCO2H) is an important potential hydrogen storage material, which, in the presence of

appropriate catalysts can be selectively dehydrogenated to give H2 and CO2. In this work, well defined

N^C cyclometallated iridium(III) complexes based on 2-aryl imidazoline ligands are found to be excellent

catalysts for the decomposition of HCO2H–NEt3 mixtures to give H2 and CO2 under mild conditions with

high turnover frequencies (up to 147 000 h�1 at 40 �C) and essentially no CO formation. The modular

structures of these catalysts have allowed for the construction of structure–activity relationships for the

complexes, leading to the rational optimisation of the catalyst structure with respect to both the rate of

H2 production and catalyst lifetime. In particular, the presence of the remote g-NH unit in the ligand is

shown to be essential for catalytic activity, without which no reaction occurs. Mechanistic studies

suggest that the dehydrogenation is rate-limited by the step of hydride protonation, which is made

feasible by the g-NH unit via an unusual form of long-range metal–ligand bifunctional catalysis

involving formic acid-assisted proton hopping.
1 Introduction

In the quest for the non-polluting fuels of tomorrow, much
attention is directed towards the use of hydrogen.1 However,
despite the high energy density of H2, its low densities, both in
the liquid and compressed gas forms, in conjunction with its
high ammability pose considerable barriers to its widespread
use.2 The sequestering of H2 within stable molecular and
supramolecular systems and its subsequent release may over-
come these barriers and is an important goal for the realisation
of using H2 as a fuel for transportation. Of these storage media,
the use of formic acid (4.4 wt% H2) is particularly attractive.3

Formic acid can be obtained by processing biomass,4 is an
easily handled liquid and importantly, the side-product of for-
mic acid dehydrogenation, CO2, can easily be recycled via
electrochemical methods5 or by catalytic hydrogenation,6

allowing CO2 to be used as a viable H2 storage medium. Formic
acid may be decomposed via a variety of methods, including
transition metal catalysed dehydrogenation to H2 and CO2

7–13 or
by dehydration which is typically promoted by heat or acids.14
erpool, Liverpool, L69 7ZD, UK. E-mail:
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4

However, if the H2 is to be used for the generation of electricity,
any dehydration is undesirable, as CO impurities are not well
tolerated by fuel cells, especially for proton exchange
membrane fuel cells.15

A variety of transition metal catalysts have been reported for
the selective decomposition of HCO2H to H2 and CO2
Fig. 1 Homogeneous catalysts for the dehydrogenation of formic acid.

This journal is ª The Royal Society of Chemistry 2013
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(Fig. 1).7�13 Puddephatt et al.7 rst reported the use of binuclear
ruthenium phosphine complexes for formic acid dehydroge-
nation, achieving a turnover frequency (TOF, mol H2 per mol
catalyst per h) of approximately 500 h�1 with [Ru2(m-CO)(CO)4(m-
dppm)2] aer 0.25 h at room temperature. Later work by Wills
et al.8 has detailed the use of binuclear Ru complexes formed
in situ from Ru(DMSO)4Cl2 and triphenyl phosphine. Both the
groups of Beller9 and Laurenczy10 have utilised ruthenium
phosphine complexes for the decomposition of HCO2H. Beller
and coworkers also reported a catalyst system composed of
[RuCl2(benzene)]2 and 1,2-bis(diphenylphosphino)ethane
which gives high TOFs and turnover numbers (TONs) under the
continuous addition of HCO2H. More recently, the same group
reported the use of in situ generated iron catalysts,11 including
an Fe(II) tetraphos systems which is active in the absence of
amine additives.11c Fukuzumi has reported the use of several
water-soluble complexes including [Cp*Rh(bpy)(H2O)][SO4]2
and [Cp*Ir(H2O)(bpm)Ru(bpy)2][SO4]4 for the dehydrogenation
of HCO2H in water, with the latter giving a TOF of 426 h�1 under
ambient conditions.12 Himeda et al. have reported the use of
[Cp*Ir(4,40-dihydroxy-2,20-bipyridine)] and related complexes
for the dehydrogenation of aqueous HCO2H–HCOONa solu-
tions with TOFs of up to 228 000 h�1 at 90 �C achieved.6k,6q,13

