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We present an Ir complex that extracts electrons from H, at room
temperature and stores them as H,-derived energy carrier (H,EC) at
room temperature. Further, we demonstrate that this complex
reduces CO, to a metal-CO,> species at room temperature, and
present the first electrospray ionisation mass spectrum such a
compound.

Much attention is focused on the development of hydrogen
energy carriers that meet all the requirements of not requiring
much energy for their synthesis, storage and utilisation.>*
Metal hydrides,> liquid organic hydrides,® complex hydrides,”
ammonia® and formic acid® have been widely studied as
potential hydrogen energy carriers, but no energy carrier has
yet met all requirements.

These requirements are directly relevant to our model study
of [NiFe]hydrogenase (H,ase). H,ase is an enzyme which
activates H, as an energy source at room temperature,'%'! and
we have made a series of model compounds that mimic such
behavior.121? This has led us to produce potential H,-derived
energy carriers (H,ECs) with all the requirements.

In this paper, we report an H,EC that is capable of removing
electrons from H, at room temperature, storing them at room
temperature and transferring them to CO, at room
temperature. Furthermore, we report the first example of
direct observation by electrospray ionisation mass
spectrometry (ESI-MS) of a metal-CO,% species in which CO, is
reduced by H, via reaction with the H,EC at room temperature.
We also present the X-ray structure of a metal alkoxycarbonyl
complex isolated from the reaction of the metal-CO,?" species
with an alcohol, also at room temperature. We expect this
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complex to point the way to stably storing electrons and energy
from H,.

We begin with the synthesis of the H,EC (2) from Ir"
dinuclear complex (1) with H, (0.1-0.8 MPa) at room
temperature. Then, we report the ESI-MS observation of an Ir''-
CO,?% species (3), generated by reaction of the H,EC with CO,
(0.5 MPa) at room temperature. We then reveal the X-ray
structure of an Ir'"" methoxycarbonyl complex (4), prepared by
reaction of the Ir-CO,% species with methyl alcohol at room
temperature. Finally, we discuss the requirements necessary for
the H,EC to both store electrons from H, and have them
available for CO, reduction.

The starting Iridium dinuclear complex
[Ir'5(tpy)2(CH3CN),(ClI),ICl, {[1]Cl,, tpy = 2,2":6',2"-terpyridine}
was synthesised by the reaction of [Ir'(COD)(Cl)], (COD = 1,5-
cyclooctadiene) with tpy in CH3CN at room temperature
followed by the addition of HCl. Complex 1 was characterised
by X-ray analysis (Fig. 1), NMR spectroscopy (Fig. S1), ESI-MS
(Fig. S2), X-ray photoelectron spectroscopy (XPS, Figs. S3a and
S3c) and elemental analysis. An ORTEP drawing of 1 is shown in
Fig. 1. The Ir metal centres both adopt a distorted octahedral
geometry and are linked by metal-metal bond. The Ir-Ir
distance of 1 {2.7389(7) A} is comparable to that of previously
reported Ir'" dimer complexes {2.6584(5)-2.8703(8) A}.20
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Fig. 1 ORTEP drawing of 1 with the ellipsoids at 50% probability. Hydrogen atoms, solvent
and counteranion (PFe) are omitted for clarity. Selected interatomic distances (//A): Ir1—
Irl* = 2.7389(7), Ir1-N1 = 2.045(7), Ir1l-N2 = 1.953(6), Ir1-N3 = 2.050(6), Ir1-N4 =
2.015(6).

Sharp signals in the diamagnetic region of the 'H NMR
spectrum of 1 also suggest the presence of a metal-metal bond
between the two Ir'' centres (Fig. S1). A positive-ion ESI mass
spectrum shows a prominent signal of m/z 461.0 {relative
intensity (/) = 100 % in the range of m/z 100-2000}, which has a
characteristic isotopic distribution that matched well with the
calculated isotopic distribution for half of [1-2CH5CN]* (Fig. S2).
An XPS spectrum of 1 shows the peaks at 61.5 and 64.5 eV
assigned for Ir 4f;/, and Ir 4fs, (Fig. S3a).

