
FULL PAPER

DOI: 10.1002/ejic.200700792

(Pentamethylcyclopentadienyl)iridium-PTA (PTA = 1,3,5-Triaza-7-phospha-
adamantane) Complexes and Their Application in Catalytic Water Phase

Carbon Dioxide Hydrogenation

Mikael Erlandsson,[a,b] Vanessa R. Landaeta,[a][‡] Luca Gonsalvi,*[a] Maurizio Peruzzini,[a]

Andrew D. Phillips,[a,b] Paul J. Dyson,[b] and Gábor Laurenczy*[b]

Keywords: Reduction / Iridium(III) complexes / Water-soluble ligands / Hydrogenation / Catalysis

The water-soluble iridium(III) complexes [Cp*Ir(PTA)Cl2] (1)
and [Cp*Ir(PTA)2Cl]Cl (2) (PTA = 1,3,5-triaza-7-phosphaada-
mantane) have been synthesised and characterised by spec-
troscopy and X-ray crystallography. The complexes were
evaluated as catalyst precursors for the hydrogenation of
CO2 and hydrogen carbonate in aqueous solutions, in the ab-
sence of amines or other additives, under relatively mild con-

Introduction

In recent years, there has been increased concern over
the emission of green house gases, and the possible conse-
quences of these emissions.[1] Carbon dioxide is the major
green house gas emission and is becoming increasingly
abundant in the atmosphere. To solve the twin problems
of depleting fossil fuel sources, and the associated climate
change, the possibility of fixing CO2 through catalytic hy-
drogenation, thereby transforming this feed-stock into an
economical C1 building block is being investigated.[2] The
reduction of CO2 through both homogeneous[3] and hetero-
geneous[4] catalysis has been investigated under different
conditions,[5] and the use of enzymatic catalysis has also
been reported.[6] However, there has been an increased
interest in the development of CO2 reduction in water[7]

since CO2 is highly soluble in water,[8] and importantly
water is environmentally benign. Furthermore, it is rela-
tively easy to recycle water-soluble catalysts from biphasic
systems comprising water/organic solvents.[9] The possible
primary products from the reduction of CO2 in water in-
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ditions. Complex 1 performed poorly while 2 catalyses the
hydrogenation with moderate activity. The catalytically
active monohydride [Cp*Ir(PTA)2H]+ was identified by multi-
nuclear NMR spectroscopy and its nature confirmed by inde-
pendent synthesis.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

clude formic acid, formaldehyde, methanol and methane,
but generally only the formation of formic acid is observed
[Equation (1)].

CO2 + H2 h HCOOH (1)

The catalytic hydrogenation of CO2 in water solutions
also has the advantage that the free energy for the reaction
between completely dissolved reagents is slightly negative
(∆G° = –4 kJ/mol), while the same gas-phase reaction be-
tween CO2 and H2, which produces liquid formic acid, has
a positive difference in free energy (∆G° = +33 kJ/mol).[10]

Moreover, when hydrogenation of CO2 is performed in
water, the CO2/hydrogen carbonate/carbonate equilibrium
has to be taken into consideration [Equation (2)].

CO2 + H2O h H2CO3 h HCO3
– + H+ [rlhar ] CO3

2– + 2 H+ (2)

Because of this equilibrium, the active species of the re-
action may vary depending on pH, temperature and CO2

pressure, and information concerning the identity of the
active species may be provided by multinuclear NMR spec-
troscopy.[11] Extensive studies have been performed on the
hydrogenation of CO2 which show that the reduction is very
slow at low pH, with high rates achieved around pH 8, sug-
gesting that the actual substrate is hydrogen carbonate.[11,12]

For the catalytic hydrogenation of CO2 in aqueous solu-
tions, complexes based on the transition metals Rh and Ru
dominate, both under conventional and supercritical condi-
tions,[13] and only a few reports have been published on the
use of cyclopentadienyl iridium catalysts.[14] Recently, sev-
eral papers have described water-soluble Ir and Rh cyclo-
pentadienyl complexes and Ru arene complexes that cata-
lyse the reduction of CO2 and hydrogen carbonate in aque-
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ous solution.[15] It is interesting to note that in all cases the
iridium complexes perform better than the corresponding
Ru and Rh complexes, indicating that studying the over-
looked area of iridium-based catalysts for the reduction of
bicarbonates may very well lead to the discovery of efficient
catalysts for the reduction of CO2 and hydrogen carbonate
in aqueous solutions.

