
Abstract. The electronic mechanisms of the cyclic pro-
cesses of photochemical reductive elimination of H2

from [IrClH2(PH3)3] and thermal oxidative addition of
H2 to [IrCl(PH3)3] are investigated theoretically. The
geometries of the ground and excited states are opti-
mized using the Hartree-Fock and single excitation
con®guration interaction methods, respectively, and
higher level calculations for the ground and excited
states are carried out by the symmetry adapted cluster
(SAC)/SAC±con®guration interaction method. The
present calculation shows that the reductive elimination
of H2 from [IrClH2(PH3)3] dose not occur thermally but
photochemically through diabatic conversion from the
lowest A¢ excited state to the ground state (A¢), while the
oxidative addition of H2 to [IrCl(PH3)3] easily proceeds
thermally. The lowest 1A¢ excited state involves the
nature of the Ir-H2 antibonding.
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1 Introduction

The catalytic importance of the iridium complex is one
of the most attractive areas of research in organometallic
chemistry [1]. While some of these complexes have been
shown to undergo oxidative addition of various small
molecules [2±14], only a few investigations have exam-
ined the photochemical reactivity of the adduct com-
plexes.

[IrClH2(PPh3)3] was ®rst prepared by Vaska [15] and
has the con®guration given in Fig. 1 [16].

This complex does not loose H2 in the thermal pro-
cess. In 1976, Geo�roy and Pierantozzi [17] reported
that the irradiation of [IrClH2(PPh3)3] with ultraviolet
light or sun light results in reductive elimination of H2

according to the equation

IrClH2 PPh3� �3
� � ������!hm

H2 � IrCl PPh3� �3
� �

: �1�
This photochemical H2 elimination (Eq. 1) can be

readily reversed by thermal H2 addition with an energy
release of approximately 15±20 kcal/mol.

IrCl PPh3� �3
� ��H2 ����!D

IrClH2 PPh3� �3
� �
� 15ÿ20 kcal/mol:

�2�

Thus, the [IrClH2(PPh3)3]-[IrCl(PPh3)3] system o�ers a
remarkable engine for hydrogen and energy storage.

The main purpose of the present study is to theoret-
ically clarify the electronic process of the photochemical
H2 elimination of [IrClH2(PH3)3]. We examine the elec-
tronic structures of several lower singlet excited states of
the complex and the possibilities of both thermal and
photochemical reactions.

2 Computational method

[IrClH2(PH3)3] is used as a model compound in the present study.
The electronic structure of the singlet ground state of the system
was calculated by the ab initio restricted Hartree-Fock (RHF)
method for the geometry optimization and the second-order Mùl-
ler-Plesset perturbation (MP2) method for the energy calculation,
and those of the singlet excited states were calculated by the single
excitation con®guration interaction (SE-CI) method. The geome-
tries for the energy minima and the transition state were determined
by the energy-gradient method with the assumption of the Cs

symmetry. The calculations were performed using the Gaussian 94
program [18]. The symmetry adapted cluster (SAC) [19] SAC-Correspondence to: H. Nakatsuji
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con®guration interaction (SAC±CI) [20, 21] calculations were
carried out using SAC85 [22] and its modi®ed version [23].

The Gaussian bases for Cl and P used were the (3s3p)/[2s2p] sets
replacing the Ne cores by the respective e�ective core potentials
(ECPs) [24, 25]. For the Ir atom, the ECP of the Xe plus 4f 14 core
and the (3s3p3d)/[3s2p2d] set of the valence electrons were adopted
[26]. The (4s)/[2s] set of Huzinaga-Dunning was used for hydrogen
[27].

In the SAC/SAC±CI calculations of [IrClH2(PH3)3], all SCF
molecular orbitals (MOs), 21 occupied and 54 unoccupied MOs,
were included in the active space. All of the single excitations and
selected double excitations within this active space constituted
linked operators, and their products unlinked operators. The per-
turbation selection procedure [28, 29] was performed for the linked
double operators with an energy threshold of 5 ´ 10)6 a.u. for the
ground state and 5 ´ 10)7 a.u. for the excited states. The dimen-
sions after the con®guration selection are 15223 (324693: before
selection) for the ground state and 30237 (324693) and 30735
(319986) for the excited states with A¢ and A¢¢ symmetry, respec-
tively.

3 Thermal processes

The thermal reductive elimination of [IrClH2(PH3)3] and
the thermal oxidative addition of H2 to [IrCl(PH3)3] are
examined in this section. The geometry optimization and
the single-point energy calculation were performed by
the Hartree-Fock (HF) and MP2 methods, respectively.
The geometry of the phosphine ligand was ®xed
throughout our calculations, namely, the P-H distance
and the Ir-P-H angle were ®xed at 1.42 AÊ and 122.75°,
respectively.

We ®rst performed the geometry optimization of the
reactant, maintaining Cs symmetry. The calculated ge-
ometry parameters are shown in Fig. 2. The optimized
geometry for [IrClH2(PH3)3] is calculated to be a six-
coordinate octahedral conformation.