Complex 1 reacts with H, (0.1-0.8 MPa) in CH3OH in the
presence of CH3COONa at room temperature to give a low-
valent Ir' complex [Ir'(tpy)(Cl)] (2), H,EC (Eqg. 1), which can be
stored as a powder at room temperature under N, (in a glove

box with O, below 100 ppm) for at least 3 months.
70

2+
Hy, 2H* 'I\'
| 2 YOI aomen
~ +

at room \N/ N ¢ M

temperature
CCH;  NCCHj 2

94% yield based on 1
1 observed by ESI-MS and XPS

Complex 2 was characterised by UV-vis-NIR absorption
spectroscopy (Fig. S4), ESI-MS (Fig. 2), XPS (Figs. S3b and S3d)
and elemental analysis. A broad absorption band at 400-1200
nm was observed (Fig. S4), in a similar manner to those also
observed in the absorption spectra of previously reported Ir'
polypyridyl complexes.?! A positive-ion ESI mass spectrum
shows a prominent signal at m/z 454.1 (I = 100 % in the range
of m/z 100-2000) that corresponds to [2—Cl+N,]* and has a
characteristic isotopic distribution that matched well with the
calculated isotopic distribution (Fig. 2). An XPS spectrum of 2
shows the peaks at 61.0 and 63.9 eV, assigned for Ir 4f;/, and Ir
4fs;, (Fig. S3b). These peaks are lower energy than those of 1
but similar to other Ir' complexes (Fig. S3).22 These results
indicate complex 2 stores two electrons from H, on Ir metal
centre as a H,EC at room temperature.

(a) | 4541 (b) 454.1

.
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Fig. 2 (a) Positive-ion ESI mass spectrum of 2 in CH3OH. The signal at m/z 454.1
corresponds to [2—-CI+N,]*. (b) The signal at m/z 454.1 for [2—CI+N,]*. (c) The
calculated isotopic distribution for [2—CI+N,]*. N, is from nebuliser gas of ESI-MS.
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[Ir'"'(tpy)(COO)(CH3CN)(Cl)] (a thermodynamically transient
species, 3) (Eq. 2), which was detected by ESI-MS (Figs. 3 and
S5). A positive-ion ESI mass spectrum of 3 shows a signal at m/z
547.0 that has a characteristic distribution that matched well
with the calculated isotope distribution for [3+H]* (Figs. 3a, 3b
and 3c). The reaction of 2 with CO, was carried out in
acetonitrile-d;(CD3;CN)/acetone/CH,Cl, gave a Ds-labelled 3
[Ir'"'(tpy)(COO)(CD3CN)(Cl)] as detected by ESI-MS (Fig. 3d).

10
CO ,
— c—=ipin—c, @
CHCN W\ o
at room | | NcCH,
temperature 3
2 Transient species
observed by ESI-MS
(@ (b) 547.0
T
547.0
(c)
d 550.0
| o
T T T T I T T T
400 800 1200 544 546 548 550 552
miz m/z

Fig. 3 (a) Positive-ion ESI mass spectrum of a thermodynamically transient 3 in
CH3CN/acetone/CH,Cl,. The signal at m/z 547.0 corresponds to [3+H]*. T: The signal at
m/z 537.0 was assigned as [Ir"(tpy)(Cl),(CHsCN)]*, based on the isotope-labelling
experiments performed in CD;CN/acetone/CH,Cl,. (b) The signal at m/z 547.0 for [3+H]".
(c) The calculated isotopic distribution for [3+H]*. (d) Positive-ion ESI mass spectrum of
the reaction solution of 2 with CO, in CD3CN/acetone/CH,Cl,. The signal at m/z 550.0
corresponds to [Ds-labelled 3+H]*.