Herein we report the synthesis and characterisation of
two novel water-soluble pentamethylcyclopentadienyl irid-
ium complexes, bearing the water-soluble ligand PTA (PTA
= 1,3,5-triaza-7-phosphaadamantane), and the results ob-
tained using these precatalysts in the reduction of carbon
dioxide and hydrogen carbonate in water.

Results and Discussion

Synthesis and Spectroscopic Characterisation

The iridium complexes used in this study were prepared
from the dimer [Cp*IrCl(µ-Cl)]2 according to the route
shown in Scheme 1.

Scheme 1. Synthesis of 1 and 2.

Direct reactions of the iridium dimer with 2 equiv. of
PTA in dichloromethane (DCM) at room temperature or
4 equiv. under reflux in 2-methoxyethanol afford the water-
soluble species [Cp*Ir(PTA)Cl2] (1) (S25 °C = 2.2 mgcm–3)
and [Cp*Ir(PTA)2Cl]Cl (2) (S25 °C = 27.5 mg of cm–3),
respectively. The electrospray ionisation mass spectrum
(ESI-MS) of 1 in MeOH indicates the presence of the cat-
ionic species [Cp*Ir(PTA)Cl]+ (m/z = 522) with a relative
intensity of 14%�the corresponding sodium adduct at m/z
544 dominates the spectrum. Compound 2 is naturally
charged and in water two peaks are observed in the ESI-
MS: m/z 677 (100%), corresponding to the parent cation;
and m/z 659 (30%) consistent with the formation of a hy-
drolysis product [Cp*Ir(PTA)2(OH)]+. The 1H and 31P{1H}
NMR spectra of 1 and 2 in CD2Cl2 and D2O, respectively,
agree with the proposed formulas. The methyl protons of
the Cp* ring are observed at δ = 1.79 ppm as a doublet
(JHP = 2 Hz) for 1 and at δ = 1.84 ppm as a triplet with the
same coupling constant as for 2. Singlet resonances between
4.2 and 4.7 ppm correspond to the methylene protons
within the PTA ligand, and the simple chemical shift
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pattern indicates a highly symmetrical conformation, sug-
gesting that the ligand is unprotonated under these condi-
tions.[16] The solution 31P{1H} NMR spectra of 1 and 2
exhibit singlets at –67.14 and –74.22 ppm, respectively.

Molecular Structure Determinations

Crystals of 1 and 2, suitable for X-ray diffraction analy-
sis, were obtained by slow evaporation from a dichloro-
methane/ethanol solution of 1 (Figure 1) and methanol for
2 (Figure 2). For 1, crystallisation is accompanied by two
water solvates, and for the salt 2, the chloride anion is sepa-
rated from the cation and surrounded by three methanol
solvates. In compound 1, the shortest solvate complex con-
tact [2.00(1) Å] is between the H18B atom of water and N1
of PTA. Three cation–chloride interactions (2.704, 2.800,
2.861 Å) are observed between the methylene hydrogen
atoms of the PTA ligand. The coordination sphere of the
chloride anion is completed through interactions with hy-
droxy groups of the solvates. A strong hydrogen-bonding
interaction [1.93(6) Å] between neighbouring hydroxy
groups of the methanol solvates is present.

Figure 1. ORTEP diagram of 1 with solvates omitted for clarity,
drawn with 50% probability ellipsoids. Selected bond lengths [Å]
and angles [°]: Ir–Cp* (centroid) 1.812(5), Ir–Cl 2.418(3), Ir–P
2.274(3), P–C 1.831(11), 1.834(11), 1.848(11), (Cp*-centroid)–Ir–
Cl 123.65(17), 126.83(17), Cl–Ir–Cl 87.49(11), (Cp*-centroid)–Ir–P
130.90(17), Ir–P–C 116.7(3), 119.5(3), 119.7(3), (Cp*-centroid)–Ir–
P–C1: 176.7(4).

