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The electronic structure of (CH3)ReO3 was reanalyzed by means of DFT calculations (ADF and
Gaussian03 programs). TD-DFT calculations were carried out, using the DFT-optimized structure and
several functionals, to assign the electronic excitations and interpret the dissociative behavior under
irradiation. The agreement between calculated and experimental wavelengths was very good and could
not be improved when using highly correlated methods (CASSCF/MS-CASPT2). The lowest energy
transition at 260 nm was assigned to a LMCT from p O to Re d (π* Re-O), correcting the earlier
empirical assignment. The second transition, experimentally observed at 240 nm, is assigned to a charge
transfer from C and O to Re in TD-DFT, but the weight of the C participation drops significantly in the
CASSCF/MS-CASPT2 approach. (C2H5)ReO3 exhibits a similar behavior. On the other hand, for (C6H5)-
ReO3 and{C6H3(CH3)3}ReO3 the strong low-energy absorption results from a LMCT from the phenyl
π* to d Re (π* Re-O), reproducing the experimental trends.

Introduction

The photochemistry of organometallic compounds has be-
come an important field of chemistry, and the family of carbonyl
derivatives, to which most initial studies were devoted,1 was
soon joined by other types of complexes characterized by the
presence of metals in high formal oxidation states. Among many
oxide derivatives, methyltrioxorhenium (MTO), (CH3)ReO3, has
attracted much attention and has been the object of several
studies.2 This remarkable molecule catalyzes a wide number of
reactions involving alkenes and alkynes, such as olefin metath-
esis, oxidation, and aldehyde olefination.3 It displays different
photochemical reactivity in solution4 and in frozen matrix,5 as
has been shown recently. Instead of generating methyl radicals
by Re-C bond homolysis, a carbene tautomer is formed in
frozen matrix (although the tautomerization mechanism most
likely proceeds through the formation of methyl and ReO3

radicals), which may play a relevant role in olefin metathesis.
Also recently, C-H‚‚‚O interactions were detected for MTO

in the solid state.6 Other related RReO3 molecules are well
known, but they differ in their behavior and properties, including
catalytic and photochemical activity.7 Several theoretical studies
have addressed different aspects of the chemistry of MTO,8

namely, the homolysis of the Re-C bond,9 but to our knowl-
edge, none have addressed the photochemistry of MTO and
other trioxorhenim complexes by means of modern quantum-
chemical calculations.

In this work, we analyze the UV-vis spectra and the
photochemical reactivity of the (CH3)ReO3 molecule, using TD-
DFT methods (ADF10 and Gaussian 0311) and highly correlated
CASSCF and MS-CASPT2 approaches (MOLCAS12). The
results from all the methods are discussed and compared with
experimental data. The study was extended to species containing
larger R groups than CH3 (C2H5, C6H5, and C6H3(CH3)3).

* Corresponding authors. E-mail: mjc@fc.ul.pt; daniel@
quantix.u-strasbg.fr.

† Universidade de Lisboa.
‡ ITQB.
§ UMR 7177 CNRS/Universite´ Louis Pasteur.
(1) Geoffroy, G. L.; Wrighton, M. S.Organometallic Photochemistry;

Academic Press: New York, 1979.
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Computational Details

Density functional theory calculations13 were carried out with
the Amsterdam Density Functional program (ADF 2004.01)10 and
Gaussian0311 packages. Within the ADF package, the local spin
density (LSD) exchange correlation potential was used with the
local density approximation of the correlation energy (Vosko, Wilk,
and Nusair).14 Gradient-corrected geometry optimizations15 under
C3V symmetry were performed using the generalized gradient
approximation (Perdew-Wang nonlocal exchange and correlation
corrections, PW91).16 A triple-ú Slater-type orbital (STO) basis set
augmented by two polarization functions was used for Re, O, C,
and H. Relativistic effects were treated with the ZORA approxima-
tion.17 A frozen core approximation was used to treat the core
electrons: (1s) for C and O, ([1-4]s, [2-4]p, [3-4]d) for Re. Time-
dependent DFT calculations (TD-DFT)18 in the ADF implementa-
tion were used to determine the excitation energies asking for the
lowest 10 singlet-singlet and singlet-triplet excitation energies
on the PW91-optimized geometry. In the TD-DFT calculations,
PW91, Becke exchange19 plus Perdew correlation20 (BP) GGA
functionals, the shape-corrected XC functional of van Leeuwen and
Baerends (LB94),21 and the gradient-regulated asymptotic corrected
potential GACLB22 were used. The latter one requires the ionization
potential of the molecule (experimental value 11.63 eV23).