CyclometallatedRu, Rhand Ir complexes16havebeen shown to
be excellent catalysts for a range of novel redox processes
including amine and alcohol racematisation,17 dehydrogenation
reactions18 and transfer hydrogenation.19 Recently, we reported
that cyclometallated Cp*IrCl imido complexes derived from ace-
tophenone imines (Fig. 2) are exceptionally active catalysts for the
reduction of imines using the 5 : 2 HCO2H–NEt3 azeotrope (F/T)
as the hydrogen source.20 During our studies of these and related
complexes, we oen noted varying degrees of gas evolution.
Prompted by these observations and the high modularity of the
imido complexes, we were interested as to whether the intercep-
tion of the Ir–hydride intermediates by protons, rather than imi-
nium cations,20,21 could lead to fast hydrogen evolution. Herein,
we report that a rationally arrived complex shows extremely high
activity for formicaciddecompositionundermild conditions, and
most interestingly, the catalysis involves not only themetal center
but also a NH functionality g to iridium. It appears that H2

formation is facilitated by HCO2H-mediated proton hopping.
2 Results and discussion
2.1 Catalyst development

In contrast to the great majority of catalysts for HCO2H dehy-
drogenation, the well-dened nature of the cyclometallated
complexes, as exemplied in Fig. 2, allows for the detailed and
Fig. 2 Cyclometallated Ir(III) complexes used for transfer hydrogenation.

This journal is ª The Royal Society of Chemistry 2013
rational development of active catalysts. In particular, the
modular structure of these complexes suggested to us that
optimisation of each of the constituent parts of the structure,
independent of one another, might be possible. To facilitate
this, the catalyst structure was considered as four distinct units,
i.e. the cyclometallated aryl ring, the neutral donor group, the
substituents on the donor group and the central metal ion
(Fig. 3), which were then examined in greater detail.

2.1.1 Synthesis of initial cyclometallated complexes. A
range of [Cp*IrCl(N^C)] complexes (1–13) bearing different
nitrogen donor groups were rst synthesised from their parent
ligands (L1–L13) (Fig. 4) and [Cp*IrCl2]2 via the acetate-assisted
cyclometallation protocol reported by Davies et al.16a (eqn (1)).
The Ir complexes were formed in good to excellent yields,
requiring only simple work up procedures and minimal puri-
cation. They also possess excellent stability, necessitating no
protection from air or moisture.

(1)

2.1.2 The effect of the donor group. The complexes 1–13
were then screened as potential catalysts for the decomposition
of the 5 : 2 F/T azeotrope at ambient temperature (25 �C). The
relative effectiveness of each complex was judged by the
comparison of both the initial TOF and the total volume of gas
collected in 2 h reaction time (Table 1). As can be seen, HCO2H
dehydrogenation does occur; however, the nature of the donor
group has a dramatic effect on the catalytic activity. Complexes
with imidamide-based donor groups bearing an NH proton,
such as 2-imidazolyl or 2-imidazolinyl, showed good initial
TOFs of ca. 500–1000 h�1 (Table 1, entries 1–5). In stark
contrast, complexes bearing other N-heterocyclic donors, such
as 2-oxazolinyl (precatalyst 6) or 2-pyridyl (precatalyst 7), dis-
played no observable activity at all. Similarly, the use of imine
(precatalysts 8–9) or saturated benzylamine (precatalyst 10)
derived ligands led to a complete loss of activity. No activity was
observed when [Cp*IrCl2]2 was used, nor did the reaction occur
in the absence of any catalyst (entry 8).

Interestingly, replacing the NH proton in the 2-imidazolinyl
ligand L1 with either electron donating (precatalysts 11–12) or
electron withdrawing (precatalyst 13) substituents led to
Fig. 3 The modular structure of cyclometallated Cp*MCl complexes.
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Fig. 4 Ligands examined during initial catalyst development.