Complexes 1 and 2 have a typical piano-stool structure
which is iso-structural to the recently reported rhodium an-
alogues and forms part of an increasing family of piano-
stool systems incorporating the PTA ligand.[17] Complex 2
features a longer metal–Cp* (centroid) distance [1.884(2) Å]
than in 1 [1.812(5) Å]. This can be partially attributed to
the greater steric influence of the second PTA group in 2.
Furthermore, a PTA-induced steric interaction with Cp* is
observed with an eclipsing methyl group causing a greater
bend in the CMe–Cring–Ir angle [C14–C7–Ir1: 131.3(8)° vs.
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Figure 2. ORTEP diagram of 2 with solvates and anion omitted for
clarity, drawn with 50% probability ellipsoids. Selected bond
lengths [Å] and angles [°]: Ir–(Cp*-centroid) 1.884(2), Ir–Cl
2.429(1), Ir–P 2.308(1), 2.298(1), P–C 1.851(4), 1.839(4), 1.855(4),
1.844(4), 1.849(4), 1.869(4), Cl–Ir–(Cp*-centroid) 121.86(6), P–Ir–
(Cp*-centroid) 127.12(6), 126.22(6), Cl–Ir–P 87.59(4), 84.73(4), P–
Ir–P 96.62(4), Ir–P–C 119.53(13), 114.07(14), 124.27(15),
111.07(13), 122.56(14), 123.31(13), C(3,8)–P(1,2)–Ir–(Cp*-
centroid) 161.3(2), 167.7(2).

C12–C7–Ir1: 125.4(8)°]. In 2, all methyl groups are bent out
of the plane, indicating increased steric strain about the
metal centre. The Ir–P bond length in 1 [2.274(3) Å] is
equivalent to that in [Cp*Ir(PMe3)Cl2] [2.281(7) Å][18] and,
in general, shorter than the median value of 2.29 Å for the
class of [Cp*Ir(PR3)Cl2] complexes which at present in-
cludes 22 examples reported in the CSD.[19] The Ir–Cl dis-
tances [both 2.418(3) Å] are also comparable to median val-
ues (2.405 Å), significantly larger than in [Cp*Ir(PMe3)Cl2]
[2.383(7) Å, 2.388(7) Å] and more comparable to those
found in [Cp*Ir(PPh3)Cl2] [2.406(3), 2.408(3) Å].[20]

Furthermore, in comparison to [Cp*Ir(PMe3)Cl2] the Cl–
Ir–Cl angle in 1 is smaller [87.50(9)° vs. 93.0(3)° and
90.6(1)°], but the two Cl–Ir–P bond angles are equivalent
within error to those of the PMe3-substituted complex.
These data suggest that the variations in geometries are
more influenced by differences in electronics between PTA
and PMe3 rather than sterics. For 2, the Ir–Cl distance
[2.429(1) Å] is only slightly longer than that in 1. However,
the Ir–P bond lengths [2.308(1) Å and 2.298(1) Å] are
longer than those in 2. A search of the CSD shows only
four characterised structures where the phosphane is non-
chelating.[19] A comparison of the structure [Cp*Ir-
(PMe3)2Cl](PF6) and 2 shows comparable Ir–P bond
lengths [2.290(1) Å and 2.300(1) Å],[21] but a slightly longer
Ir–Cl distance [2.410(2) Å] and Ir–Cp* (centroid)
[1.875(2) Å] which is probably the result of the greater do-
nor capabilities of PMe3 vs. PTA. Both the P–Ir–Cl [PTA:
87.59(4)°, 84.73(4)°; PMe3: 85.81(5)°, 86.69(6)°] and P–Ir–
P [PTA: 96.62(4)°; PMe3: 96.40(5)°] bond angle are approxi-
mately equal suggesting that even though the cone angle of
PTA (103°) is significantly less than that of PMe3 (134°),[16a]
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steric differences between PMe3 and PTA are less important
in the bis-substituted complexes. In general, the Ir–P dis-
tances in complex 1 and 2 are shorter than those of com-
parable Ir species in the +1 oxidation state, reflecting the
attachment of electronegative halogens and the higher oxi-
dation state at the IrIII centre.[22] In 1, a hydrogen-bonding
network is formed where the hydrogen atoms of the water
solvate bridge both a chlorine [2.00(1) Å] and a nitrogen
centre [2.22(1) Å], and thus a weakly bound dimeric struc-
ture is observed in the solid state (Figure 3).