This is the first example of the direct observation of metal-
CO,?% species derived from CO, and electrons from H,. The
extraction of the electron from H, has been performed at room
temperature by using hydrogenase model complexes (Table
$2).12-14,16,18,19,23-26 Although the extracted electrons have been
used for the reduction of ferrocenium ion, Cu", O, or organic
halides at room temperature, there was no example of the
reduction of CO, at room temperature (Table S2). To date, there
have been no low-valent metal complexes synthesised from H,
that reduce CO,. there are CO,-complexes
synthesized from low-valent metal complexes and CO, without
H, (Table S3).27-32 For example, Herskovitz et al. reported an Ir-
CO, complex synthesized from an Ir' complex.?7-33 Although we

In contrast,

tried to perform a 13C-labelling experiment to confirm the
source of CO, ligand, 13C-labelled complex 3 was not detected
due to the inertness of 2 towards 13CO, at only 0.1 MPa.
Increasing the pressure of 13CO, gas to suitable levels proved
beyond our practical means.

This journal is © The Royal Society of Chemistry 20xx
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We proceeded to investigate the formation of a metal
alkoxycarbonyl complex by the reaction of the in situ-formed 3
and CH3OH at room temperature. This appeared to be a good
target since a similar metal alkoxycarbonyl complex has
synthesised from the reaction of Pt-COOH complex with
alcohols.3* The reaction of 2 with CO, (0.5 MPa) in
CH30OH/CH3CN at room temperature gave Ir'" methoxycarbonyl
complex [Ir'"(tpy)(COOCHs)(NHCOCH;)(Cl)] (4) (Eq. 3). The
reaction of 2 with CO, and CH3;0H was monitored by UV-vis-NIR
absorption spectroscopy (Fig. S6). The absorption band at long
wavelength over 400 nm, assigned to 2, decreased over the
course of the reaction.

CO,

CH4CN
CH30H

at room
2 temperature

72% yield based on 2
observed by ESI-MS and X-ray

Complex 4 was characterised by NMR (Figs. S7-9) and IR
spectroscopy (Fig. S10), X-ray analysis (Fig. 4), ESI-MS (Fig. S11)
and elemental analysis. A *H NMR spectrum of 4 shows the
peaks at 2.40, 3.21 and 7.86—8.81 ppm originating from
methoxycarbonyl ligand, acetamido and tpy, respectively (Fig.
S7). A 13C NMR spectrum shows a peak at 147.0 ppm derived
from C1 atom of methoxycarbonyl ligand, which is similar to
those of the reported Ir methoxycarbonyl complexes (Figs. S8
and S9).3> An IR spectrum of 4 in the solid state shows bands
around 1602 cm™!, which are assigned to the C=0 stretching
vibrations (Fig. $10).33:3>-38

The structural determination of 4 was conducted by X-ray
analysis using a single crystal obtained by diffusion of diethyl
ether into the reaction solution. The Ir metal centre adopts a
distorted octahedral geometry with tpy, methoxycarbonyl
ligand and acetamido (Fig. 4). The bond distances of Ir1—C1
{2.000(4) A}, C1=01 {1.209(5) A} and C1-02 {1.367(5) A} and the
bond angle of 01=C1-02 {121.5(4)°} are similar to other
alkoxycarbonyl complexes.33:3537-38

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 ORTEP drawing of 4 with the ellipsoids at 50% probability. Hydrogen atoms (except
for the NH group) are omitted for clarity. Selected interatomic distances (//A): Ir1-C1 =
2.000(4), C1-01 = 1.209(5), C1-02 = 1.367(5), Ir1-N1 = 2.053(3), Ir1-N2 = 1.963(3), Ir1-
N3 =2.039(3), Ir1-N4 = 2.044(3), Ir1-Cl1=2.4817(10).