Table 1 The effect of ligand structure on the rate of H2 productiona

Entry Precatalyst
Initial
TOF h�1

Vol H2

(2 h)/mL TON (2 h)

1 1 1090 49 200
2 2 536 44.5 182
3 3 536 46 188
4 4 517 63c 258c

5 5 926 73 298
6 6–13 0 0 0
7 [Cp*IrCl2]2

b 0 0 0
8 None 0 0 0

a Reactions were performed under an N2 atmosphere at 25 �C using 10
mmol of catalyst precursor and 1.5 mL of 5 : 2 F/T for 2 h. Initial TOF
values were calculated from the volume of gas collected in the rst 3
min (see the ESI† for further details). b 5 mmol of dimer used. c Aer 1 h.
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inactive catalysts, suggesting that the g-NH functionality plays a
critical role in the activity of these catalysts (1–5). This is not
caused by the steric bulk (or lack of) of the N-substituent, as
both N-methyl and N-benzyl complexes were inactive.

The lifetime of the active catalysts appears to depend on the
substituents of the donor group. It was noted that during the
course of the dehydrogenation reaction, complexes 1–3 (entries
1–3) displayed high initial TOFs; but this activity decreased aer
ca. 0.5 h with an associated darkening of the catalyst solution.
However, complexes bearing the bulky 4,5-diphenyl-2-imidazo-
linyl group (4 and 5) displayed prolonged catalytic activity
(entries 4 and 5), with no sign of darkening observed even aer
2 weeks in neat 5 : 2 F/T solution.
1236 | Chem. Sci., 2013, 4, 1234–1244
2.1.3 The effect of the cyclometallated group. Modication
of the cyclometallated aryl ring in complex 1, affording pre-
catalysts 14–19, shows that the presence of electron donating
substituents para to the donor group (meta to Ir) enhances the
catalytic activity, whilst electron decient ones severely retard
the activity (Table 2).22 A r value of �1.8 was observed in the
Hammett plot (Fig. 5), suggesting that positive charge is
developed in the transition state of the rate-determining step of
the dehydrogenation reaction (vide infra). The precatalysts 14–
19 were prepared using the ligands L14–19 under the same
conditions as shown in eqn (1).

Among 14–19, the precatalyst 19, which bears the 3,4-meth-
ylenedioxy disubstituted ligand L19, is most active. Having two
electron-donating groups, complex 19 was synthesised in an
attempt to further enhance the rate of H2 formation. In the
reaction of L19 with [Cp*IrCl2]2, the cyclometallation occurred
solely on the 2-position, affording complex 19. Since the imi-
dazolinyl group and the iridium are each in direct conjugation
to the electron-donating O-alkyl substituent (Fig. 6), the result,
alongside those above, suggests that the dehydrogenation
reaction benets from an electron rich iridium centre.

2.1.4 The effect of the metal ion. In addition to the Cp*IrCl
complexes 1–19, the rhodium analogue Rh1 was prepared16a

from L1 and [Cp*RhCl2]2 and its structure conrmed by X-ray
crystallographic analysis (see the ESI†). The synthesis of the
Ru(h6�p-cymene)Cl analogue was attempted but proved
unsuccessful. Comparison of 1 and Rh1 in the dehydrogenation
reaction shows that Rh1 is not stable under the reaction
conditions, with rapid catalyst decomposition and negligible
activity observed.

2.1.5 Arriving at the optimal catalyst. In our initial
screening, complex 4 and the related 5 proved to be the two
most active of those screened (Table 1). However, analysis by 1H
NMR spectroscopy showed them both to be inseparable
mixtures of two regioisomers 4a/4b and 5a/5b,23 resulting from
competing cyclometallation of the C2 and C4 phenyl rings in the
NaOAc-mediated cyclometallation reaction (eqn (2)).16a

(2)

To gain insight into the relative catalytic activities of these
isomers, model compounds were synthesised in order to mimic
the selective cyclometallation at the C2 and C4 phenyl rings of
L4. Attempts to synthesise the analogue of 4 with a mesityl
group at the C2 position failed due to an unexpected benzylic
sp3 cyclometallation of the mesityl methyl group. We then
This journal is ª The Royal Society of Chemistry 2013
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Table 2 The effect of differing para-substituents on rate of H2 production by analogues of 1a

Entry Ligand Precatalyst Initial TOF h�1 Vol H2 (2 h)/mL TON (2 h)

1 1 1090 49 200

2 14 1690 76.5 312

3 15 1390 30 122

4 16 460 47 192

5 17 110 3 12

6 18 30 1 4

7 19 1960 120 490

a Reactions were performed under an N2 atmosphere at 25 �C using 10 mmol of catalyst precursor and 1.5 mL of 5 : 2 F/T for 2 h. Initial TOF values
were calculated as for Table 1.