Figure 3. Ball-and-stick diagram of 1 showing the H-bonded dimer
involving bridging water solvates.

Catalytic Studies

Complexes 1 and 2 were tested as catalyst precursors for
the reduction of hydrogen carbonate in the pH range from
5.9 to 10.3 and in the temperature range from 70 to 100 °C
under 100 bar H2. Complex 1 proved, under the given reac-
tion conditions, to be a poor catalyst for the hydrogenation
of hydrogen carbonate, with a TOF value �1 h–1 at 100 °C.
However, a hydride derivative of 1, the dihydride
[Cp*Ir(PTA)(H)2] (3), forms quantitatively as shown by
multinuclear NMR spectroscopy under the hydrogenation
catalytic conditions. 1H and 31P NMR analysis of an aque-
ous (D2O/H2O, 1:4) solution of NaH13CO3 (0.2 ) and 1
(0.02 ), pressurised with 100 bar H2, shows the formation
of a doublet in the hydride region at δ = –18.4 ppm (1JPH

= 30 Hz) in 1H NMR, which is simplified into a singlet in
the 1H{31P} NMR spectrum (Figure 4). Accordingly, the
31P NMR spectrum displays a triplet at –68.5 ppm with a
2JPH = 30 Hz (Figure 4), which indicates, that two hydride
ligands are present.

Complex 2, on the other hand, was active and was there-
fore screened at different values of pH and temperature
(Table 1). It was shown that 2 requires temperatures above
70 °C in order to obtain significant TOFs, and that at 80 °C
the catalyst is most active in slightly basic solutions (pH
8.4–9.0).

The hydrogenation of hydrogen carbonate was followed
by 13C and 1H NMR spectroscopy. A typical concentration/
time profile for the formation of HCOO–, monitored by 13C
NMR spectroscopy is shown in Figure 5.

Activation parameters for 2 were obtained by an Eyring
plot of ln(kobs/T) against 1/T (Figure 6) and the apparent
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Figure 4. 1H NMR (400 MHz, left) and 31P NMR (162 MHz,
right) spectra of the hydride region of 3, (top left) 1H, (bottom left)
1H{31P}, δ = –18.4 ppm, 2JHP = 30 Hz; (top right) 31P, (bottom
right) 31P{1H}, δ = –68.5 ppm, (2JHP = 30 Hz). [NaH13CO3] =
0.24 , pH = 8.4, p(H2) = 100 bar, [1] = 0.022 , T = 20 °C.

Table 1. Catalyst screening for aqueous hydrogenation of hydrogen
carbonate catalysed by 2.[a]

T [°C] pH Initial TOF [h–1]

70 8.4 4.0
80 8.4 10.7
90 8.4 16.5
100 8.4 22.6
80 5.9 6.5
80 9.0 12.7
80 9.2 9.1
80 9.5 6.5
80 9.8 5.4
80 10.3 2.3

[a] Conditions are provided in the Exp. Sect. Turnover frequency
(TOF = mol formate/mol catalyst/h–1) were calculated by non-lin-
ear least-square fits of the experimental data from the initial part
of the reactions.

activation enthalpy was found to be ∆H� = +85.3 kJmol–1

(the determined kobs values are given in the electronic sup-
porting information, Table S1). Although no other Ir sys-
tems bearing PTA as the ancillary ligand were reported in
the literature for the reduction of carbonates, it is interest-
ing to note that the apparent activation enthalpy obtained
is very similar to that of [RuCl2(PTA)4] at + 86 kJmol–1.[11]

Tentative mechanistic information about the active cata-
lytic species was obtained from 1H NMR spectra of an
aqueous (D2O/H2O, 1:4) solution of 2 pressurised with
100 bar H2. The formation of the cationic monohydride
[Cp*Ir(PTA)2H]+ (4) was evidenced by the presence of a
triplet at –17.9 ppm (2JPH = 30 Hz) simplified into a singlet
by 31P decoupling. The 31P NMR spectrum, accordingly,
shows a doublet centred at δ = –76.3 ppm with 2JPH =
30 Hz, which was again reduced to a singlet by 1H decoup-
ling. An ESI-MS of 4 in water contained the expected par-
ent peak at m/z = 643 corresponding to 10% relative inten-
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Figure 5. The initial part of the concentration/time profile for the
formation of HCOO– at 70 °C, monitored in situ by 13C NMR
spectroscopy. Initial concentrations: [NaH13CO3] = 0.18 , pH =
8.4, p(H2) = 100 bar, [2] = 0.0035 .