Within Gaussian03, geometry optimizations were performed at
the DFT/B3LYP24,25 level usingC3V symmetry. This functional
includes a mixture of Hartree-Fock exchange with DFT exchange-
correlation, given by Becke’s three-parameter functional25 with the
Lee, Yang, and Parr correlation functional,24 which includes both
local and nonlocal terms. The standard LANL2DZ basis set was
used with the associated ECP26 for Re plus an f polarization function

(0.869).27 The 6-311G** basis set28 was used for the other atoms
(C, O, H). TD-DFT calculations were also performed using the
Gaussian03 implementation29 on the B3LYP-optimized structure.

The CASSCF/MS-CASPT2 calculations were performed using
MOLCAS12 on the B3LYP-optimized structure. The CASSCF
calculations were performed correlating 14 electrons in 10 active
orbitals. Averaged CASSCF calculations over 6 roots keepingC3V
symmetry, using supersymmetry and cleaning orbital coefficients,
were performed for a given spin. The CASSCF wave functions
were used as references in subsequent CASPT2 calculations using
the level shiftcorrected perturbation method30 with a value of 0.3.
The Re atom was described by the Dolg ECP (Z) 15.0) with an
associated (8s,7p,6d) valence basis set.31 The following atomic
natural orbitals (ANO)32 basis sets have been used for the C, O,
and H atoms in the all-electron scheme: for the C and O atoms a
(10s, 6p, 3d) set contracted to [4s, 3p, 2d]; for the H atoms a (7s,
3p) set contracted to [3s, 2p].

The solvent effects were included using the Conductor-like
Screening Model (COSMO)33 implemented in ADF.

Results and Discussion

MTO: Geometry and Properties. The geometry of MTO
is well known, having been determined in the gas phase by
electron diffraction (ED in Table 1).34 MTO decomposes under
the X-ray irradiation at low temperatures. Single-crystal dif-
fraction data are available for the deuterated analogue, (CD3)-
ReO3 (neutron column in Table 1), or for the MTO polymer.35

The geometry was fully optimized, underC3V symmetry, by
means of DFT calculations,13 using both ADF10 and Gaussi-
an0311 (see Computational Details). In the ADF calculation, it
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Table 1. Distances (Å) and Angles (deg) in MTO

ED34 neutrona 35 ADF (PW91) G03 (B3LYP)

Re-C 2.060 2.063 2.098 2.069
Re-O 1.709 1.702 1.715 1.693
C-Re-O 106 106 107 105
O-Re-O 113 113 113 112
H-C-Re 112 108 109 109

a (CD3)ReO3.
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was checked that the staggered conformation was stabilized,
relative to the eclipsed one, by 2 kcal mol-1.

The agreement with the experimental structure is good in the
two cases, for both the distances and the angles, as can be seen
from the data in Table 1 and as has been reported in previous
calculations performed on the same molecule.8 The largest,
though small, deviations are found for the H-C-Re angle.

Since the G03/B3LYP geometry is slightly better, namely,
the Re-C bond length (2.069 Å), which is closer to the
experimental one (2.060 Å), than the ADF value (2.098 Å), we
subsequently used it in all CASSCF calculations.