Fig. 5 Hammett plot for substituents para to the donor group based on initial
TOFs. Reactions were performed under an N2 atmosphere at 25 �C using 10 mmol
of precatalyst and 1.5 mL of 5 : 2 F/T. Data points are an average of 3 or 4
measurements. Error bars show the standard deviation from the mean.

Fig. 6 Conjugation of the bis-alkoxy substituent to the IrIII centre in 19.

This journal is ª The Royal Society of Chemistry 2013
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attempted the cyclometallation of the related (S,S)-4,5-dimesi-
tyl-2-phenyl-imidazoline ligand with [Cp*IrCl2]2, which unfor-
tunately displayed a pronounced lack of reactivity, even under
prolonged and forcing conditions, preventing the synthesis of
the desired iridium complex.24 However, substitution of the C2-
phenyl group by cyclohexyl allowed for the formation of the
desired C4-cyclometallation product 20 (eqn (3)), whilst the use
of 3,5-di-tert-butylphenyl groups at the C4 and C5 positions (L21)
resulted in selective cyclometallation on the C2 phenyl ring to
give 21 in high yield (eqn (4)). Most interestingly, comparison of
the complexes 20 and 21 showed that 20 exhibited no observ-
able activity for dehydrogenation of 5 : 2 F/T at 25 �C, whilst 21
gave an initial TOF of 980 h�1, far exceeding that of 4, revealing
the importance of cyclometallation position to the catalytic
activity.

Armed with the structure activity relationships for each part
of the catalyst structure, i.e. the R group attached to the NH-
bearing dative ligand, the dative ligand group L, the cyclo-
metallated aryl ring and the metal ion (see Fig. 3), we reasoned
that the combination of the optimised structures of each of the
individual subunits would lead to an “optimised” precatalyst
structure, 22, with the key features shown in eqn (5). Synthesis
of complex 22 was achieved again using the method of Davies
et al.16a and the structure was unambiguously determined by
a combination of multinuclear NMR, HRMS and single crystal
X-ray diffraction studies (Fig. 7). As with complex 19,
Chem. Sci., 2013, 4, 1234–1244 | 1237
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cyclometallation occurred selectively at the more hindered
position ortho to the oxygen substituent.

(3)

(4)

(5)

Gratifyingly, complex 22 indeed showed the highest activity
of any of the precatalysts examined in the dehydrogenation of
5 : 2 F/T at 25 �C, with the initial TOF being 2570 h�1 under the
conditions given in Table 1. GC and 1H NMR analysis of the gas
evolved conrmed the formation of H2, while analysis with FT-
IR showed that the gas is essentially free of CO (see ESI†), which
is crucial for its use in fuel cells that are oen poorly tolerant of
Fig. 7 X-ray structure of 22. Thermal ellipsoids are drawn at 50% probability. A
molecule of n-hexane is omitted for clarity and the disorder of a t-butyl group
(C28, C29, C30, C31) is not shown.

1238 | Chem. Sci., 2013, 4, 1234–1244
CO.15 A comparison of the activities of 4, 20, 21, and 22 is shown
in Fig. 8. In particular, the initial TOF of 22 is 5 times that of 4,
the starting point of our optimisation process. We noted,
however, that the rate of dehydrogenation decreases with time.
2.2 Continuous dehydrogenation of formic acid

In contrast to complex 1, the more bulky complexes 4, 5, 21 and
22 show excellent stability in neat 5 : 2 F/T. Solutions stored
under N2 remained a bright yellow colour for up to 2 weeks and
maintained their catalytic activities (if recharged with added
HCO2H). Thus, the decrease in the rates observed with time
(Fig. 8) may stem from the consumption of formic acid.
Reasoning that the reaction could be slowed by a decrease in
formic acid concentration as the reaction progresses and/or
possible coordination of NEt3 to the single active site, we
explored further reactions with 22 at 40 �C, in which the cata-
lytic system was recharged by addition of fresh formic acid at
regular intervals. Fig. 9 shows that the catalyst indeed main-
tains its activity if more formic acid is added; without this the
dehydrogenation becomes slower aer a few minutes.