Figure 6. Eyring plot for HCO3
– reduction catalysed by 2.

sity, the other species present were [Cp*Ir(PTA)2(OH)]+

and [Cp*Ir(PTA)2Cl]+.
Whereas the conversion of 2 into 4 reached a maximum

of ca. 15% under the conditions described, the addition of
hydrogen carbonate substrate drove the reaction further
and only the signal corresponding to 4 could be observed
by both 1H and 31P NMR spectroscopy (Figure 7). In the
1H spectrum, the evolution of a doublet at 9.1 ppm was
also observed due to the conversion of hydrogen carbonate
into formate (1JCH = 195 Hz).

These NMR assignments were confirmed by the deliber-
ate synthesis of 4 from the reaction between 2 and sodium
formate in [D6]DMSO (see supporting information, Figure
S1).

In the 13C NMR spectra, next to the resonance of free
HCO3

– at δ = 160 ppm, a signal corresponding to [HCOO]–

appears (δ = 171 ppm, 1JCH = 195 Hz) together with the
appearance of the 13C triplet resonance of [DCOO]– (δ =
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Figure 7. 1H NMR (400 MHz, left) and 31P NMR (162 MHz,
right) spectra of the hydride region of 4. Top left: 1H; bottom left:
1H{31P}, δ = –17.9 ppm, 2JHP = 30 Hz; top right: 31P; bottom right:
31P{1H}, δ = –79.63 ppm, (2JHP = 30 Hz). [NaH13CO3] = 0.23 ,
pH = 8.4, p(H2) = 100 bar, 2 = 0.021 , T = 100 °C.

170.8 ppm, 1JCD = 32 Hz). Catalytic deuterium exchange
between H2, D2O and formate was observed, which is not
surprising as iridium phosphane complexes often catalyse
H–D exchange in water.[23] Although several attempts have
been made to identify the carbonate/formate intermediates
by multinuclear HP NMR, none have been identified. These
findings are in accordance with a recent publication where
Ir-based catalysts were compared to Ru-based analogues
for the reduction of CO2 in water.[14b] The authors could
identify the Ru-formate intermediate but were unable to ob-
serve the corresponding Ir-formate complex, thus conclud-
ing that the rate-determining step in the case of Ir is the
reaction of the hydride complex with CO2, whereas for the
Ru catalysts it appears to be the reaction between the Ru-
aqua complexes and H2. This could also be the case in this
study which would explain why only the hydride intermedi-
ate 4 could be observed. It should, however, be mentioned
that both hydride and formate intermediates were unambig-
uously identified in a recent publication on catalytic hydro-
genation of CO2 and hydrogen carbonate in aqueous solu-
tions using the Ru catalyst [RuCl2(PTA)([9]aneS3)], suggest-
ing that the possibility to identify the reaction intermediates
is very much dependent on the nature of the catalyst.[24]

Conclusions

Two novel pentamethylcyclopentadienyl PTA iridium
complexes, i.e. [Cp*Ir(PTA)Cl2] (1) and [Cp*Ir(PTA)2Cl]Cl
(2), have been synthesised in high yields and fully character-
ised in solution and the solid state. The two complexes were
evaluated as catalysts for the hydrogenation of hydrogen
carbonate in aqueous solution. While 1 proved to be essen-
tially inactive under the reaction conditions used, the pre-
catalyst 2 was found to be moderately active, performing
best at elevated temperatures and in slightly basic aqueous
solution (pH 9). Although these catalyst precursors show
only moderate activity on CO2 hydrogenation compared to
similar Rh, Ru and Ir complexes,[25] they provide the pos-
sibility to analyse the reaction intermediates and mecha-
nisms, thus contributing to further catalyst designs and re-
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action optimisations. It was shown by multinuclear NMR
and ESI-MS, that the catalytically active species corre-
sponds to the monohydride [Cp*Ir(PTA)2H]+, which was
prepared and characterised independently; it appears that
the η5-C5Me5 ring does not dissociate from the catalyst dur-
ing the reaction.