In MTO, rhenium is formally d0. The metal is more electron
rich than it may seem, as the oxide ligands areπ-donors and
thereby contribute to increase the electronic density at the
rhenium. A qualitative bonding picture shows theσ- and
π-donation from the oxides andσ-donation from the methyl
group to the metal, as has been described in detail in an earlier
publication.9

The quality of the computational approach was checked by
the calculation of some other properties of MTO, namely, the
IR spectra (G03 and ADF). There is a good agreement between
the calculated and the experimental values, as can be seen in
Table 2.

One should notice that these values are not scaled. The
application of a scaling factor would lead to a better numerical
agreement. The major discrepancy observed in the assignments
concerns the two lowest energy asymmetric vibrational modes,
δ ReCO andF ReO3.

Frontier Orbitals. The frontier orbitals of MTO are depicted
in Figure 1, and their composition and character are shown in
Table 3, as calculated with the PW91 functional (ADF). The
DFT calculations with different functionals yield very similar
results concerning the MO compositions (see Tables SI-1 to
SI-4 in the Supporting Information) and their relative positions.
MO levels with the same composition follow the same order.
The HOMO-LUMO gap obtained with the hybrid B3LYP
functional (6.14 eV), however, is considerably larger than the
HOMO-LUMO gaps obtained with the GGA funtionals (ca. 4
eV). As expected from a d0 species, the LUMOs are essentially
Re d orbitals, while the HOMOs consist of combinations of
oxygen lone pairs, followed, at lower energies, byσ-bonding
Re-C levels, mostly localized on the methyl group.

The HOMO is the antibonding combination of p lone pairs
from the three oxygen atoms (2a2). It remains Re-O nonbond-
ing, since there is no d Re orbital of suitable symmetry to interact
with it. Immediately below comes the 8e pair, consisting mainly
of oxygen p lone pairs (two bonding and one antibonding
interactions), with a small antibonding contribution of Re p (x

or y) orbitals. The Re pz participates in an antibonding interaction
with in-phase combination of the oxygen pz orbital and the
methyl lone pair in orbital 9a1, which is mainly p O, p C in
character (σ* Re-C concerning Re-C interaction). The other
occupied relevant orbital of a1 symmetry is 8a1. This is aσ
Re-C and Re-O bonding orbital, mostly localized in the
ligands (also p O, p C), with Re dz2 and high 6s character. The
7e set is mainly aπ Re-O orbital with significant contribution
of the methyl (π* Re-C). In the unoccupied orbitals, Re d
contributes mostly to 10a1 (which is π antibonding toward
oxygen andσ antibonding to the methyl carbon) and to 9e,
which is π* Re-O.

We also calculated the energy levels at the Hartree-Fock
level of theory (see Figure 1). The results are different from
the ones obtained at the DFT level of theory regarding the
relative order of the orbitals. In the HF calculations, the HOMO
is 24a1 (equivalent to 9a1 in PW91), while the a2 orbital is only
HOMO-3. These changes in the occupied orbitals, as well as
some changes in the virtual ones, could lead to wrong assign-
ments of the absorption spectra based on qualitative MO
diagrams in which the MOs have a different order (vide infra).
The same was already shown for the assignment of PES
spectra.8d

TD-DFT Calculations and UV-Vis Spectra.The summary
of the results for the PW91 calculations (ADF), including some
experimental data for comparison, is given in Table 4. For
detailed information, see Table SI-5 in the Supporting Informa-
tion.

The experimental electronic spectra of MTO inn-hexane
consist of three absorption bands, with maxima at 260, 231,
and 205 nm.4b These maxima are solvent dependent and should
correspond to LMCT since no MC or MLCT are available (Re
is formally d0).

