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investigations of photochemical
decarbonylations and oxidative addition reactions
for M(CO)5 (M ¼ Fe, Ru, Os) complexes†

Zheng-Feng Zhanga and Ming-Der Su *ab

The mechanisms for the photochemical CO-dissociation and the oxidative addition reactions are studied

theoretically using three model systems: M(CO)5 (M ¼ Fe, Ru, and Os) and the CASSCF/Def2-SVP

(fourteen-electron/ten-orbital active space) and MP2-CAS/Def2-SVP//CASSCF/Def2-SVP methods. The

structures of the intersystem crossings and the conical intersections, which play a decisive role in these

CO photo-extrusion reactions, are determined. The intermediates and the transition structures in either

the singlet or triplet states are also computed, in order to explain the reaction routes. These model

studies suggest that after the irradiation of Fe(CO)5 with UV light, it quickly loses one CO molecule to

generate a 16-electron iron tetracarbonyl, in either the singlet or the triplet states. It is found that the

triplet Fe(CO)4 plays a vital role in the formation of the final oxidative addition product,

Fe(CO)4(H)(SiMe3), but the singlet Fe(CO)4 plays a relatively minor role in the formation of the final

product. However, its vacant coordination site interacts weakly with solvent molecules ((Me3)SiH) to yield

the alkyl-solvated iron complexes, which are detectable experimentally. The theoretical observations

show that Ru(CO)5 and Os(CO)5 have similar photochemical and thermal potential energy profiles. In

particular, this study demonstrates that the oxidative addition yield for Fe is much greater than those for

its Ru and Os counterparts, under the same chemical conditions.
I. Introduction

Over the past forty years, the photochemistry of coordinatively
saturated pentacarbonyl transition-metal complexes that
feature the group 8 elements, M(CO)5 (M ¼ Fe, Ru, and Os), has
been extensively studied.1,2 The prevailing photochemical
operation for these metal pentacarbonyl compounds is CO
ligand dissociation, which produces highly reactive coordina-
tion positions at the transition metal center. Therefore,
understanding the formation mechanisms and reactivity
patterns for these important intermediates is necessary for both
the synthetic and catalytic elds of inorganic and organome-
tallic chemistry.

In particular, the photochemistry of Fe(CO)5 has been the
subject of study for many years because of its applications in
various areas, including photocatalysis and synthesis.3–10 The
photolytic dissociation of a CO ligand from Fe(CO)5 to generate
Fe(CO)4 (ref. 11–14) is the most important aspect of its reaction
to UV irradiation.15–25 Starting from this unsaturated 16-electron
Chiayi University, Chiayi 60004, Taiwan.
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tion (ESI) available. See DOI:
iron carbonyl intermediate Fe(CO)4, it can easily react with
different types of molecules to undergo oxidative addition
reactions,26–28 which are of both academic and commercial
importance in inorganic and organometallic chemistry.29–32 As
a consequence, the study of the photochemistry of Fe(CO)5 has
been the subject of a great many experimental and theoretical
studies that seek to determine the fundamental aspects of its
reaction chemistry.33–37 Along the entire group 8 metal triad (Fe,
Ru, and Os), the photochemistry of Ru(CO)5 and Os(CO)5 has
not been the subject of extensive study.38–47 The reason for this
could be that iron is cheap and environmentally benign but
ruthenium and osmium are expensive and toxic. The instability
of the Ru(CO)5 and Os(CO)5 complexes with respect to the
respective formation of the well-known Ru3(CO)12 and
Os3(CO)12 species could be another reason.45 Nevertheless,
Fe(CO)5 is quite toxic as well.

The available experimental observations show that upon CO-
photolysis of the pentacarbonyl metal complex M(CO)5,2 it
yields the coordinatively unsaturated intermediate, Fe(CO)4,
which has the triplet ground state. This result has been veried
both experimentally11–25,48–53 and theoretically.54–61 However,
both Ru(CO)4 and Os(CO)4 are predicted to have a singlet
ground state.38–47 In particular, iron tetracarbonyl fragments are
an exceedingly active catalyst, as mentioned previously,11–14,26–28

but ruthenium and osmium tetracarbonyl fragments are not
easily formed photochemically from the corresponding M(CO)5
This journal is © The Royal Society of Chemistry 2019
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reactants, because unlike Fe(CO)4, these can be produced but
immediately combine with one CO molecule.11–14,38–47

The activation of the Si–H bond in alkylsilane by this a d8

organometallic photoproduct Fe(CO)4 has been studied using
picosecond time-resolved infrared (TRIR) spectroscopy.62–66

Therefore, if the reactants and products have different spin
states, the way in which the species in a particular spin state
transform into the nal products of the same spin state by way
of several intermediates of different spin state and the spin
crossovers is of interest.