Experimental Section

General Remarks: All synthetic procedures were carried out using
standard Schlenk techniques under an inert atmosphere of dry ni-
trogen. Solvents were distilled and degassed according to standard
procedures.[26] Doubly distilled water was used throughout.
Na2CO3 and NaHCO3 (99% enriched in 13C) were purchased from
Cambridge Isotope Laboratories. Iridium(III) chloride, sodium 3-
(trimethylsilyl)-1-propanesulfonate (TSPSA), deuterated solvents
and sodium formate were bought from commercial sources and
used as received. [Cp*IrCl(µ-Cl)]2[27] and PTA[28] were prepared ac-
cording to published procedures.

Instrumentation: 1H, 13C and 31P NMR spectra were recorded with
a Bruker DRX400 NMR spectrometer. Hydrogenation reactions
were carried out in medium-pressure sapphire NMR tubes (up to
100 bar pressure) and were followed by NMR spectroscopy. TSPSA
and phosphoric acid were used as references for the 1H and 31P
NMR measurements, respectively. The spectra were fitted with
WIN-NMR and NMRICMA/MALAB programs on a PC (nonlin-
ear last squares fit to determine the spectra parameters). nESI-IT-
MS analyses were performed with a Thermo Finnigan LCQ Deca
XP Plus quadrupole ion-trap instrument in positive ion mode using
a literature protocol.[29] The capillary temperature was set at 180 °C
and the source voltage to 1.51 kV, with a mass range from 300 to
2000.

X-ray Structure Determinations: Data collection was performed
with a Oxford-Diffraction XCALIBUR equipped with a Sapphire
CCD area detector and graphite-monochromated Mo-Kα radiation
(λ = 0.71073 Å). The crystals were kept under a 90 K gaseous flow
of N2 during the collection procedure. The unit cell and orientation
matrix was determined by indexing reflections from the entire data
set using CrysAlis RED.[30] All data sets are based on collecting
reflections using an optimised scanning strategy utilising the pro-
grams CrysAlis CCD. After data integration with CrysAlis RED,
a multi-scan absorption correction based on a semi-empirical
method was applied using the MULTISCAN (part of the Platon
suite) program.[31] Space group determination was performed with
the XPREP program.[32] A structure solution based on the direct
method algorithm was employed with SHELXS-97.[33] Afterwards,
anisotropic refinement of all non-hydrogen atoms was completed
based on a least-squares full-matrix method against F2 data using
SHELXL-97. Hydrogen atoms on non-solvate molecules were
added through geometrically calculated positions and refined as a
riding model using a scaled thermal parameter to the connecting
atom. Hydrogen atoms belonging to OH groups in the solvate were
located using the program Calc-OH included within the Wingx pro-
gram.[34] Relevant crystallographic data for both complexes are
given in Table 2 and additional specific details regarding structure
refinement are available in the CIF files. Figure 1 and Figure 2)
were produced with the program ORTEP-3 for Windows,[35] while
for Figure 3, Mercury 1.4.2 was employed.[36]

CCDC-662262 (for 1) and -662263 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
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Table 2. Crystallographic data for complexes 1 and 2.

Parameter [Cp*Ir(PTA)Cl2]·2H2O = (1)·2H2O [Cp*Ir(PTA)2Cl]Cl·2.3MeOH = (2)·2.3MeOH

