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The rhenium–methyl bond cleavage in CH3ReO3 has been investigated by means of quantum

chemical calculations of the one-D potential energy surfaces (PES) associated to the low-lying

singlet and triplet excited states of the molecule. The quantum dynamics is studied by wave

packet propagations on the b 1A1 absorbing state coupled non-adiabatically to the low-lying a 1E

state. The spin–orbit states and spin–orbit couplings are evaluated according to the zeroth-order

regular approximation (ZORA). The spin–orbit coupling between the a 1E state and the a 3A1

dissociative state controls the radical formation �CH3 +
�ReO3, which occurs in 400 fs.

Introduction

Among many oxide derivatives, methyltrioxorhenium (MTO),

CH3ReO3, has been the object of a number of experimental

and theoretical studies.1 This molecule is a remarkable catalyst

for a large number of reactions such as olefin metathesis,

oxidation and aldehyde olefination, for instance.2 MTO dis-

plays different photochemical behavior upon irradiation in

solution3 and in low-temperature matrices.4 Indeed, whereas a

carbene tautomer is observed in frozen matrix, the rhenium–

methyl bond homolysis is the primary reaction observed in

solution, leading to radicals �ReO3 and
�CH3 (eqn (1)).

CH3ReO3 �!
260 nm �CH3 þ �ReO3 ð1Þ

Despite the number of studies performed on this class of

molecules, little is known on the excited states reactivity and

associated photochemical mechanism. In a recent work,5 we

have revisited the photochemistry of MTO by means of

TD-DFT and CASSCF/MS-CASPT2 methods. The electronic

structure has been re-analyzed in order to assign the electronic

transitions and to propose a qualitative mechanism describing

the homolysis of the methyl–rhenium bond after irradiation at

260 nm. The lowest allowed 1A1 transition, calculated at 257 nm

(CASCF/MS-CASPT2), corresponds to a charge transfer

from the oxygen lone pairs (pO) to a metal centered orbital

(p*Re–O) in agreement with TD-DFT results, showing that the

previous semi-empirical assignment of this state as a sRe–C -

p*Re–O was incorrect.3 The next transitions, calculated at 240

and 231 nm, correspond to charge transfer from C and O to

Re. Analogous compounds were also investigated, such as

(C2H5)ReO3 with a very similar theoretical absorption spec-

trum or (C6H5)ReO3 and {C6H3(CH3)3}ReO3 characterized

by a strong low absorption dominated by a ligand to metal

charge transfer from the p*phenyl to dRe (p*Re–O).

Herein we report the one-dimensional CASSCF potential

energy curves associated to the low-lying singlet and triplet

excited states of CH3ReO3 and computed for the rhenium–

methyl bond homolysis qa = [Re–CH3] coordinate. The

quantum chemical calculations are supplemented by wave

packet propagations in order to simulate the main features

of the electronic absorption spectrum and the dynamics of the

homolysis.

Results and discussion

Franck–Condon transitions—spin–orbit effect

The spin-free and spin–orbit states of CH3ReO3 and corres-

ponding transition energies and oscillator strengths are re-

ported in Table 1. In agreement with our previous study5 the

b 1A1 state calculated at 262 nm (TD-DFT) is the best

candidate for direct absorption from the a 1A electronic

ground state. A second singlet state with significant oscillator

strength, namely the b 1E (266 nm, TD-DFT) could also play a

role at the early stage of the dynamics.

In order to estimate the spin–orbit couplings between the

low-lying singlet and triplet states of CH3ReO3, nine spin-free

states of A1, E and A2 symmetries have been included.

This generates seventeen spin–orbit states of A1, A2 and E

symmetries.

The absorption spectrum is broadened by spin–orbit effects

and intensity is lowered. These general trends have been observed

in previous theoretical studies on various transition metal com-

plexes.6 The spin–orbit splitting of most of the spin-free states

amounts to 1000 cm�1 or more. If we exclude the a 3E state

which remains nearly pure, most of the spin–orbit states origi-

nate from significant contributions of several spin-free states.