To further demonstrate the durability of the catalyst, fresh
formic acid was added over a period of 2 h (Fig. 10). This
allowed high TOFs to be observed, with average TOF¼ 3080 h�1

over the rst 1 h and 3340 h�1 over 2 h, and the catalyst showed
no apparent decrease in the rate of H2 formation. The almost
linear dependence of the H2 volume on time shows the superb
stability of the catalyst and indicates that the dehydrogenation
is not rate-limited by the formation of Ir–H hydride under the
recharging conditions or at high [HCO2H] (vide infra).

During the course of studying the continuous dehydroge-
nation of formic acid, it was noted that exceptionally high
activity was observed immediately aer (1–2 minutes) the
reaction was recharged with additional formic acid. For
example, addition of 0.1 mL of neat formic acid to a mixture of
Fig. 8 The effect of cyclometallation position and ligand structure on catalytic
activity. Reactions were performed under an N2 atmosphere at 25 �C using 10
mmol of precatalyst and 1.5 mL of 5 : 2 F/T. For clarity only the major regisomer of
complex 4 is shown (regioisomer 4a).

This journal is ª The Royal Society of Chemistry 2013
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Fig. 9 Comparison of the dehydrogenation of 5 : 2 F/T by 22 with and without
HCO2H recharging (0.05 mL of formic acid at 7.5 min intervals). Reactions were
performed under an N2 atmosphere at 40 �C using 10 mmol of precatalyst and
initiated with 1.5 mL of 5 : 2 F/T.

Fig. 10 Dehydrogenation of 5 : 2 F/T by 22 with HCO2H recharging (0.05 mL of
formic acid at 7.5 min intervals). Reactions were performed under an N2 atmo-
sphere at 40 �C using 10 mmol of precatalyst and initiated with 1.5 mL of 5 : 2 F/T.
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10 mmol of 22 in 1.5 mL of azeotrope at 40 �C led to a large
increase in rate, with the reproducible formation of 100 mL of
gas within 60 s, corresponding to a TOF of 24 500 h�1 for that
period. Even more dramatic was the addition of 0.5 mL of neat
formic acid to an identical mixture, which led to the repro-
ducible formation of 100 mL of gas within 10 s, corresponding
to a TOF of 147 000 h�1 for that period (see ESI† for the calcu-
lations). However, as the additional formic acid was consumed
the rate of gas evolution returned to the previous level. These
results suggest that formic acid is likely to be involved in the
rate-determined step of the dehydrogenation. It must be noted,
however, that the addition of formic acid to solutions of F/T
containing inactive complexes, or no catalyst, did not result in
any gas evolution.
2.3 Mechanism of H2 formation

2.3.1 Formation of hydrides. The high catalytic activity of
22 and other complexes bearing an N]C–NH unit, and the lack
of activity of closely related complexes without this structural
feature prompted us to investigate the mechanism of H2

formation and the role of the apparently crucial remote NH
functionality. Initially we examined hydride formation using 1
This journal is ª The Royal Society of Chemistry 2013
as a simplied model of complex 22. As in transfer hydroge-
nation reactions using 5 : 2 F/T as the H2 source, coordination
of formate to the metal centre and subsequent b-hydride elim-
ination furnishes the metal hydride and CO2.25 This was
demonstrated by stoichiometric reactions of 1 with tetra-n-
butylammonium formate26 in CD3CN at room temperature to
give solutions of the corresponding hydride complex 23 (eqn
(6)). Alternatively, 23 could be obtained as a pure solid by
reaction of 1 with sodium formate in a biphasic DCM–water
mixture with tetra-n-butylammonium formate as a phase
transfer catalyst (see ESI†). Complex 23 showed a single reso-
nance in the hydride region (d �15.5 ppm) and an NH reso-
nance (d 5.8 ppm) and remained stable both in the solid state
and in solution (CD3CN) for prolonged periods (>3 days, N2, rt).
The long-lived nature of 23 in the absence of exogenous acid is
at odds with the rapid H2 evolution observed under catalytic
conditions, suggesting that spontaneous formation of H2, via,
for example, long distance protonation of the hydride by the NH
proton, does not occur from this species alone.