We next investigated the ground-state decomposition
reaction of the reactant into [IrCl(PH3)3]+H2. Fig. 3
shows the potential energy curves (PECs) for the de-
composition of the reactant. The distance R between Ir
and the centre of the H·H bond was adopted as the
reaction coordinate. Other parameters were optimized at
each point except for the PH3 ligand. The optimized
geometries in the decomposition process into
[IrCl(PH3)3] and H2 are shown in Fig. 4. The product,
[IrCl(PH3)3], becomes four-coordinate square-planar at
the separation of 5 AÊ .

The heat of the decomposition reaction is 15.3 and
21.1 kcal/mol by the HF and MP2 methods, respec-
tively. These values are in a reasonable agreement with
the experimental heat of the reaction, 15�20 kcal/mol

[17]. The dissociation and the association barriers are
calculated as 35.9 and 20.6 kcal/mol, respectively, by the
HF method, and 37.7 and 16.6 kcal/mol, respectively, by
the MP2 method. While the electron correlations are not
small, the comparative energies such as the reaction heat
or the energy barriers shifted less than 6 kcal/mol.

Since the Cl-Ir-P angle changes considerably near
R = 1.9 AÊ , where the TS of the activation barrier exists
as shown in Fig. 3, the geometrical change of the iridium
complex from octahedral to square-planar causes the
activation barrier of the process. The highest occupied
molecular orbital (HOMO) of the system at R = 1.9 AÊ

has a bonding character that is between the dp atomic
orbital (AO) of Ir and the sr* MO of H2. This interac-

Fig. 1. The con®guration of [IrClH2(PPh3)3]

Fig. 2. Optimized geometry for [IrClH2(PH3)3] by the Hartree-
Fock (HF) method

Fig. 3. Potential energy curve for H2 elimination of [IrClH2(PH3)3]
in the ground state by the HF method. The values in parentheses
are obtained by single-point energy calculation using the second-
order Mùller-Plesset perturbation (MP2) method
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tion corresponds to the typical p-back donation inter-
action in the Dewar-Chatt-Duncanson (D-C-D) model
[30]. The HOMO involves the antibonding character
between the dp AO of Ir and the p AO of Cl and P. An
elongation of the distance between Ir and H2 results in a

reduction of the Ir dp±H2 sr* bonding interaction as
well as an increase in the population of the Ir dp-ligand
antibonding orbital. This is the cause of the barrier. The
antibonding interaction diminishes when the Ir complex
is transformed into square-planar geometry.

In contrast, the p-back donation from Ir dp AO to H2

sr* MO contributes to a decrease in the reaction barrier
in the oxidative addition of H2 with [IrCl(PH3)3], which
is the reverse reaction of reductive elimination.

These results show that the reductive elimination of
H2 from [IrClH2(PH3)3] does not proceed thermally,
while the oxidative addition of H2 to [IrCl(PH3)3] would
occur. This result and the calculated heats of oxidative
addition agree with the experimental observations.

4 Photochemical processes

In this section, we study the photochemical reductive
elimination of H2 from [IrClH2(PH3)3]. We ®rst calcu-
late the singlet vertical excitation energies of
[IrClH2(PH3)3] at its equilibrium geometry by the HF/
SE±CI and SAC/SAC±CI methods. Table 1 shows the
excitation energy, the main con®guration and the
oscillator strength for the singlet excited states below
5.46 eV. Since the energy di�erences between the HF/
SE±CI and SAC/SAC±CI methods are not so large for
this molecule, the geometry optimization using the HF/
SE±CI methods may be justi®ed.

The experimental ®rst shoulder peaks at about 3.8 eV
and is assigned to 11A¢¢ (3.70 eV) due to the SAC±CI
energy and oscillator strength. The experimental second

Fig. 4. Optimized geometries for H2 addition and elimination
processes in the ground state

Table 1. Singlet excited states of [IrClH2(PH3)3] at the reactant geometry calculated by the SE±CI and SAC±CI methods

State SAC±CI SE±CI Expt.c

Main Con®gurationa Oscillator
strength

Excitation
energy

Excitation
energy

Excitation
energy

Con®guration Characterb Coe�cient in eV (nm) in eV (nm) in eV (nm)

X1A¢ HF 0.997 0.00 0.00 0.00
11A¢¢ 6a¢¢ ® 15a¢ rCl ® r�P 0.556 7.66 ´ 10)3 3.70 (335) 3.61 (343) 3.82 (325)

8a¢¢ ® 15a¢ rCl ® r�P 0.529
21A¢ 13a¢ ® 15a¢ rCl ® r�P 0.554 7.83 ´ 10)4 3.74 (332) 3.83 (324)

10a¢ ® 15a¢ rCl ® r�P 0.401
13a¢ ® 14a¢ rCl ® r�P, r�H 0.314

21A¢¢ 7a¢¢ ® 15a¢ d ® r�P 0.622 1.20 ´ 10)2 4.29 (289) 4.07 (305)
7a¢¢ ® 14a¢ d ® r�P,r