Surprisingly, the spin–orbit effects on the transition energies are

not significant at this level of approximation (ZORA) and the

theoretical absorption spectrum is not drastically shifted, except

for the b 1E state where a significant shift (B4400 cm�1) is

calculated with a decrease of the oscillator strength. This red shift

is due to the important contribution of the a 3A1 and a 3A2 states

aDepartamento de Quı́mica e Bioquı́mica, CQB, Faculdade de
Ciências da Universidade de Lisboa, 1749-016 Lisboa, Portugal.
E-mail: pjcosta@fc.ul.pt

b Laboratoire de Chimie Quantique, UMR 7177 CNRS, Université
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calculated at 34254 and 34795 cm�1, respectively. They con-

tribute by 40% to the spin-orbit SO E state, as compared to the

29% contribution of the b 1E state. However, the impact of these

changes on the calculated spectra should be minimal since the

observed band at 260 nm is attributed to the b 1A1 state.

The CASSCF and the TD-DFT results, reported in Table 2

and Table 1, respectively, qualitatively agree with the assign-

ment of the b 1A1 as the absorbing state. The relative order of

b 1A and b 1E, very close in energy at the TD-DFT level, is

reversed by CASSCF calculations with only one excited state

calculated at 301 nm (a 1E) below the b 1A1 absorbing state.

Above b 1A1, we enter the region of the second observed

band in the experimental UV-Vis spectra. Therefore, for the

simulation, only the a 1E and b 1A1 CASSCF calculated states

were considered (vide infra). These CASSCF results agree with

the previously reported MS-CASPT2 results.5

Potential energy surfaces

The adiabatic CASSCF potential energy surfaces (PES) asso-

ciated to the low-lying singlet and triplet electronic states of

CH3ReO3 are depicted in Fig. 1. The singlet absorbing states

assigned to ligand-to-metal-charge-transfer (LMCT) states

corresponding mainly to pO - dRe(p*Re–O) or pO, pC -

dRe(p*Re–O) excitations
5 are bound with respect to the metal–

methyl bond elongation. The shape of the singlet PES rules

out a direct ultra-fast (fs) homolysis of the metal–methyl bond

under irradiation at 254 nm. After absorption the system

should be trapped into the potential well of the lowest states.

The photoreactivity will be governed by longer time-scale

intersystem crossing processes towards the low-lying triplet

states.

The triplet PES represented in Fig. 1(b) exhibit complicated

profiles with a number of avoided crossings and energy

barriers. The upper states are bound with respect to the

metal–methyl bond homolysis. The only dissociative state is

the a 3A1 corresponding to the sRe–CH3
- s*Re–CH3

excitation

leading to the formation of the diradical primary products
�ReO3 +

�CH3 in the degenerate singlet and triplet states. Due

to its high energy at the equilibrium this state generates several

avoided crossings with the other triplet states.

The main consequence is the presence of an energy barrier,

calculated at 4000 cm�1 at about 2.7 Å, with a dramatic effect

on the dissociative mechanism.

The efficiency of the metal–methyl bond homolysis will

depend on the spin–orbit coupling between the singlet

Table 1 TD-DFT transition energies to the lowest spin-free and spin–orbit electronic states of CH3ReO3 and associated oscillator strengths

State E/cm�1 E/nm f SO states E/cm�1 f

a 3E 31 938 313 0.0 A1 (98% a 3E) 31 196 0.0
A2 (99% a 3E) 31 203 0.0
E (87% a 3E) 32 461 0.0

b 3E 33 745 296 0.0 A2 (67% b 3E, 24% a 3A1) 33 094 0.0
A1 (83% b 3E, 11% a 3A2) 33 321 0.0003
E (46 % b 3E, 21% c 3E, 15% b 1E) 33 638 0.0

a 3A1 34 254 292 0.0 A2 (64% a 3A1, 30% b 3E) 34 324 0.0
E (46% a 3A1, 30% a 3A2) 35 429 0.0003

a 3A2 34 795 287 0.0 E (40% a 3A2, 21% b 1E, 19% a 3A1) 32 998 0.0
A1 (73% a 3A2, 14% b 3E, 11% c 3E) 34 625 0.0001

a 1E 35 060 285 0.0025 E (47% a 3E, 41% a 1E) 35 079 0.0016
c 3E 36 985 270 0.0 A2 (64% c 3E, 24% a 1A2) 36 180 0.0