Aer several decades of intensive research into the oxidative
addition of alkanes on Fe(CO)4,67–76 much is still not known
about its initial CO-photoextrusion mechanism, nor about that
for the analogous Ru(CO)5 and Os(CO)5 molecules.54–63,77–79 It is
astonishing how little is understood about the role that is
played by the either the photo-generated singlet or triplet
unsaturated d8 M(CO)4 intermediates in the oxidative addition
reaction with organic molecules, considering the importance of
these tetracarbonyl metal complexes in the elds of catalytic
and synthetic chemistry.

In principle, understanding the characteristics of the
potential energy surfaces is of great importance in determining
the functions of different possible courses. In spite of the large
number of photochemical results for the Fe(CO)4 species, which
may help in interpreting the potential energy surfaces for pen-
tacarbonyl transition-metal complexes, the entire mechanistic
detail remains unexplained. Indeed, it is not possible to locate
intermediates or the transition states because of the limitations
of current experimental techniques. Theoretical computations,
which are a major source of dependable essential information,
are an extremely useful tool with which to study the photo-
chemistry so a theoretical study of the mechanisms for the
photodissociation of d8 M(CO)5 (M¼ Fe, Ru, and Os) and the Si–
H bond–activation reaction for correspondingly photo-
generated M(CO)4 with trimethylsilane, eqn (1), is
undertaken.
(1)
This theoretical study demonstrates that either the spin
crossover (usually from the triplet excited state to the singlet
ground state) or the conical intersection (generally from the
singlet excited state to the singlet ground state)80–85 mechanisms
play a vital role in interpreting the mechanisms for the photo-
chemical oxidative addition reactions for the pentacarbonyl
transition-metal complexes, M(CO)5 (M ¼ Fe, Ru, and Os). The
theoretical results for all three transition metals are also
This journal is © The Royal Society of Chemistry 2019
compared to determine the implications for the photochemistry
of iron, ruthenium and osmium pentacarbonyl molecules. This
study gives a better understanding of the photochemical reac-
tions of the group 8 triad, M(CO)5, and supports experimental
observations.2,11–14,38–47
II. Methodology

The intersection points for the ground state (S0), the rst singlet
excited state (S1) and the lowest triplet excited state (T1) surfaces
and the transition states and the local minima for the photo-
chemical reactions of d8 M(CO)5 complexes (eqn (1)) on S0, S1 and
T1 surfaces are determined at the CASSCF (the complete-active-
space SCF) level of calculations, using the Def2-SVP basis set.86

Starting from the bipyramidal geometry of d8 M(CO)5, CASSCF
optimizations have been executed for the electronic ground state
and a few low lying excited states in order to pursue the geometry
change. The singlet ground-state conguration complies with
a closed shell (sCO/z2)

2(pCO/yz)
2(pCO/xz)

2(3dxz)
2(3dyz)

2(3dxy)
2(3dx2�y2)

2

conguration (Fig. 1). Low-lying virtual orbitals conform to
p*
CO=3dxz; p

*
CO=3dyz; 3dz2=s

*
CO: The minima, crossing minima

and transition states are determined using Cartesian coordinates
so the computational geometries are independent of any specic
choice of internal variables. Each stationary point is executed by its
harmonic frequencies, which are computed analytically at the
CASSCF(14,10) level of theory.

For better energetic values, the multi-reference Møller–
Plesset (MP2-CAS) algorithm87 is used for electron correlations.
Therefore, the relative energies that are obtained in this study
are those established at the MP2-CAS(14,10)/Def2-SVP level,
using the CASSCF(14,10)/Def2-SVP geometry, which are here-
aer designated as MP2-CAS and CASSCF, respectively. The
GAUSSIAN 09 package of programs88 is used for all of the
computations. The absolute energies and the Cartesian coor-
dinates for the stationary points are available as ESI.†
III. Results and discussion
(1) The photoactivation reaction for Fe(CO)5

In this section, the photochemical CO-dissociation reaction
pathways for iron pentacarbonyl complex Fe(CO)5 (Fe-S0-Rea) is
presented since its photochemistry has been extensively studied
by many research groups.2–66,89 A schematic overview of the CO-
extrusion mechanism with the relative energies is shown in
RSC Adv., 2019, 9, 2626–2640 | 2627
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Fig. 1 The valence molecular orbitals of the M(CO)5 (M ¼ Fe, Ru, and Os) complex.
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Fig. 2. The corresponding optimized molecular structures are
all listed in Fig. 3.