Our TD-DFT gas-phase results show three sets of electronic
transitions. The first, centered on the b1A1 state (also involving
a1E and b1E states) should correspond to the experimentally
observed band at 260 nm. The wavelength used for irradiation
in many experiments (254 nm)4a,5where Re-C bond homolysis
is observed corresponds to this transition energy. All these

Table 2. Calculated (G03, ADF) and Experimental IR
Frequencies

calculated experimental

symmetry
ADF

(PW91)
G03

(B3LYP)
Ar

matrix5
C6H6

solution34
CCl4

solution36 assignment

A2 189 171 230 CH3 torsion
A1 265 258 324 235 δ ReO3 s

565 563 565 575 567 ν Re-C
1003 1050 1001 998 1000 ν Re-O s
1194 1249 1210 1205 1205 δ CH3 s
2975 3037 2926 2899 2909 ν C-H s

E 208 213 248 δ ReCO a
325 329 253 262 F ReO3 a
715 757 735 739 736 F CH3

974 1011 970 947 965 ν Re-O a
1378 1428 1377 1363 1372 δ CH3 a
3069 3134 3013 2989 2994 ν C-H a

Figure 1. Energy of the frontier orbitals of MTO, calculated using
HF (G03) (left) and PW91 (ADF) (right), as well as representation
of the PW91 orbitals (only one of each degenerate orbitals of e
symmetry).
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transitions correspond to excitations to the LUMO (9e), which
is mainly Re d in character (π* concerning Re-O interaction),
starting from several of the highest occupied levels, which are
characterized as oxygen lone pairs, with a small contribution
(21%) from the 9a1 orbital. This allows us to assign the observed
maxima at 260 nm to a LMCT p Of d Re (π* Re-O)
transition. This assignment is in agreement with the vibrational
progression of this absorption, but disagrees with the previous
assignment made in the literature (σ Re-C f π* Re-O).4b

This previous assignment assumed that the lowest energy band
was originated from the HOMO, which based on qualitative
MO diagrams was the a1 symmetry orbital, corresponding to
the Re-C σ bonding interaction.

The second set corresponds to the c1E state and is responsible
for the observed band at 231 nm. This transition is assigned to
a LMCT from C and O p centered orbitals to the Re d orbitals
(π* Re-O). The last set, with d1E and remaining higher states
(not shown), corresponds to the observed maxima at 205 nm,
which are also assigned to a LMCT.

Since the energies and assignments of transitions are in many
cases very sensitive to the presence of solvent,37 we also
performed TD-DFT calculations using the COSMO solvation
model to mimic then-hexane solvent used in the UV-vis
experimental measurements. The results, also given in Table 4,
do not significantly differ from the gas-phase ones. The first
set of excitations is also centered on the b1A1 at 255 nm and
corresponds to a LMCT p Of d Re (π* Re-O) transition. A
small change occurs in the b1E state, where the 9a1 f 9e
contribution, which involves the Re-C level, becomes more

important. The calculated oscillator strength is very similar for
gas phase (0.0054) andn-hexane (0.0055). The next maximum
is calculated at 237 nm and corresponds to the observed band
at 231 nm (234 nm in the gas phase). The weight of the 9a1f
9e transition is now much smaller than in the gas phase, but
this excitation can still be assigned as a LMCT from C and O
p centered orbitals to the Re d orbitals (π* Re-O).The
calculated oscillator strength (0.0088) is higher than the one
calculated in the gas phase (0.0066) for this transition. The last
set is also composed of the d1E and remaining higher states
(not shown). This transition has slightly higher oscillator strength
in n-hexane, and the character is essentially the same.

The calculations in the gas phase and solvent provide
essentially the same results, the agreement with experimental
values being even better for the gas-phase calculation, especially
if we consider the two lowest energy bands. The PW91-
calculated oscillator strengths provide the correct intensity of
the two lowest experimental bands but give a value that is too
low for the experimental 205 nm. Nevertheless, since the main
interest is on the lowest energy bands and the TD-DFT (PW91)
gas-phase calculations are in excellent agreement with the
experiment, all the subsequent calculations will refer to the gas
phase.

We also performed TD-DFT calculations using ADF and
other functionals (GRAC, BP, LB94) besides PW91, as well
as B3LYP in Gaussian03, to test the stability and the functional
dependence of the TD-DFT calculations. Summarized results
are shown in Table 5. For detailed information, see Tables SI-6
to SI-9 in the Supporting Information.