A1 (71% c 3E, 14% a 3A2, 13% b 1A1) 36 442 0.0012
E (35% c 3E, 26% c1E, 16% b 3E) 37 419 0.0

a 1A2 37 309 268 0.0 A2 (73% a 1A2, 24% c 3E) 37 656 0.0
b 1E 37 527 266 0.0036 E (29% b 1E, 21% a 3A1, 19% a 3A2) 33 156 0.0001
b 1A1 38 079 262 0.0054 A1 (84% b 1A1, 13% c 3E) 38 215 0.0031

Table 2 Calculated CASSCF transition energies (cm�1 and nm) of
CH3ReO3 and associated oscillator strengths compared with experi-
mental values (lexp)

State E/cm�1 E/nm f lexp/nm

a 1E 33 222 301 0.0003
b 1A1 39 370 254 0.0067 260

b 1E 43 478 230 0.0061 231
c 1E 53 191 188 0.0361 205

Fig. 1 CASSCF PES associated to the low-lying singlet (a) and triplet

(b) states CH3ReO3 as a function of the [Re–CH3] distance (qa).
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absorbing states a 1E and b 1A1 (E spin–orbit state; A1 spin–

orbit state) and this low-lying triplet state a 3A1 (A2 + 2E

spin–orbit states) and on the position of the crossing between

them with respect to this energy barrier. Despite the complexity

of the PES depicted in Fig. 1, selected states can be extracted

to perform quantum dynamics simulations.

In order to build the electronic absorption spectrum, wave

packet propagations were performed on the set of singlet PES

depicted in Fig. 1(a). In a second set of simulations of the

photodissociation of CH3ReO3, the electronic ground state,

the a 1A1 and a 1E singlet states and the diabatic a 3A1 disso-

ciative state were selected (Fig. 2). In this qualitative approach,

the PES have not been recalculated including spin–orbit effect.

The simulation is performed within the quasi-diabatic approx-

imation7,8 taking into account the fact that the a 3A1 PES,

which should be split into two E and one A2 components (see

Table 1) is coupled with the b 1E via the E component.

Electronic absorption spectra

The simulated absorption spectrum of CH3ReO3 is depicted in

Fig. 3. This spectrum has been obtained by propagation of

selected wave packets on the singlet PES represented in Fig. 1.

It is characterized by three absorption bands, namely, one

intense peak and two weaker ones with maxima at 205, 235

and 260 nm, respectively. This spectrum compares rather well

with the experimental electronic spectrum of MTO in

n-hexane, which consists of three absorption bands with maxima

at 205, 231 and 260 nm.3 This good agreement validates a

posteriori the shape of the singlet PES fitted over the 18

CASSCF ab initio points and allows further investigation of

the dissociative mechanism by wave packets propagation on

selected singlet/triplet PES coupled by spin–orbit.

Photodissociation dynamics

In a first simulation, wave packet propagations have been

performed on the PES represented in Fig. 2, where the minima

of the electronic ground state and excited states coincide,

according to the ab initio results. Several sets of simulations,

with various spin–orbit coupling (SOC) values (from 500 to

5000 cm�1) led to a non-dissociative process with oscillatory

exchanges of populations between the singlet states, the wave

packet being trapped in the minima of the a 1E and b 1A1 (see

Fig. 4, left).

In a second approach, the PES of the electronic excited

states (b 1A1 and a 1E) have been shifted by dqa = 0.2 Å with

respect to the electronic ground state potential. Indeed, in this

simple 1-D scheme other vibrational relaxation effects are not

taken into account. This qualitative approach allows us to

control the kinetic energy of the wave packet when it comes

close to the singlet–triplet crossing and to investigate its ability

to populate efficiently the dissociative potential whatever the

SOC is (from 500 to 5000 cm�1). This is schematically

illustrated in Fig. 4, right.

Snapshots of the wave packets simulating the photodisso-

ciation of CH3ReO3 after irradiation into the shifted b 1A1 and

a 1E curves are represented in Fig. 5 for selected time scales

and a SOC value of 1000 cm�1. At the initial time (t = 0 fs)

both singlet states are populated. At 20 fs the upper a 3A1 state

is already significantly populated, whereas one major part of

the wave packet is trapped into the potential well of the b 1A1

state. As soon as the a 3A1 dissociative state is populated,

ultra-fast breaking of the Re–C bond is observed. Within

400 fs, 20% of the molecule dissociates towards �ReO3 and
�CH3. Beyond this time-scale the simulation is not valid

anymore due to the limited number of degrees of freedom

taken into account.