The MP2-CAS//CAS/Def2-SVP computations given in the le-
hand side of Fig. 2 demonstrate that the relative energies (kcal
mol�1) of the excited Franck–Condon region for Fe(CO)5
2628 | RSC Adv., 2019, 9, 2626–2640
increase in the order: Fe-S0-Rea (0.0) < Fe-T1-FC (75.4) < Fe-T2-FC
(80.7) < Fe-S1-FC (89.3) < Fe-T3-FC (103.9) < Fe-S2-FC (105.2) < Fe-
T4-FC (107.3). It is noted that these MP2-CAS results reveal that
the energy of the singlet rst excited state (Fe-S1-FC) is higher
than those of two triplet excited states (Fe-T1-FC and Fe-T2-FC).
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 The potential energy surface based on the MP2-CAS(14,10)/Def2-SVP//CAS(14,10)/Def2-SVP level of theory for the CO-photoextrusion
reaction and the oxidative addition reaction mechanisms of Fe(CO)5 (Fe-S0-Rea). FC and CI stand for Franck–Condon and conical intersection,
respectively. All energies (in kcal mol�1) are givenwith respect to the reactant (Fe-S0-Rea). For the key points of the CASSCF optimized structures,
see Fig. 3.
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Additionally, the reported experimental absorption band is
337 nm (¼84.8 kcal mol�1),2,15 which is lower in energy than Fe-
S1-FC by 4.5 kcal mol�1. These evidences strongly suggest that
once Fe-S0-Rea is photo-irradiated with 337 nm light into an
excited electronic state, this species may subsequently relax to
the triplet lowest excited state (Fe-T1-FC). However, one reviewer
pointed out that since the vertical Franck–Condon S1 energy of
(Fe-S1-FC), which differs with respect to the experimentally
This journal is © The Royal Society of Chemistry 2019
observed UV absorption energy, it is could be possible that UV
excitation does not purely populate the S1 state, but instead
populates a state that involves several congurations, hence the
discrepancy in energy value. Nevertheless, our theoretical
ndings concluded that the photochemical carbonylation
reaction of Fe-S0-Rea should occur from a triplet rst excited
state within the FC zone (Fe-T1-FC), which agrees satisfactorily
with the experimental observations.2–66
RSC Adv., 2019, 9, 2626–2640 | 2629
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Fig. 3 CAS(14,10)/Def2-SVP optimized geometries (in Å and deg) for the key points of the reactant Fe(CO)5 (Fe-S0-Rea) on the potential energy
surfaces of paths 1, 2, and 3. The bold arrows indicate the principal atomic motions in the transition state eigenvector. The relative energies for
each point are given in Fig. 2. Some hydrogen atoms are omitted for clarity.
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As seen in Fig. 2, aer irradiation with UV light,2–66 the
reactant (Fe-S0-Rea) can relax to a local minimum at the triplet
state Fe-T1-Min, whose conformation is near to the S0 geometry,
2630 | RSC Adv., 2019, 9, 2626–2640
as shown in Fig. 3. The MP2-CAS computations show that its
energy is calculated to be about 7.1 kcal mol�1 greater than Fe-
S0-Rea, as illustrated in Fig. 2. From Fe-T1-Min, a transition state
This journal is © The Royal Society of Chemistry 2019
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search for the Fe–CO bond breaking, using the geometry of Fe-
T1-Min, is undertaken. The optimized structure of Fe-T1-TS1
and the calculated transition vector at the CASSCF level are
given in Fig. 3. These computations show that this transition
state (Fe-T1-TS1) lies only 2.8 kcal mol�1 above the Fe-T1-Min
point. From the Fe-T1-TS1 point, the Fe(CO)4 species then
undergoes an oxidative addition reaction with trimethylsilane
to yield the nal product, Fe-S0-Pro. This gives rise to three types
of reaction routes (paths 1, 2, and 3), as shown in Fig. 2.