Isotope-labelling experiments using methanol-d,; (CD;OD) or
CDsCN at room temperature were carried out to investigate the
origin of methoxycarbonyl and acetamido ligands (Figs. S11d
and Slle). A positive-ion ESI mass spectrum of 4 shows a
prominent signal of m/z 543.1 that has isotopic distribution
corresponds to the calculated isotopic distribution of [4—CI]*
(Fig. S11a). The reaction of 2 with CO, was conducted in
CH30H/CD3sCN or CD3OD/CHsCN gave a Ds-labelled 4
[Ir'"'(tpy)(COOCH3)(NHCOCD3)(Cl)] (Fig. S11d) or a D4-labelled 4
[Ir'"'(tpy)(COOCD3)(NDCOCH3)(Cl)] (Fig. S11e), respectively, as
confirmed by ESI-MS. To establish the origin of the oxygen atom
of acetamido ligand of 4, an isotope-labelling experiment using
H,180 was also conducted. A positive-ion ESI mass spectrum of
the reaction of 2 with CO, in CH30H/CH3CN in the presence of
H,180 shows a prominent signal at m/z 543.1 which has a
characteristic isotopic distribution that matches well with the
calculated isotopic distribution for [4—ClI]* (Fig. S11f). This means
the acetamido ligand is not formed by the hydration of
acetonitrile. These isotope-labelling experiments indicate that
the coordinated methoxycarbonyl ligands of complex 4 are
derived from CO, and CH3OH, and the acetamido ligands are
derived from CH3CN, CH30H, and CO, (Fig. S12).

We have elucidated the following design requirements for:
1) synthesising the H,EC, and 2) using it in the reduction of CO,.
In the first step, an electron-withdrawing ligand is required to
stabilise the low-valent, electron-carrying H,EC. This step
requires acetate ions as a Lewis base that abstracts the protons
from H,. In the next step, however, an electron-donating ligand
is required to stabilise the resulting metal-CO,*
Meanwhile, each step requires the H,EC to have a reaction site
to activate H, or CO,. Thus, H, oxidation (synthesis of the H,EC)
and CO,; reduction (utilisation of the H,EC) require ligands with
opposite electronic properties. In order to perform these

species.

antagonistic processes using a single molecule, some sacrifice in
ligand design for either H, oxidation or CO, reduction is required.
After trial and error with this strategy, we chose tpy, a weakly
electron-withdrawing ligand. As a result, we succeeded in
accelerating the H, oxidation to synthesise the H,EC at room
temperature and slowing down the CO, reduction to observe
the metal-CO,? species. This balance results in a H,EC that can
perform both functions at room temperature.

Based on the above results, we propose the following
reaction mechanism (Fig. 5). The dinuclear Ir'" complex (1)
extracts electrons from one equivalent of H, to form two
equivalents of Ir' complex (2, H,EC) at room temperature, which
is stable for at least three months at room temperature under
N, atmosphere. This H,EC is able to use the electrons from H,
to reduce CO, to CO,> as part of complex 3 at room
temperature. The CO,% moiety of 3 then reacts with CH;0H to
form the methoxycarbonyl complex 4 at room temperature. All
three reactions are performed at room temperature.

J. Name., 2013, 00, 1-3 | 3
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Fig. 5 An Ir' dinuclear complex (1) reacts with H, (0.1-0.8 MPa) to give a low-valent Ir'
complex (2, H,EC) at room temperature. The H,EC reacts with CO, (0.5 MPa) to give an
Ir"-CO,* species (3) at room temperature. The Ir'"-CO,% species reacts with CH;OH to
give an Ir'" methoxycarbonyl complex (4) at room temperature.

In conclusion, this study points to a number of specific
advantages of an H,EC, which has so much promise. First, this
H,EC is produced directly from H, at room temperature.
Second, this H,EC stores electrons from H, at room
temperature. Finally, this H,EC uses H, to directly reduce CO, at
room temperature to a potential chemical feedstock. As such,
we intend to use the lessons learned in this study to drive
forward this exciting area of chemistry, filled as it is with so
much promise.
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