The reactivity model described above also does not take into

account solvent effects. It has been shown that the MTO

Fig. 2 Selected PES (a 1A1, b
1A1, a

3A1, a
1E) used for the simulation

of the photodissociation of MTO.
Fig. 3 Simulated absorption spectrum of MTO.

Fig. 4 Schematic Frank–Condon population depending on the

relative position of the potential: no shift (left) and 0.2 Å shift (right).
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Fig. 5 Snapshots of the simulated photodissociation of CH3ReO3 after irradiation into the shifted a 1E and b 1A1 potentials. Potential energy

surfaces are represented in bold lines while the wave packets moving on each PES are represented with thin lines.
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absorption spectrum is slightly dependent of the solvent,3 and

that photoreactivity apparently changes on going from solu-

tion to a frozen matrix.4 However, our previous TD-DFT

calculations have also shown that the impact of solvent effects

in the calculated energy of the excited states is minimum.5

Therefore, these gas-phase results should also contribute to a

reliable qualitative model for the solution reactivity. Addi-

tionally, our calculations can provide some hints about the

reactivity in a frozen matrix as reported by Downs and

co-workers,4 where the formation of the methylidene tautomer

H2CQRe(O)2OH is observed. Since our calculations refer to a

single isolated MTO molecule, our reactivity model confirms

the idea that this tautomer should be formed through a

mechanism involving the homolysis of the Re–CH3 bond in

a first step, with subsequent rearrangement of the radicals in

the frozen matrix. As suggested,4b the different reactivity

should be just a reflex of the final fate of the radicals: in a

frozen matrix they can interact and rearrange; in solution they

can diffuse away from each other and interact with the solvent

molecules.

Conclusions

The TD-DFT spin–orbit absorption spectrum of MTO has

been calculated within the ZORA approximation on the basis

of nine low-lying spin-free states and seventeen spin–orbit

states. The spin–orbit effects are of little influence on the

shape and energetics of the theoretical spectrum between 260

and 310 nm. Three bands are detected with maxima at 205, 231

and 260 nm. The spin–orbit splitting of the spin-free states

amounts to B1000–1500 cm�1 and, at the TD-DFT level of

theory, the calculated b 1A1 state should contribute mainly to

the observed band at 260 nm. At the CASSCF level of theory,

two low-energy states (a 1E and b 1A1) are calculated at 301

and 254 nm, respectively. These states contribute to the

photoreactivity of the complex, namely the metal–methyl

bond homolysis observed in solution after irradiation at

260 nm. Simulation of the photodissociation dynamics by wave

packet propagation on the coupled potentials, associated to

the electronic ground state, calculated at the CASSCF level of

theory to two singlet states (a 1E and a 1A1) and to the a 3A1

(sRe–Cs*Re–C) dissociative state for the observed reaction,

indicates that the a 1E and a 3A1 states are populated within

the first tens of fs after absorption to the b 1A1 state. The SO is

activated via the E components of the spin–orbit states

generated by the SOC splitting of the a 1E and a 3A1 spin-free

states. Within the limit of our model (a 1-D simulation along

the reactive coordinate corresponding to the Re–CH3 bond

elongation, considering only three excited states and an em-

pirical shift of the potentials), 20% of the molecule dissociates

in 400 fs, the rest of the system being trapped in the potential

wells of the two singlet states. These results are dependent on

the model used but can be applied qualitatively. On the basis

of several simulations, it is shown that the efficiency of the

singlet–triplet intersystem crossing does not depend only on

the SOC values but also drastically on the available kinetic

energy of the wave packet (induced by the potential shifts)

when approaching the singlet–triplet crossing. Further work

should be devoted to a refinement of the PES by performing

more accurate ab initio calculations9 and to an improvement of

our model by including other nuclear relaxation effects in the

electronic excited states.10 Despite the complexity of the

electronic problem, we have shown that the photoreactivity

of MTO at the early stage (before 0.5 ps) is governed by the

dynamics of only three excited states, the b 1A1 absorbing

state, the near a 1E state (both bound and corresponding to

excitation from the pO oxygen lone pairs to a p*ReO metal

centred orbital), and the a 3A1 dissociative state.