On path 1, aer the Fe-T1-TS1 point, the species separates
into two molecules with different spin states. One is the Fe(CO)4
molecule in the singlet state, which is denoted [Fe(CO)4]

1, and
the other is the COmolecule at the triplet excited state, which is
denoted [CO]3. The MP2-CAS computations show that the
energies of [Fe(CO)4]

1 and [CO]3 are 174 kcal mol�1 higher than
that of the corresponding reactant (Fe-S0-Rea). Since this rela-
tive energy much higher than the available experimental
observations for UV irradiation,2,54–66 it is not possible to
generate both products ([Fe(CO)4]

1 and [CO]3). Therefore, path 1
is unlikely because of the high activation energy that is
required. The computations indicate that the reaction mecha-
nism for path 1 is as follows: ([Si]1 acts for trimethylsilane in the
singlet state.)

Path 1: Fe-S0-Rea + [Si]1 + hn/ Fe-T1-Min + [Si]1 / Fe-T1-TS1

+ [Si]1 / [Fe(CO)4]
1 + [CO]3 + [Si]1

On path 2, aer the Fe-T1-TS1 point, the species divides into
two fragments: one triplet intermediate [Fe(CO)4]

3 and one
singlet CO molecule. The [Fe(CO)4]

3 then interacts with trime-
thylsilane to yield the triplet precursor complex (Fe-T1-Cpx),
which is estimated to be 15.0 kcal mol�1 above the corre-
sponding reactants. Fortunately, the activation barrier from Fe-
T1-Cpx to Fe-T1-TS2 is calculated to be 49.8 kcal mol�1, which is
much greater than the complex energy (15.0 kcal mol�1), so Fe-
T1-Cpx should be readily observed in experiments. The Si–H
bond-breaks via the triplet Fe-T1-TS2, and then this species
loosens to produce the nal insertion product (Fe-S0-Pro) across
the intersystem crossing point (Fe-T1/S0-1). Because the activa-
tion energy (49.8 kcal mol�1) for path 2 is computed to be much
less than the reported energy of the UV irradiation,2,15–28 path 2
should be energetically accessible. Consequently, the mecha-
nism for path 2 is as follows:

Path 2: Fe-S0-Rea + [Si]1 + hn/ Fe-T1-Min + [Si]1 / Fe-T1-TS1

+ [Si]1 / [Fe(CO)4]
3 + [CO]1 + [Si]1/ Fe-T1-Cpx + [CO]1 / Fe-

T1-TS2 + [CO]1 / Fe-T1/S0-1 + [CO]1 / Fe-S0-Pro + [CO]1

Onpath 3,many experimental observations2,15–28 show that the
photochemical loss of a CO ligand from the Fe(CO)5 molecule
results in the formation of the triplet [Fe(CO)4]

3 intermediate and
then proceeds ultimately along the singlet ground state path.
This strongly implies that the crossing point for the triplet and
singlet surfaces plays a central role in describing the mechanistic
CO-photoelimination reaction for Fe-S0-Rea. Therefore,
This journal is © The Royal Society of Chemistry 2019
intersystem crossing from triplet to singlet states occurs in the
region of the T1/S0 intersection Fe-T1/S0-2, as given in Fig. 2.
These MP2-CAS calculations predict that Fe-T1/S0-2 lies
39.6 kcal mol�1 above Fe-S0-Rea. This molecule then relaxes to
a singlet [Fe(CO)4]

1 intermediate and one singlet CO molecule,
whose relative energy is computed to be 30.5 kcal mol�1, with
respect to Fe-S0-Rea. [Fe(CO)4]

1 then reacts with trimethylsilane
to generate a singlet precursor complex (Fe-S0-Cpx), which is
computed to be 18.0 kcal mol�1 higher in energy than the initial
reactants. This precursor complex then undergoes an insertion
process to reach the transition state Fe-S0-TS1, initially via a Si–H
bond stretching with a hydrogen migrating to the iron center, as
shown in Fig. 3. Fig. 2 demonstrates that the activation barrier
from Fe-S0-Cpx to Fe-S0-TS1 is calculated to be 84.3 kcal mol�1.
This theoretical evidence strongly suggests that it is difficult for
the precursor complex (Fe-S0-Cpx) to override barrier since this
barrier is too high to be reached to the nal insertion product (Fe-
S0-Pro). It is, therefore, predicted that Fe-S0-Cpx could be easily
detected experimentally. Indeed, this theoretical prediction has
been conrmed by several experimental observations.29–32

Based on these theoretical calculations, the mechanism for
path 3 is as follows:

Path 3: Fe-S0-Rea + [Si]1 + hn/ Fe-T1-Min + [Si]1 / Fe-T1-TS1

+ [Si]1 / Fe-T1/S0-2+ [Si]1 / [Fe(CO)4]
1 + [CO]1 + [Si]1/ Fe-

T1/S0-3 + [CO]1 + [Si]1/ [Fe(CO)4]
3 + [CO]1 + [Si]1/ Fe-T1-Cpx

+ [CO]1 / Fe-T1-TS2 + [CO]1 / Fe-T1/S0-1+ [CO]1 / Fe-S0-

Pro + [CO]1

In brief, these theoretical computations show that under
irradiation by UV light, Fe(CO)5 (Fe-S0-Rea) generates a coordi-
nately unsaturated 16-electron tetracarbonyl iron (0) interme-
diate that exists in either the singlet or the triplet states by way of
the photochemical loss of one CO ligand. Aer this CO-
photodissociation, the dynamic Fe(CO)4 species readily experi-
ences oxidative addition of an Si–H bond to an iron center to
produce an insertion product. These model studies show there
are three possible reaction pathways (path 1, path 2, and path 3)
for the photo-assisted Si–H bond activation reaction. Only path 2
is shown to be energetically favorable reaction route for the
alkylsilane oxidative addition reactions because this reaction
pathway allows the production of the Fe(CO)4 fragment at the
triplet ground state, but the other routes (path 1 and path 3)
generate the singlet excited Fe(CO)4 intermediate. In other words,
these model observations demonstrate that the singlet excited
tetracarbonyl iron (0) plays no role in the photochemical oxida-
tive addition reactions of alkylsilanes. However, the singlet
excited Fe(CO)4 moiety interacts with alkylsilane to yield a singlet
van der Waal's complex (Fe-S0-Cpx), which is readily experimen-
tally detectable. Because of the moderate barrier height for the
triplet Fe-T1-Cpx species, as shown in Fig. 2, this triplet van der
Waal's complex should also be experimentally observable.11–37,48–79

(2) The photoactivation reaction for Ru(CO)5

The co-photoextrusion and the oxidative addition reaction
mechanisms of the pentacarbonyl complex that contains the
RSC Adv., 2019, 9, 2626–2640 | 2631
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next transition metal element in the group 8 family, Ru(CO)5
(Ru-S0-Rea), is examined. Since previous several theoretical
studies38,39,43–45 have demonstrated that the ground state of the
Ru(CO)4 fragment favors a low-spin electronic ground state and
its calculated triplet–singlet energy splitting (¼Etriplet � Esinglet)
is about 13.1–25.0 kcal mol�1 at different levels of theory, the
conical intersection pathway is used to study the CO-
photodissociation mechanism of Ru-S0-Rea. A sketch of the
potential energy surfaces for the reaction routes that lead to the
CO dissociation and the Si–H bond oxidative addition reactions
is shown in Fig. 4. The calculated geometrical structures for
specic parameters at the CASSCF level of theory are all shown
in Fig. 5.

Initially, the reactant (Ru-S0-Rea) is promoted to the singlet
excited state by way of a vertical excitation (Ru-S1-FC), as shown
on the le-hand side of Fig. 4. It is noted that the calculated
vertical singlet excitation energy at the MP2-CAS level of theory
(110.7 kcal mol�1) agrees with the available experimental
results. Bogdan and Weitz reported that the unsaturated 16
electron Ru(CO)4 is a photoproduct of the irradiation of Ru(CO)5
by 248 nm (¼115.3 kcal mol�1) radiation.45 As mentioned
previously, the theoretical calculations show that the Ru(CO)4
fragment should have a singlet electronic ground state.38,39,43,46,47

These results show that the only excited state that is involved in
the photochemical carbonyl elimination reaction for Ru(CO)5
(Ru-S0-Rea) is the singlet.

From the Franck–Condon point (Ru-S1-FC), the species
relaxes to a conical intersection (Ru-S1/S0-CI) between the
singlet excited- and ground-electronic states. As seen in Fig. 5,
funneling through the Ru-S1/S0-CI point results in two different
reaction routes on the ground state surface, via either the
derivative coupling vector or the gradient difference vector.80–85