(6)

When 1 or 23was treated with an excess of 5 : 2 F/T in CD3CN
at ambient temperature, visible H2 evolution occurred. Analysis
of the Cp*, aliphatic and aromatic regions of the 1H NMR
spectrum of the solution showed no peaks other than those
corresponding to 23, F/T or H2, showing 23 to be both a plau-
sible intermediate in the catalytic cycle and the catalyst resting
state. The latter is consistent with the dehydrogenation not
being controlled by hydride formation and suggests H2 forma-
tion to be the rate limiting step. A small second hydride peak
(<10%) was also observed but NOESY experiments showed no
correlations between it and any other proton resonances. In
addition, it does not appear to be derived from the [Cp*IrCl2]2
dimer or breakdown Cp*Ir products,27 consistent with the clean
high-eld 1H NMR spectrum of 23 obtained under catalytic
conditions. As yet, the identity of this minor species is
unknown.

Notably, the NH proton of 23 was not observed in the 1H
NMR spectrum under the catalytic conditions. Similarly, the
addition of soluble acetate or dimethylphosphate salts to pure
solutions of 23 in CD3CN led to the disappearance of its NH
proton in the 1H NMR spectrum (see the ESI†, Section 3.3). This
is most likely a result of the NH unit engaging in hydrogen
bonding with the oxygen anions, suggesting that under catalytic
conditions, 23 hydrogen-bonds with formate. However, the NH
resonance remained unchanged when the neutral hydrogen
bond acceptors NEt3 or methyl 4-methoxybenzoate were added
to pure solutions of 23 in CD3CN.

2.3.2 Reactions of hydrides. In order to gain insight into
the mechanism of H2 formation, the reactivity of 23 was further
Chem. Sci., 2013, 4, 1234–1244 | 1239
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investigated. In addition, the closely related hydride 24, which
was readily formed from complex 6 (as with the case of 23 from
1), was studied for comparison (Fig. 11), as its precursor 6 had
been shown to be inactive for H2 formation. Both hydride
complexes were found to be stable in dry CD3CN or in the
presence of added H2O for prolonged periods of time (>3 days,
N2, rt). Addition of a slight excess of HOAc or 1 equivalent of
Ph3CCH2CO2H to solutions of 23 led to the instant disappear-
ance of the hydride resonance and the formation of H2, as
observed by 1H NMR spectroscopy. In sharp contrast, no reac-
tion occurred with 24 (Fig. 11). As both 23 and 24 are formed
rapidly when their parent chlorides are treated with formate,
this suggests that the feasibility of protonation of the hydride to
form H2 may explain the differing reactivities of 1 and 6 for
formic acid dehydrogenation.

The NH functionality is crucial for any observable activity in
both the hydride protonation reaction and catalytic H2 forma-
tion. As substituting the NH for electron-donating (NMe, NBn)
and electron-withdrawing groups (NAc) or oxygen results in a
total loss of catalyst activity (Table 1), the effects conferred by
the NH unit must stem from the presence of the proton on
nitrogen, rather than any steric or electronic effects. Thus, any
potential mechanism in which the Ir–hydride complex is
directly protonated without involvement of the NH unit would
appear to be unlikely.

The structure of the acid was also found to be crucial. Whilst
carboxylic acids rapidly protonated 23, despite their exceedingly
low acidities in anhydrous MeCN,28 other Brønsted acids did
not. Thus, despite possessing acidities close to, or greater than,
that of acetic acid in MeCN, no reaction was observed between
either 2-nitrophenol, 4-cyanophenol or 9-uorene-9-carboxylic
acid methyl ester and either 23 or 24, showing that both the
structure of the acid and the hydride are crucial for efficient H2

formation. On the other hand, both 23 and 24 could be
Fig. 11 Reactions of 23 and 24with a variety of proton sources. Unless specified,
reactions were performed under N2 with 1.0 equivalent of the acid in anhydrous
CD3CN at room temperature. pKa's given are in MeCN.28; aExcess H2O was used.
Trt is trityl (triphenylmethyl).