The results obtained for PW91, BP, and GRAC are very
similar, concerning the energies, oscillator strengths, and nature
of the transitions. The GRAC functional is an asymptotic
corrected potential, but no substantial changes are observed in

(36) Mink, J.; Keresztury, G.; Stirling, A.; Herrmann, W. A.Spectrochim.
Acta 1994, 50A, 2039.

(37) (a) Vlček, A., Jr.; Záliš, S. J. Phys. Chem. A2005, 109, 2991. (b)
Fantacci, S.; Angelis, F.; Selloni, A.J. Am. Chem Soc.2003, 125, 4381.

Table 3. Nature, Energies (eV), and Main Compositions (%) of the Relevant Frontier Orbitals of MTO (ADF-PW91)

composition (%)

orbital E (eV) symmetry Re O C character

LUMO+2 -1.985 10a1 42 dz2, 6 pz 20 pz 23 pz d Re(σ* Re-C)
LUMOa -3.932 9e 47 dyz, 3 dxy 23 pz, 10 px, 7 py d Re(π* Re-O)
HOMO -8.089 2a2 97 py p O lone pairs
HOMO-1a -8.409 8e 2 px 45 pz, 41 px p O lone pairs
HOMO-3 -8.716 9a1 6 pz 42 pz, 18 px 22 pz p O, p C (σ* Re-C)
HOMO-4 -9.827 8a1 5 dz2, 9 s 54 px 19 pz p O, p C (σ Re-C)
HOMO-5a -10.319 7e 16 dyz 27 px, 12 pz 15 py d Re, p O, p C (π Re-O, π* Re-C)

a Only one set of the e orbitals.

Table 4. Calculated (PW91) Excitation Energies (eV, nm), Oscillator Strengths (f), Composition (ω), and Nature of the
Transitions for MTO (the A 2 states are omitted), in the Gas-Phase and inn-Hexane (COSMO model)

state E/eV E/nm f
one-electron excitation in
the main configuration ω (%) λmax

4b

Gas-Phase
a1E 2a2 f 9e 4.34685 285 0.0025 p Of d Re (π* Re-O) 94.4
b1E 8ef 9e 4.65267 266 0.0036 p Of d Re (π* Re-O) 74.6

9a1 f 9e p O, p C (σ* Re-C) f d Re (π* Re-O) 21.3
b1A1 8ef 9e 4.72109 262 0.0054 p Of d Re (π* Re-O) 99.4 260
c1E 9a1 f 9e 5.30887 234 0.0063 p O, p C (σ* Re-C) f d Re (π* Re-O) 70.9 231

8ef 9e p Of d Re (π* Re-O) 14.9
d1E 8a1 f 9e 6.14128 202 0.0037 p O, p C (σ Re-C) f d Re (π* Re-O) 90.1 205

Solvent (n-hexane)
a1E 2a2 f 9e 4.5021 275 0.0024 p Of d Re (π* Re-O) 92.2
b1E 8ef 9e 4.7248 262 0.0021 p Of d Re (π* Re-O) 49.3

9a1f 9e p O, p C (σ* Re-C) f d Re (π* Re-O) 47.3
b1A1 8ef 9e 4.8714 255 0.0055 p Of d Re (π* Re-O) 99.3 260
c1E 9a1f 9e 5.2302 237 0.0088 p O, p C (σ* Re-C) f d Re (π* Re-O) 46.8 231

8ef 9e p Of d Re (π* Re-O) 35.6
d1E 8a1f 9e 6.0867 204 0.0045 p O, p C (σ Re-C) f d Re (π* Re-O) 73.2 205