The derivative coupling vector for Ru-S1/S0-CI is almost an
antisymmetric bending motion, which produces a vibrationally
hot species in the singlet ground-state conguration. Its
gradient difference vector produces one equatorial Ru–CO bond
breaking. Therefore, following the gradient difference vector
from Ru-S1/S0-CI and dissociating one equatorial Ru–CO bond
leads to a ruthenium complex with tetracarbonyls (Ru-S0-Int)
and one CO molecule. The MP2-CAS calculations show that the
energy of Ru-S1/S0-CI, relative to the initial reactant (Ru-S0-Rea),
is 45.4 kcal mol�1, but it is 71.7 kcal mol�1 lower than Ru-S1-FC.
In other words, beginning from the Ru-S1-FC point, Ru(CO)5
enters an efficacious decay tunnel (Ru-S1/S0-CI). From this
conical intersection, the 16-electron photoproduct (Ru-S0-Int)
and the initial reactant (Ru-S0-Rea) are readily obtained via
a barrierless ground-state relaxation path.

The unsaturated Ru(CO)4 species then reacts with trime-
thylsilane to form a precursor complex (Ru-S0-Cpx) at the singlet
ground state. Subsequently, one hydrogen migrates from the
silicon atom to the ruthenium center via a transition state (Ru-
S0-TS1). The insertion product (Ru-S0-Pro) is then produced.
The barrier energy from Ru-S0-Cpx to Ru-S0-TS1 is computed to
be 63.3 kcal mol�1 but the MP2-CAS computations show that
the energy of Ru-S1/S0-CI lies 71.7 kcal mol�1 below that of Ru-
S1-FC. This evidence shows that the large excess energy of
72 kcal mol�1 that is a result of the relaxation from Ru-S1-FC to
2632 | RSC Adv., 2019, 9, 2626–2640
Ru-S1/S0-CI is the driving force for further oxidative addition
reactions with alkylsilane on the ground state surface. These
theoretical ndings demonstrate that the photochemical reac-
tion for Ru(CO)5 is as follows:

Ru(CO)5 (photo): Ru-S0-Rea + [Si]1 + hn / Ru-S1-FC + [Si]1 /

Ru-S1/S0-CI + [Si]1 / Ru-S0-Int + [CO]1 + [Si]1 / Ru-S0-Cpx +

[CO]1 / Ru-S0-TS1 + [CO]1 / Ru-S0-Pro + [CO]1

The thermal (dark) reaction of Ru(CO)5 (Ru-S0-Rea) is also
examined. As shown in Fig. 4, the energy of Ru(CO)4 (Ru-S0-Int)
and one CO molecule is calculated to be 36.2 kcal mol�1 above
that of the corresponding reactant (Ru-S0-Rea). Close to the
conical intersection region (Ru-S1/S0-CI), a CO-thermal-
dissociation transition state (Ru-S0-TS2) lies on the singlet
ground state surface, whose energy is only 5.3 kcal mol�1 below
that of Ru-S1/S0-CI, as shown in Fig. 4. That is to say, the
computations predict that the activation energy from Ru-S0-Rea
to Ru-S0-TS2 is 40.1 kcal mol�1, but the barrier height from Ru-
S0-Int to Ru-S0-TS2 is only 3.9 kcal mol�1. This theoretical
evidence strongly suggests that Ru(CO)4 and CO recombine to
regenerate the singlet reactant, Ru(CO)5, and that this process is
very fast. This theoretical result is in agreement with the avail-
able experimental observations.12,45 According to some experi-
mental reports,12,45 the singlet Ru(CO)4 fragment i generated
during the irradiation of Ru(CO)5, but this ruthenium tetra-
carbonyl also instantly recombines with CO to form the parent
molecule. This is in sharp contrast to the case of Fe(CO)5, as
shown in Fig. 2,11–14 where the photochemical combination of
a CO ligand occurs on a potential energy surface with a different
spin multiplicity, as discussed in the previous section.

(3) The photoactivation reaction for Os(CO)5

The photochemical reaction mechanisms of the third member
of the group 8 triad, Os(CO)5, are reported. Since the Os(CO)4
fragment is known to have the ground-state singlet electronic
state, as demonstrated by several experimental47 and theoret-
ical39,44 studies, the CO-photodissociation mechanism for
Os(CO)5 (Os-S0-Rea) from the conical intersection mechanism
viewpoints is studied. Fig. 6 shows the potential energy surface
for the reaction pathways that give rise to the CO dissociation
and the Si–H bond oxidative addition reaction with trime-
thylsilane. Fig. 7 also shows the CASSCF/Def2-SVP computed
structures with some key geometrical parameters.