Empirical formula C16H31Cl2IrN3O2P C25H51Cl2IrN6O3P2

Formula weight 591.51 808.76
Temperature [K] 296(2) 200(2)
Crystal system monoclinic triclinic
Space group P21/c P1̄
Crystal characteristics orange prism yellow prism
Crystal size [mm] 0.80�0.50�0.40 0.50�0.45�0.40
a [Å] 11.6800(10) 9.6128(5)
b [Å] 12.1934(10) 12.6200(8)
c [Å] 15.0805(13) 14.8803(8)
α [°] 90 66.771(6)
β [°] 105.955(7) 77.415(5)
γ [°] 90 76.910(5)
V [Å3] 2065.0(3) 1598.99(16)
Z 4 2
ρ [Mgm–3] 1.903 1.680
Absorption coefficient [mm–1] 6.817 4.479
Collected, independent reflections 7861, 3681 14466, 5753
Collection θ range [°] 3.89–25.25 4.30–25.25
Completeness (%, θ = 25.25°) 98.3 99.5
Data 2794 5753
Restraints 12 0
Parameters 226 363
Goodness-of-fit on F2 1.105 1.101
R1 [I�2σ(I)], wR2 [I�2σ(I)] 0.0508, 0.1079 0.0247, 0.0556
R1 (all data), wR2 (all data) 0.0761, 0.1165 0.0284, 0.0575
Max., min. residual electron density [eÅ–3] 2.667, –1.844 3.107, –0.838

tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Catalytic Hydrogenations: In a typical reaction, [Cp*Ir(PTA)2Cl]Cl
(5.0 mg, 7�10–6 mol), NaHCO3 (33.6 mg, 0.4�10–3 mol) enriched
in 13C, and a mixture of H2O and D2O (2 mL, 1:1) were introduced
under a nitrogen atmosphere into a 10-mm medium-pressure sap-
phire NMR tube. After dissolution of all solids, the tube was press-
urised with H2 (100 bar). The tube was shaken at the desired tem-
perature (343–373 K) using equipment built in-house. The reac-
tions were followed in situ, the concentration of HCO2

–, CO3
2–/

HCO3
– and CO2 were determined from the integration of the corre-

sponding 13C and 1H NMR signals. The initial rates and turnover
frequencies (TOF, given as mol formate/mol catalyst/h–1) were cal-
culated by nonlinear least-squares fit of the experimental data from
the initial part of the reactions. The overall activation enthalpy was
determined in the temperature range T = 343–373 K. To prepare
solutions with pH � 8.3, the reaction mixture was placed in a sap-
phire tube and pressurised with 5 bar of CO2. The CO2 pressure
required for obtaining a specific pH and the actual concentration
of NaHCO3 required to keep the total carbon concentration con-
stant (0.2 ) were calculated using the pK values of carbonic acid,
pK1 = 6.35, pK2 = 10.33 (at 298 K), taken from the literature.[37]

In the alkaline pH-range (8.3–10.3), an appropriate mixture of
Na2CO3 and NaHCO3 was used to obtain a solution of the desired
pH while keeping the total carbon concentration constant. In this
pH range there is a fast exchange (on the NMR timescale) between
carbonate and hydrogen carbonate, therefore an average 13C NMR
shift can be determined and related to the pH. 13C NMR spectra
were recorded before the admission of H2, and the absolute inten-
sity of the CO3

2–/HCO3
– signal (for pH � 8.3), or the intensities

of the separate HCO3
– and CO2 signals (slow exchange on the

NMR time scale in pH �8.3 range), were used to confirm the total
initial carbon concentration and to calculate the pH.[11]
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Synthesis of [Cp*Ir(PTA)Cl2] (1): To a solution of [Cp*IrCl(µ-Cl)]2
(0.25 g, 0.31 mmol) in DCM (5 mL), solid PTA (0.1 g, 0.64 mmol)
was added. The reaction was stirred at room temperature for
60 min. Ethanol (10 mL) was added and the reaction concentrated
under nitrogen until an orange solid precipitated. The precipitate
was filtered and washed with ice-cold ethanol (2�5 mL) and pen-
tane (2�5 mL). The product was re-crystallised from hot ethanol.
Crystals suitable of X-ray structure determination were obtained
by slow evaporation from of a DCM/methanol solution of 1. Yield:
0.32 g (92%). C16H27Cl2IrN3P (555.50): calcd. C 34.52, H 4.76, N
7.36; found C 34.59, H 4.90, N 7.56. 1H NMR (400.13 MHz, 25 °C,
CDCl3): δ = 1.79 (d, 1JHP = 2 Hz, 15 H, CH3 Cp*), 4.31 (s, 6 H,
CH2N), 4.56 (dd, 1JHP = 26, 2JHP = 13.5 Hz, 6 H, CH2P) ppm.
13C{1H} NMR (100.03 MHz, 25 °C, CDCl3): δ = 9.33 (s, CH3,
Cp*), 49.28 (d, 1JCP = 22.5 Hz, CH2P), 73.48 (d, 2JCP = 7 Hz,
CH2N), 92.24 (s, Cipso Cp*) ppm. 31P{1H} NMR (161.98 MHz,
25 °C, CDCl3): δ = –67.14 (s, 1 P) ppm. MS (nESI+): m/z (%) =
521.8 [Cp*Ir(PTA)Cl]+.