Computational details

The CASSCF calculations have been performed on the pre-

viously reported DFT/PW91 optimized geometry5 under C3v

symmetry constraints with MOLCAS,11 with the following

basis sets: the Re atom was described by the Dolg ECP (Z =

15.0) with an associated (8s, 7p, 6d) valence basis set12 whereas

the atomic natural orbitals ANO13 were used for the C, O and

H atoms in the all-electron scheme with a (10s, 6p, 3d) set

contracted to [4s, 3p, 2d] for C and O and a (7s, 3p) set

contracted to [3s, 2p] for H. The potential energy curves

(PES), associated to the seven low-lying singlet and six low-

lying triplet states, have been calculated at the complete active

space SCF level (CASSCF) using 14 electrons correlated in 10

active orbitals CAS(14,10), as a function of the qa bond

elongation. The rest of the molecule was frozen in this 1-D

approximation, already used in other applications.8,14 It is

justified by the fact that the 1A1 (pO - dRe) absorbing state

should not be affected by other nuclear relaxation, such as the

umbrella motion of the three oxygens. However, according to

preliminary investigation of the relaxation effects during the

course of the breaking of the Re–CH3 bond, this nuclear

coordinate should be considered in a further study. Indeed,

DFT/PW91 geometry optimization of the fragment ReO3

leads to a planar structure. The spin–orbit states and spin–

orbit couplings have been evaluated within the ZORA

approximation as implemented in the ADF package.15

The environment effects (solvent or matrix) have not been

taken into account in this theoretical study, which aims at

deciphering the mechanism of the photoinduced bond homo-

lysis in the title complex. Obviously, this is a first step toward a

more realistic model, which would take into account solvent

effects by recomputing PES with an extra solvation co-

ordinate. This approach is beyond the scope of the present work.

The simulation of the phodissociation dynamics is based on

wave packet propagations on the PES, solving a set of coupled

(either non-adiabatically or by spin–orbit) time dependent

Schrödinger equation,

i�h
@

@t
jfiðqa; tÞi ¼

X
j

ĤijðqaÞjfjðqa; tÞi ð2Þ

where Ĥij is the total Hamiltonian composed of the kinetic

operator and of the PES Vi(qa). The kinetic energy operator

defining the dissociation of CH3, in a reduced one-dimensional

model is given by

T̂ ¼ �h

2m

@2

@q2a
ð3Þ

where m is the reduced mass.

1908 | New J. Chem., 2008, 32, 1904–1909 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008
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m ¼ mCH3
mReO3

mCH3
þmReO3

ð4Þ

Fj(qa,t) are the time-dependent wave packets moving on

Vi(qa). Following Heller,16 the absorption spectrum has been

calculated by means of a time-dependent approach. The total

absorption spectrum is then calculated as Fourier transforma-

tion of the time-dependent total autocorrelation function

Stot(t),

sðoÞ /
Z þ1
�1

dt StotðtÞ � expðiðE0 þ �hoÞt=�hÞ ð5Þ

where E0 is the energy of the vibrational ground state of the

electronic ground state, and �ho is the energy of the absorbed

photon. The total autocorrelation function is the sum over the

individual autocorrelation functions corresponding to each

electronically excited state I

StotðtÞ ¼
X
i

SiðtÞ ¼
X
i

hfiðqa; t ¼ 0jfiðqa; tÞi ð6Þ

and describes the evolution of the molecular system in the

electronically excited state i by tracking the overlap of the wave

function Fi(qa,t) with the initial wave function Fi(qa, t= 0) as a

function of time t. The initial wave function is calculated as

Fi(qa; t = 0) = ~mfij0(qa) (7)

that is, we demand that the wave packet, as it starts in the

upper electronic state i, equals the wave function of the

vibrational ground state f0(qa) multiplied by the normalized

transition dipole function defined as

~mfi � ~mf0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2f0;x þ m2f0;y þ m2f0;z

q
P
f

mf0
ð8Þ

The vibrational eigenstate f0(qa) is evaluated using the Fourier

transform grid Hamiltonian method.17 The time-dependent

propagation of the wave function is carried out in a grid of

1024 grid points based on ab initio eigenvalues, using the

Chebychev propagator18 as implemented in the Wavepacket

2 set of programs,19 with a time step of 5 fs during 500 fs. In

order to avoid unphysical reflections of the functions, an

absorbing boundary potential20 has been fixed at 6 Å in qa.

In some simulations the electronic excited potentials have been

shifted with respect to the electronic ground state potential

by 0.2 Å.
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