Similarly to Ru(CO)5 as shown in Fig. 4, Fig. 6 shows that the
irradiation of Os(CO)5 with light promotes it to the singlet rst
excited state in the Franck–Condon region, (Os-S1-FC). Calcu-
lations at the MP2-CAS level of theory show reveal the promo-
tion energy for Os-S0-Rea is estimated to be 113.7 kcal mol�1.
This theoretical value is in good agreement with the reported
experimental data (248 nm ¼ 115.3 kcal mol�1).47 This agree-
ment means that the subsequent computational results for the
photochemical reaction for Os(CO)5 are reliable.

The photoexcited Os(CO)5 undergoes radiation-less relaxa-
tion to the singlet ground state surface through the conical
intersection point, (Os-S1/S0-CI), whose geometrical structure is
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The potential energy surface based on the MP2-CAS(14,10)/Def2-SVP//CAS(14,10)/Def2-SVP level of theory for the CO-photoextrusion
reaction and the oxidative addition reaction mechanisms of Ru(CO)5 (Ru-S0-Rea). FC and CI stand for Franck–Condon and conical intersection,
respectively. All energies (in kcal mol�1) are given with respect to the reactant (Ru-S0-Rea). For the key points of the CASSCF optimized
structures, see Fig. 5.
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shown in Fig. 7. Previous experience of the CO photo-
elimination mechanism for Ru(CO)5 shows that the breaking of
an equatorial Os–CO bond plays a central role in the
This journal is © The Royal Society of Chemistry 2019
photoextrusion reaction for Os-S0-Rea. Indeed, along the Os–CO
stretching reaction path, Os-S1/S0-CI is acquired at the Os–CO
bond length of 3.697 Å. The MP2-CAS results show that the
RSC Adv., 2019, 9, 2626–2640 | 2633
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Fig. 5 CAS(14,10)/Def2-SVP optimized geometries (in Å and deg) for the key points for the reactant, Ru(CO)5 (Ru-S0-Rea), on the potential
energy surfaces. The bold arrows indicate the principal atomic motions in the transition state eigenvector. The relative energies for each species
are shown in Fig. 4. Some hydrogen atoms are omitted for clarity.
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energy of Os-S1/S0-CI lies 57.1 kcal mol�1 above the initial
reactant, but 63.2 kcal mol�1 below Os-S1-FC. This species then
decays to an Os(CO)4 fragment (Os-S0-Int) and one COmolecule.
The computational data that is shown in Fig. 6 shows that the
2634 | RSC Adv., 2019, 9, 2626–2640
large excess energy of 74.6 kcal mol�1 that results from the
relaxation from Os-S1-FC to Os-S0-Int is the driving force for
a further oxidative addition reaction with alkylsilane on the
singlet ground state surface (see below).
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 The potential energy surface based on the MP2-CAS(14,10)/Def2-SVP//CAS(14,10)/Def2-SVP level of theory for the CO-photoextrusion
reaction and the oxidative addition reaction mechanisms of Os(CO)5 (Os-S0-Rea). FC and CI stand for Franck–Condon and conical intersection,
respectively. All energies (in kcal mol�1) are given with respect to the reactant (Os-S0-Rea). For the key points of the CASSCF optimized
structures, see Fig. 7.
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This unsaturated 16-electron Os-S0-Int fragment also reacts
with trimethylsilane to form the initial precursor complex, Os-
S0-Cpx, whose energy is computed to be 21.4 kcal mol�1,
This journal is © The Royal Society of Chemistry 2019
relative to parent molecules. The species then undergoes a 1,2-
hydrogen shi via a transition state (Os-S0-TS1) to yield the
nal insertion product (Os-S0-Pro). Because of the large excess
RSC Adv., 2019, 9, 2626–2640 | 2635
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Fig. 7 CAS(14,10)/Def2-SVP optimized geometries (in Å and deg) for the critical points for the reactant, Os(CO)5 (Os-S0-Rea), on the potential
energy surfaces. The bold arrows indicate the principal atomic motions in the transition state eigenvector. The relative energies for each species
are shown in Fig. 6. Some hydrogen atoms are omitted for clarity.
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energy (74.6 kcal mol�1) mentioned previously, the species
readily overcomes the barrier (54.7 kcal mol�1) from Os-S0-Cpx
to Os-S0-TS1. The theoretical ndings show that similarly to
2636 | RSC Adv., 2019, 9, 2626–2640
the photochemical mechanism for Ru(CO)5 studied earlier,
Os(CO)5 proceeds along the following photochemical reaction
pathway:
This journal is © The Royal Society of Chemistry 2019
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Os(CO)5 (photo): Os-S0-Rea + [Si]1 + hn / Os-S1-FC + [Si]1 /