�
H 0.509

7a¢¢ ® 16a¢ d ® r�P, r�H 0.420 4.77 (260)
31A¢ 13a¢ ® 14a¢ rCl ® r�P, r�H 0.482 2.94 ´ 10)3 4.73 (262) 5.02 (247)

13a¢ ® 15a¢ rCl ® r�P 0.444
10a¢ ® 14a¢ rCl ® r�P, r�H 0.399

31A¢¢ 8a¢¢ ® 14a¢ rCl ® r�P, r�H 0.594 1.90 ´ 10)2 5.34 (232) 5.98 (207)
8a¢¢ ® 15a¢ rCl ® r�P 0.405
6a¢¢ ® 14a¢ rCl ® r�P, r�H 0.360

41A¢ 12a¢ ® 15a¢ rCl ® r�P 0.721 1.63 ´ 10)1 5.46 (227) 6.35 (195)
12a¢ ® 14a¢ rCl ® r�P, r�H 0.491
12a¢ ® 16a¢ rCl ® r�P, r�H 0.349

aCon®gurations whose CI coe�cients (absolute values) are more than 0.3 are shown
brCl and d indicate the Ir±Cl r bonding orbital and the Ir d orbital, respectively. r�P and r�H indicate the Ir±P and Ir±H r antibonding
orbitals, respectively
c These experimental peaks are the shoulder of the large peak in the higher energy range
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peak, which is reported to be a shoulder of the large
peak in the higher energy range [17], may be assigned to
either 21A¢¢ (4.29 eV) or 31A¢ (4.73 eV), the ®rst as-
signment based on the larger oscillator strength and the
second based on the excitation energy. Note that the
experimental peak positions of these absorptions are
rather hard to determine from their broad shoulder
shapes. A large peak in the higher range is assigned to
the 41A¢ state (5.46 eV). The 21A¢, 21A¢¢ and 31A¢ have a
excitation nature from the metal dp AOs to the metal-H2

antibonding orbital. Consequently, the bonding between
[IrCl(PH3)3] and H2 should be weakened in these excited
states.

Figure 5 shows the PECs for reductive elimination in
the singlet excited states. These PECs were calculated by
the HF/SE±CI method using the geometries optimized
for the ground state as shown in Fig. 4. Since the lowest
A¢ state is repulsive, the elimination reaction may pro-
ceed through this excited state.

Figure 6 shows the PECs for the H2 elimination in
the lowest excited singlet A¢ state, where the geometries
used were optimized for this lowest excited 1A¢ state in
the SE±CI approximation. There are several crossings
and avoided crossings in the range of R = 1.2±2.0 AÊ . In
particular, the crossing at R = 1.2±1.4 AÊ between the
11A¢¢ and 21A¢ states is very important. The SAC±CI
results suggest that the photochemical reductive H2

elimination starts from the vertical excitation to the
11A¢¢ state. Figure 6 indicates that the photochemical
reaction proceeds via this 21A¢ state through the above
crossing and would be relaxed to the ground state
at R = 1.8 AÊ through the diabatic process. Notably,
no photoluminescence is observed experimentally that
supports the diabatic pathway.

5 Conclusion

We examined the mechanisms and pathways of the
photochemical reductive elimination of H2 from
[IrClH2(PH3)3] and the thermal H2 addition reaction to
[IrCl(PH3)3] by the ab initio MO theory using the HF,
MP2, SE±CI and SAC/SAC±CI methods.

The energy barrier for the thermal H2 elimination was
calculated to be 35.9 and 37.7 kcal/mol by the HF and
MP2 methods, respectively. This barrier is due to a de-
crease in the Ir (dp)±H2 (sr*) bonding interaction as well
as an increase in the Ir ± ligands antibonding interac-
tions. Therefore, H2 elimination cannot proceed ther-
mally.

On the other hand, since the p-back donation from
Ir dp AO to H2 sr* MO lowers the reaction barrier for
thermal H2 addition, as calculated to be 20.6 and
16.6 kcal/mol by the HF and MP2 methods, respec-
tively, the H2 addition reaction to [IrCl(PH3)3] may
proceed thermally. The heat of reaction obtained here
shows fairly good agreement with experimental ®nd-
ings.

The lower excited states of [IrClH2(PH3)3] shown in
Table 1 have the nature of the excitation from Ir to Ir-
H2 antibonding orbital, so that these excited states
would facilitate the H2 elimination reaction. In particu-
lar, the 11A¢¢ state is transferred to the 21A¢ state
through the avoided crossing and the 21A¢ state would
be relaxed to the ground state through the diabatic
process.
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Fig. 5. Potential energy curves (PECs) for H2 elimination in the
singlet excited states, the geometries of which are optimized in the
ground state

Fig. 6. PECs for H2 elimination calculated with the optimized
geometries in the lowest 1A¢ excited state
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