7ef 9e π Re-O, π* Re-C f d Re (π* Re-O) 20.1
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these results, and all three give excellent agreement with the
experimental values. The use of the hybrid functional B3LYP
(Gaussian03) introduces some changes; for instance, the b1A1

state is lower in energy than b1E. Another change is the character
of the b1E transition, also observed for the LB94 functional, in
which the participation of the methyl group becomes more
important. The excitation is no longer mainly from the oxygen
lone pairs, but a mixture of the p O, p C (σ* Re-C) orbital.
Also, the excitation calculated to appear at 285 nm with BP,
GRAC, and PW91functionals is obtained at 277 nm in the
calculations with the hybrid B3LYP, but the oscillator strength
is close to zero (0.0001). Since the experimental band at 260
nm is broad, it is likely that the excitations at 285 nm calculated
with the GGA functionals also contribute to the broadening of
this band. We shall come back to this point when discussing
the CAS calculations (see below). In general, however, all
functionals performed quite well since the agreement between
the experimental and calculated energies is very good. The LB94
functional seems to be the worst in this case.

CAS Calculations. We performed CASSCF/MS-CASPT2
calculations in order to compare the values with the TD-DFT
ones. The calculated transition energies of the low-lying singlet
excited states of MTO are reported in Table 6. The values are
also in excellent agreement with the experiment and with the
ones obtained at the TD-DFT level of theory. The absorption
observed experimentally at 260 nm is calculated at 257 nm and
corresponds to a charge transfer from the oxygen lone pairs to
a metal d centered orbital (π* Re-O), in agreement with the
assignment made by the TD-DFT results, thus confirming that
the empirical assignment of this transition as aσ Re-C f π*
Re-O excitation4b was wrong. The orbitals involved in the
calculated transition are depicted in Figure 2. Only the 15a′ and
17a′ are represented. The 7a′′ and 9a′′ orbitals are similar and
correspond to the second element of the E set inC3V symmetry.

They are all very similar to the Kohn-Sham orbitals 8e and 9e
depicted in Figure 1.

Some differences are however observed for the calculated
excitation at 240 nm. The TD-DFT calculations suggest that
this transition has significant participation of the methyl group,
being p O, p Cf d Re (π* Re-O) in nature. The MS-CASPT2
calculations show that the methyl participation is overestimated
and the Re participation is underestimated. The transition is
mainly p O, d Ref d Re (π* Re-O).

CASSCF/MS-CASPT2 results show an excitation at 287 nm
(not shown in Table 6), with a very small oscillator strength
(0.0003), which compares very well with the B3LYP result (277
nm, 0.0001). All the other TD-DFT calculations (BP, GRAC,
and PW91) led to a value of 285 nm with non-negligible
oscillator strengths. Despite the very good results given by BP,
GRAC, and PW91 funtionals, the hybrid B3LYP functional
provides a better agreement with both the experimental UV-
vis spectra and the CASSCF/MS-CASPT2 calculations.

Homolysis of the Re-C Bond. DFT calculations (PW91),
starting from the fully optimized geometry, were performed at
several Re-C distances, and the evolution of the energy of each
orbital was followed, as is shown in the Walsh diagram of Figure
3.

As the Re-C distance is increased, the 10a1 orbital, which
wasσ*Re-C in character (see Table 3), is stabilized, by loss of
the Re-C antibonding character. On the other hand, the energy
of 9a1 increases. This result is apparently anomalous, as this
orbital was classified as Re-C antibonding. However, as the
Re-C distance becomes longer, 9a1 loses its Re p character,
responsible for the antibonding nature, becoming more d(z2) in
character and bonding. This may be seen as mixing of several
a1 levels (8a1 starts as a sdz2 hybrid, Re-C bonding, though
mostly localized in the ligands; 10a1 is a d level). As 10a1 is
stabilized along the reaction coordinate, it loses d character.

It is interesting to notice that this diagram very closely
matches the qualitative diagram obtained from extended Hu¨ckel
calculations in an earlier calculation.9 These results are insuf-
ficient to extract definitive conclusions about the dynamics of
the photoprocess, but can, nevertheless, indicate the importance
of theσ/σ*Re-C levels on the excitations when the Re-C bond
is stretched.