Synthesis of [Cp*Ir(PTA)2Cl]Cl (2): To a solution of [Cp*IrCl(µ-
Cl)]2 (0.25 g, 0.31 mmol) in 2-methoxyethanol (5 mL) solid PTA
(0.2 g, 1.28 mmol) was added. The reaction was refluxed for 8 h.
The solution was then concentrated to half of its volume, and a
yellow solid precipitated. The precipitate was filtered and washed
with diethyl ether (2�5 mL) and then dried under vacuum. Crys-
tals suitable for X-ray structure determination were obtained by
slow evaporation from a methanol solution of 2. Yield: 0.40 mg
(90%). C22H39Cl2IrN6P2 (712.66)�2H2O: calcd. C 35.42, H 5.44,
N 10.87; found C 35.29, H 5.79, N 11.23. 1H NMR (400.13 MHz,
25 °C, D2O): δ = 1.84 (t, JHP = 2 Hz, 15 H, CH3 Cp*), 4.2–4.7
(CH2P, CH2N, 6 peaks, 24 H) ppm. 13C{1H} NMR (100.03 MHz,
25 °C, D2O): δ = 9.19 (s, CH3, Cp*), 49.53 (quint, 1JCP = 14, 2JCP

= 12 Hz, CH2P), 70.66 (t, JCP = 4 Hz, CH2N), 100.87 (t, JCP =
2 Hz, Cipso Cp*) ppm. 31P{1H} NMR (161.98 MHz, 25 °C, D2O):
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δ = –74.22 (s, 1 P) ppm. MS (nESI+): m/z (%) = 677.1 [Cp*Ir-
(PTA)2Cl]+ (100%), 659.2 [Cp*Ir(PTA)2(OH)]+ (30%).

Synthesis of [Ir(Cp*)(PTA)2H](HCO2) (4): This procedure was per-
formed in a glove box. In a 5 mL vial [Cp*Ir(PTA)2Cl]Cl (25 mg,
0.035 mmol) and [D6]DMSO (1 mL) were introduced. An excess of
sodium formate (25 mg, 36.8 mmol), dried at 200 °C for 24 h, was
added and the reaction gently heated to 100 °C whilst stirring until
the yellow solution became colourless. The reaction was cooled to
ambient temperature and the excess sodium formate was removed
by filtration. The clear, colourless solution was transferred to an
NMR tube and sealed under N2. 1H NMR (400.13 MHz, 25 °C,
[D6]DMSO): δ = –18.29 (t, 2JHP = 30 Hz, Ir-H), 2.14 (s, 15 H, CH3,
Cp*), 4.02 (s, 12 H, CH2N), 4.50 (dd, 1JHP = 17, 2JHP = 13 Hz,
12 H, CH2P), 8.50 (s, 1 H, HCOO–) ppm. 13C{1H} NMR
(100.03 MHz, 25 °C, [D6]DMSO): δ = 11.19 (s, CH3 Cp*), 54.67
(t, JCP = 12 Hz, CH2P), 71.95 (s, CH2N), 98.46 (s, Cispo Cp*),
166.98 (s, HCOO) ppm. 31P{1H} NMR (161.98 MHz, 25 °C, [D6]-
DMSO): δ = –77.28 (d, 2JPH = 30 Hz) ppm. MS (nESI+) for
C23H41IrN6O2P2 (687.78): m/z (%) = 643.3 [Cp*Ir(PTA)2H]+

(10%), 659.2 [Cp*Ir(PTA)2(OH)]+ (30%), 677.1 [Cp*Ir(PTA)2Cl]+,
100%.

Supporting Information (see also the footnote on the first page of
this article): Rate constants for the hydrogenation of hydro-
carbonate under aqueous conditions catalyzed by 2. 1H- and 31P-
NMR spectra of 4.
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