1240 | Chem. Sci., 2013, 4, 1234–1244
protonated with either triphenylphosphonium tetra-
uoroborate29 or 2,6-lutidinium tetrauoroborate30 to release
H2 and form the phosphine and MeCN ligated cationic species,
respectively (Fig. 11). However, it must be noted that triphe-
nylphosphonium and 2,6-lutidinium are approximately 16 and
9 pKa units more acidic than HOAc and related carboxylic acids
in MeCN, respectively.28 These results show that whilst both
hydrides 23 and 24 can be protonated with strong acids, they
display a distinct difference in their reactivity toward carboxylic
acids, providing an explanation as to why 23 is active, whilst 24
is not, in the dehydrogenation of HCOOH.

2.3.3 Mechanistic possibilities. Bearing in mind the
importance of the NH functionality and the carboxylic acid to
H2 formation, which hydrogen-bond with each other under
catalytic conditions, we considered the two following possibil-
ities for hydride protonation:

(1) Analogous to the Grotthuss mechanism31 for proton
transfer in H2O and biological systems, formic acid could
participate in a proton-hopping process, hydrogen-bonding to
the NH proton while enabling protonation of the hydride. Two
pathways could be envisioned, one involving transfer of the
formic acid proton directly to the hydride via one or more
molecules of hydrogen-bonding formic acid to generate a
dihydrogen complex 25 (eqn (7)), and the other involving an
initial proton transfer to the iridium-bound nitrogen, forming
27, followed by H2 formation via a Noyori type mechanism32

(eqn (8)). In both cases, the proton from the distal nitrogen is
transferred, regenerating the formic acid. Subsequent loss of H2

and addition of formic acid would result in the protonation of
the distal nitrogen and formation of a metal formato complex
26, which regenerates the hydride 23 upon decarboxylation.
Studies by Casey and coworkers on the mechanism of H2 loss
from [(2,5-Ph2-3,4-Tol2(h

5-C4COH))Ru(CO)2H] at high tempera-
tures have highlighted the role of H2O or alcohols in catalysing
the transfer of the acidic proton to the hydride to form a dihy-
drogen complex, which subsequently releases H2.33

(7)

(8)
This journal is ª The Royal Society of Chemistry 2013
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Fig. 12 Proposed catalytic cycle for the dehydrogenation of HCO H.
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The formation of 26 is likely to involve the intermediacy of a
neutral 16-electron species generated fromH2 dissociation from
25. This species, 28, was observed by 1H NMR on reacting 1 with
1.05 equivalents of potassium tert-butoxide in anhydrous
CD3CN, along with a colour change from bright yellow to deep
red/brown (eqn (9)). Interestingly, treatment of 28 with
hydrogen in CD3CN led to the ready formation of 23 in the
absence of a carboxylic acid. The analogous reaction with tri-
phenylphosphonium tetrauoroborate gave the phosphine
ligated cation (eqn (10)), which was conrmed by its indepen-
dent synthesis (vide supra), thus supporting the identity of 28.
The fact that 23 can be generated from 28 via hydrogenation
lends support to the pathway shown in eqn (8), as the hydro-
genation is expected to proceed via the intermediacy of 25 and
then 27, i.e. the reverse reaction of H2 formation (eqn (8)).
Hydrogenation of related neutral complexes bearing a basic
amide ligand with H2 to generate metal hydrides is known,
albeit slow, as shown by the work of Noyori, Ikariya and
Rauchfuss.34 Although long-range activation of H2 by the Ir and
distal N atom cannot be ruled out,35 the stability of 23 is at odds
with this possibility.