Os-S1/S0-CI + [Si]1 / Os-S0-Int + [CO]1 + [Si]1 / Os-S0-Cpx +

[CO]1 / Os-S0-TS1 + [CO]1 / Os-S0-Pro + [CO]1

The thermal (dark) reaction mechanism for Os(CO)5 is also
examined using the same level of theory. As is seen in Fig. 6, the
MP2-CAS results show that the energies for Os-S0-TS2, and Os-
S0-Int + [CO]1 are respectively calculated to be 53.2 and
45.7 kcal mol�1, with respect to the corresponding reactant. In
other words, the reverse barrier height from Os-S0-Int + [CO]1 to
Os-S0-TS2 is estimated to be 7.5 kcal mol�1. This theoretical
nding shows that the unsaturated Os(CO)4 fragment easily
recombines with one CO molecule to return to the parent
molecule, Os(CO)5. In other words, this theoretical study shows
that the reactivity of the unsaturated Os(CO)4 complex is quite
similar to that of the analogous Ru(CO)4 compound.12,46,47

IV. Conclusion

The photochemical reaction mechanisms for the CO dissocia-
tion and the related oxidative addition with alkylsilane for
group 8 metal pentacarbonyl complexes are studied. Taking the
group 8 triad systems together, the following conclusions can be
drawn:

These computational results are in good agreement with the
formation of an intermediate of a metal tetracarbonyl fragment
(d8 M(CO)4) by the photochemical loss of one CO ligand from
the parent molecule (d8 M(CO)5), which is in good agreement
with many experimental ndings.2–79

For the Fe(CO)5 model molecule, the theoretical ndings
show that the singlet–triplet energy difference of Fe(CO)4 is
calculated to be 25.8 kcal mol�1 (MP2-CAS/Def2-SVP//CASSCF/
Def2-SVP) and it has a triplet electronic ground state.90 Knowl-
edge of the intersystem crossing mechanism for the Fe(CO)5
complex is of great importance in understanding its reaction
mechanisms because it is the driving force for photochemistry.
The theoretical evidence shows that the triplet iron tetra-
carbonyl activates the Si–H bond of alkylsilane much more
readily than its singlet counterpart.

However, these theoretical results show that it is difficult for
the COmolecule to recombine with the Fe(CO)4 complex, which
has a vacant coordination site because the iron tetracarbonyl is
proven to have a triplet electronic ground state but CO has
a singlet ground state. Therefore, according to spin selection
rules, it should be difficult for the triplet Fe(CO)4 and the singlet
CO to recombine to generate the parent Fe(CO)5 molecule. This
theoretical observation is in good agreement with many exper-
imental results.2,11–25,33–37

For the Ru(CO)5 and Os(CO)5 model compounds, both
ruthenium and osmium pentacarbonyls have similar photo-
chemical and thermal potential energy proles. The computa-
tions also show that both Ru(CO)4 and Os(CO)4 fragments
feature a singlet electronic ground state. Therefore, the
computations demonstrate that the conical intersection mech-
anism plays a vital role in the photochemical reactions for the
Ru(CO)5 and Os(CO)5 transition metal complexes. The
This journal is © The Royal Society of Chemistry 2019
theoretical observations also show that the activation barrier for
the thermal fragmentation reactions for Ru and Os penta-
carbonyls are much higher than those for the thermal recom-
bination reactions for the corresponding M(CO)4 fragments and
CO. Therefore, aer the loss of CO from Ru(CO)5 or Os(CO)5, the
CO molecule readily recombines with Ru(CO)4 or Os(CO)4 to
form the parent compounds. This nding is in agreement with
several experimental observations.11–25,38–47

This theoretical evidence demonstrates that Fe(CO)5 readily
undergoes one CO ligand dissociation upon irradiation with
light to form the very reactive unsaturated intermediate Fe(CO)4
species, but it is difficult for either Ru(CO)5 or Os(CO)5 to
dissociate one CO group. Therefore, the yield of oxidative
addition product for the Fe(CO)5 molecule should be much
larger than those for the Ru(CO)5 and Os(CO)5 systems, for the
same reactive conditions.

The photochemistry of d8 M(CO)5 is salient to many types of
photochemical reaction. The subtle variation poses a mecha-
nistic challenge and it is hoped that this study will stimulate
further study of this subject.
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