Other Related Molecules RReO3 (R ) C2H5, C6H5,C6H3-
(CH3)3). Since the TD-DFT results were satisfactory for MTO,
we also performed TD-DFT (PW91) calculations on related
species containing larger R groups (R) C2H5, C6H5, and C6H3-

Table 5. Summary of the TD-DFT Lowest Excitation Energies (nm), Oscillator Strengths (f), and Nature of the Low-Lying
Electronic Transitions for MTO

energy (f) energy (f)

state main character PW91 GRAC BP main character B3LYP LB94 λmax
4b

a1E p Of d Re (π* Re-O) 285 (0.0025) 285 (0.0021) 285 (0.0023) p Of d Re (π* Re-O) 277 (0.0001) 304 (0.0018)
b1E p Of d Re (π* Re-O) 266 (0.0036) 266 (0.0036) 267 (0.0036) p O, p Cf d Re (π* Re-O) 249 (0.0023) 291 (0.0019)
b1A1 p O f d Re (π* Re-O) 262 (0.0054) 263 (0.0052) 263 (0.0044) p Of d Re (π* Re-O) 254 (0.0074) 283 (0.0032) 260
c1E p O, p Cf d Re (π* Re-O) 234 (0.0063) 234 (0.0061) 234 (0.0061) p O, p Cf d Re (π* Re-O) 224 (0.0067) 261 (0.0058) 231
d1E p O, p Cf d Re (π* Re-O) 202 (0.0037) 202 (0.0037) 202 (0.0037) p O, p Cf d Re (π* Re-O) 197 (0.0094) 221 (0.0042) 205

Table 6. Calculated (CASSCF/MS-CASPT2) Excitation Energies (eV, nm), Oscillator Strengths (f), Composition (ω), and
Nature of the Transitions for MTO

state E/eV E/nm f
one-electron excitation in
the main configuration ω (%) λmax

4b

b1A1 15a′ f 17a′ 4.81 257 0.0066 p Of d Re (π* Re-O) 44.1 260
7a′′ f 9a′′ 26.4

c1E 16a′ f 17a′ 5.16 240 0.0059 p O, d Ref d Re (π* Re-O) 43.6 231
7a′′ f 9a′′ 16.9

d1E 15a′ f 18a′ 5.84 212 0.0320 p Of d Re (σ* Re-C) 40.4 205
16a′ f 17a′ p O d Ref d Re (π* Re-O) 12.7

Figure 2. Representation of the molecular orbitals (15a′ left, 17a′
right) corresponding to the one-electron excitation responsible for
the 254 nm transition calculated for MTO (CASSCF/MS-CASPT2).
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(CH3)3). All of them exhibit the same behavior as MTO, namely,
Re-C homolytic cleavage upon irradiation.4a Table 7 shows
the summary of TD-DFT results on the PW91-optimized
geometries usingCs symmetry (detailed information can be
found in Tables SI-9 to SI-11 in the Supporting Information).

Complex (C2H5)ReO3 shows a behavior similar to that of
MTO. Three UV-vis bands were reported, centered at 262, 240,
and 210 nm in CH3CN.4b The TD-DFT results also show three
sets of excitations. The first is centered at 286 nm (b1A′) and
corresponds to a LMCT from the oxygen lone pairs to a Re d
orbital (π* concerning Re-O interaction). The other excitations
of the first set, calculated at 289 and 281 nm, should also
contribute to the observed maxima at 262 nm and are also
assigned as LMCT. Like for MTO, these results contradict the
previous assignments made for this band as aσ Re-C f d Re
transition.4b

The second maximum is centered at 257 nm, which compares
quite well with the experimental value (240 nm) and corresponds
to a LMCT from p O, p C to d Re (π* Re-O). Finally, the
observed band at 210 nm, calculated at 218 nm, is assigned to
a LMCT from π* orbitals on the C2H5 to the d Re orbital (π*
Re-O).