(9)

(10)

(2) As the NH proton is strongly hydrogen bonded under
catalytic conditions, it was considered that this hydrogen
bonding of the NH proton could increase the electron
density at the Ir centre, imparting increased hydricity to the
hydride ligand and thus aiding its intermolecular proton-
ation by formic acid. This is a process which may be
considered analogous to that operational in the catalytic
triad present in trypsin and similar proteases, in which
hydrogen bonding of an aspartate residue to a histidine
residue increases the basicity (electron density) of the histi-
dine imidazole, allowing it to activate a nearby serine as a
powerful nucleophile.36

To investigate whether hydrogen bonding between 23 and
formate could play a role in the hydrogen forming step under
catalytic conditions, CD3CN solutions of 23 were rst treated
with a slight excess of dimethylimidazolium dimethylphos-
phate or tetra-n-butylammonium acetate. Hydrogen bonding to
This journal is ª The Royal Society of Chemistry 2013
the NH proton of 23 was indicated by the disappearance of the
NH resonance,37 although the hydride resonance remained
unchanged. However, addition of 1 equivalent of 4-cyanophenol
(see also Fig. 11) to this solution did not result in the loss of the
hydride signal or the formation of hydrogen, as observed by 1H
NMR, even aer 24 h. Although the protonation of 23 by
carboxylic acids may be more favourable than with phenols or
carbon-based acids due to the intermediacy of 4-membered
transition states in the latter cases, the ability of carboxylic acids
to protonate 23 in the absence of any additives makes an acid-
assisted proton transfer pathway a more likely one, in particular
eqn (8).

Taken together, we tentatively suggest that the catalytic
dehydrogenation of formic acid by 22 and related complexes
proceeds via the mechanism shown in Fig. 12. The key feature
of the mechanism is that the catalytic turnover is rate-limited
by the protonation of the Ir–H hydride, which is the resting
state of the catalyst, and that its protonation involves partici-
pation of both formic acid and the distal NH functionality,
without which catalysis does not occur. Most likely, the
protonation proceeds via formic acid-assisted proton hopping
from the distal to the proximal nitrogen, whereupon proton-
ation takes place, forming the dihydrogen complex and even-
tually H2.
3 Conclusions

This study shows that well dened bifunctional Cp*IrCl(N^C)
complexes containing cyclometallated 2-aryl-imidazoline
ligands are excellent precatalysts for the dehydrogenation of
azeotropic HCO2H–NEt3 mixtures, producing H2 and CO2 with
high turnover rates under exceptionally mild conditions. In
contrast to most other systems for this process, the modular
nature of the catalyst precursors allowed for the independent
optimisation of the constituent “modules”, which when
2

Chem. Sci., 2013, 4, 1234–1244 | 1241
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combined, led to a rationally designed “optimal” metal–ligand
bifunctional catalyst that showed excellent activity, out-
performing all its predecessors.

Evidence is provided, which shows that the remote NH
functionality is crucial to the catalysis, without which there is
no dehydrogenation, and suggests that formic acid plays a
dual role, acting both as a hydride and a proton source and as
a proton shuttle. The NH proton does not directly protonate
the Ir–H hydride, nor does formic acid. Instead, a formic acid
assisted-proton hopping may occur, resulting in proton
transfer from the remote to the proximal nitrogen atom,
whereupon protonation of the hydride and subsequent release
of H2 takes place. This process constitutes a rare example of
bifunctional catalysis, in which unusual long-range metal–
ligand cooperation effects the catalysis through a conventional
“short-range” metal–ligand bifunctional mechanism. Further
studies of hydrogen release from these bifunctional catalysts
and applications in hydrogen transfer reactions and H2

formation from other substrates will be reported in due
course.
Acknowledgements

We thank the University of Liverpool for support, Dr John Bacsa
for X-ray structural analysis and the EPSRC National Mass
Spectrometry Service Centre for mass analysis.
Notes and references

1 (a) N. S. Lewis and D. Nocera, Proc. Natl. Acad. Sci. U. S. A.,
2006, 103, 15729; (b) J. A. Turner, Science, 1999, 285, 687;
(c) J. A. Turner, Science, 2004, 305, 972.

2 (a) L. Schlapbach and A. Zuttel, Nature, 2001, 414, 353; (b)
S. Fukuzumi, Eur. J. Inorg. Chem., 2008, 1351; (c)
P. Makowski, A. Thomas, P. Kuhn and F. Goettmann,
Energy Environ. Sci., 2009, 2, 480.
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