For complex (C6H5)ReO3, no experimental UV-vis results
are available. However, for the related complex{C6H3(CH3)3}-

ReO3, one absorption band with a maximum at 334 nm was
measured in CH3CN, and irradiation at 333 nm induces
photolysis.4b The TD-DFT results show the same behavior for
(C6H5)ReO3 and {C6H3(CH3)3}ReO3. One intense peak is
calculated at 321 and 348 nm, respectively, corresponding to a
LMCT from π orbitals on the phenyl ring to a d Reorbital (π*
concerning Re-O interaction). This situation is very different
from the previous complexes where the R group (R) CH3 and
C2H5) was not involved in the lowest energy excitations
corresponding to the wavelength used for irradiation.

The orbitals involved in the lowest energy excitations
responsible for the Re-C homolytic cleavage for complexes
(C2H5)ReO3, (C6H5)ReO3, and{C6H3(CH3)3}ReO3 are depicted
in Figure 4.

Figure 3. Walsh diagram for the evolution of the frontier orbitals of MTO, as the Re-C distance is stretched. Orbitals 10a1, 9a1, and 8a1
are represented at Re-C distances of 2.02 Å (left) and 4.88 Å (right).

Table 7. Calculated (PW91) Excitation Energies (eV, nm),
Oscillator Strengths (f), and Nature of the Transitions for

RReO3

state E/eV E/nm f
one-electron excitation in
the main configuration λmax

4a

R ) C2H5

a1A′′ 4.28 289 0.0022 p Of d Re (π* Re-O)
b1A′ 4.33 286 0.0022 p Of d Re (π* Re-O) 262
c1A′ 4.41 281 0.0020 pO, pCf d Re (π*Re-O)
d1A′′ 4.83 257 0.0056 pO, pCf d Re (π*Re-O) 240
e1A′ 4.86 255 0.0046 p Of d Re (π* Re-O)
f 1A′ 5.67 218 0.0047 π* C-C f d Re (π* Re-O) 210
R ) C6H5

c1A′ 3.86 321 0.1566 π Phf d Re (π* Re-O) 334a

R ) C6H3(CH3)3

c1A′ 3.56 348 0.1726 π Phf d Re (π* Re-O) 334

a Value for C6H3(CH3)3.

Figure 4. Representation of the orbitals corresponding to the
excitations responsible for the Re-C homolytic cleavage for
complexes (C2H5)ReO3 (top), (C6H5)ReO3 (center), and{C6H3-
(CH3)3}ReO3 (bottom).
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Conclusions

DFT calculations (ADF and Gaussian03 programs) were used
to optimize the geometry of (CH3)ReO3 and describe the
electronic structure. TD-DFT (PW91) calculations carried out
on the optimized structures led to a description of the excitation
energies in close agreement to the experimental data. The lowest
energy transition at 260 nm was assigned to a LMCT from p O
to Re d (π* Re-O), correcting the earlier empirical assignment
asσ Re-C to π* Re-O. The second transition, experimentally
observed at 240 nm, is assigned to a charge transfer from C
and O to Re, as well as the third one (231 nm). Other functionals
were tested (BP, GRAC, LB94, B3LYP), with only minor
changes in outcome. The excitation energies obtained from
highly correlated methods (CASSCF/MS-CASPT2) were very
similar, the only significant difference being the nature of the
second transition, which lost the C character, becoming LMCT
from p O to d Re.Other analogues of (CH3)ReO3 were also
studied by TD-DFT. The behavior of (C2H5)ReO3 is very
similar, with three main absorption bands, both calculated and
observed in solution. More interestingly, in both (C6H5)ReO3

and {C6H3(CH3)3}ReO3, the strong low-energy absorption is
dominated by a LMCT from the phenylπ* to d Re (π* Re-
O), the calculated energy being very close to the experimental
one found for{C6H3(CH3)3}ReO3. The dynamics of the Re-C
bond homolysis is under study and will be addressed in another
publication. It is expected that the dynamical processes will
involve excitation to the b1A1 absorbing state, followed by
intersystem crossing to aσσ* dissociative state, leading to the
photoproducts.
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