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Abstract

The photodissociation of a CO ligand from a series of d° metal-carbonyl complexes, with
various other substituents (Cl, «-diimine, H, Mn(CO);) is discussed. The considerations are
based on calculations of potential energy curves, using a density functional method.
Particular attention is given to the long-standing question of the possible role of charge-
transfer excited states in the photodissociation. Such CT states exist at relatively high energy
(ca. 4 eV) in an unsubstituted complex like Cr(CO),, but at much lower energy if x-diimine
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ligands are introduced. For Cr(CO),, it is argued that the classical interpretation of the
Cr-CO photodissociation upon excitation into the weak intensity low energy band in the
spectrum at ca. 4 eV, due to the occupation of a ligand-field excited state having to be
revised: the lowest excited state, from which the photodissociation occurs, has a charge-
transfer character at R,. The LF excited states are much higher in energy. They decrease in
energy rapidly, however, upon Cr-CO bond lengthening, so the dissociation is due to an
avoided crossing of the CT state with a LF state. This photodissociation mechanism does not
depend on the nature of the lowest excited state and is shown to be operative in a variety of
d® systems Mn(CO);L (L = H, Cl or Mn(CO);). This immediately explains the relatively high
yield of CO dissociation upon low energy excitation in Mn,(CO),, and MnCIl(CO);, even
though the excitation is to an Mn-L ¢* LUMO orbital. Mn-L bond breaking has very
different quantum yields in these compounds, which is also explained from the electronic
structure. Finally, equatorial substitution with an a-diimine ligand with low-lying z* orbitals
generates MnCl(CO),(x-diimine). The CT states in this case are so low that excitation does
not provide enough energy for CO dissociation if the atomic configuration is kept fixed.
Nevertheless, dissociation can occur by an altogether different mechanism that involves
relaxation of the Cl from axial to equatorial position upon equatorial CO departure. © 1998
Elsevier Science S.A. All rights reserved.
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1. Introduction

The accepted picture of photochemical dissociation of metal-ligand bonds gives
a predominant role to ligand-field excitations [1,2]. There is, however, reason to
believe that the relation between the nature of the state that is populated upon
irradiation and the ensuing photoreaction is less direct than has been assumed in
the ‘standard’ model of photodissociation being induced by LF excitation. It is the
purpose of this review to elucidate the mechanisms of CO dissociation in d® metal
carbonyl complexes. We will first, in Section 3, discuss Cr(CO), [3], which has for
a long time been considered a classical case of photoreactivity in a LF excited state.
The excitation spectrum of Cr(CO), contains a low-energy low-intensity shoulder
that was assigned a long time ago by Gray and Beach [4,5] to the ligand field
excited state 'T,, belonging to the t3, e; configuration. At higher energies, the high
intensity charge-transfer bands occur, with a weak band in between, which has been
assigned to the 'T, (13, e}) LF state. This assignment appeared to be confirmed by
the original extended Hiickel [5] as well as more recent semi-empirical INDO/S CI
[6] and ab initio RHF [7] calculations. There was also little reason for revision of
this assignment, since irradiation at ca. 4 eV into the low energy shoulder,
presumably populating the lowest LF state, leads to photodissociation of CO. This
is in perfect agreement with the expectations based on the fact that the LF
transition is characterized by excitation of a t,, electron to a metal-ligand
antibonding e, orbital (e.g. the d_,~5¢(CO) antibonding orbital). The Cr-CO
photodissociation has been the subject of a number of time-resolved spectroscopic
investigations [8—17], which have established that the dissociation is fast (within 350
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fs [15]) and have mainly been directed toward the understanding of the effect of the
solvent on the photodissociation dynamics and the reaction processes (vibrational
relaxation and solvation). The LF nature of the photoactive excited state has not
been questioned. However, we will argue (Section 3) that the interpretation of the
absorption spectrum has to be revised, the low-energy low-intensity shoulder on the
first high intensity CT band being in fact a symmetry forbidden CT transition
rather than an LF transition [3,18]. In the calculations, the metal-CO antibonding
e,-type orbital was found to lie at relatively high energy, and the corresponding LF
states lie at too high an energy to be populated by the 4 eV radiation. We will argue
that photodissociation of CO nevertheless occurs since the o-antibonding character
of the e, orbitals is not only extremely strong, it is also short-ranged. As a
consequence, as soon as the metal-CO bond becomes longer, the pushing-up effect
of the antibonding character rapidly diminishes, and the orbital energy and the
excitation energy come down precipitously. The initially high-lying LF state is
therefore characterized by a very strongly dissociative potential energy curve (PEC),
which after fairly small metal-CO bond lengthening already leads to crossing with
the PECs of the CT states that are lower-lying at R.. The important implication,
which is also relevant for the other complexes, is that photochemical metal-CO
dissociation may take place regardless of the nature of the excited state into which
the excitation takes place at equilibrium geometry.

That the situation with respect to the assumed LF nature of photoactive states
may not be so simple, might, with hindsight, have been suspected from the
well-known photochemistry of Mn,(CO),,. The HOMO and LUMO in this system
are the Mn—Mn ¢ and ¢* orbitals. Excitation into the low-lying ¢ — o* band leads
to the expected dissociation of the Mn—-Mn bond, but also to a surprisingly high
yield (ca. 50%) of CO dissociation. This happens in spite of a rather low percentage
of CO 5o character in these orbitals, as has been apparent for a long time from
orbital composition (population analysis) data and orbital plots [19] (see also ref.
[20], Fig. 13.8). The photodissociation of Mn,(CO),, [21,22] is discussed in Section
5.1, but to prepare for this discussion and for the discussion of the photochemistry
of other Mn(CO);L systems, we first deal (in Section 4) with the orbital structure
of the parent Mn(CO);. If in Mn,(CO),,, a Mn(CO), group is replaced with Cl, to
form Mn(CO);Cl, the LUMO becomes the strongly Mn-Cl antibonding o* orbital,
yet low-energy irradiation does not lead to Mn—Cl dissociation, but leads to
Mn-CO dissociation. The MnCI(CO); [23] case is discussed in Section 5.2, and in
Section 5.3 a comparison is made with MnH(CO),, where the lowest excitation is
not to a ¢* orbital but is CT-like (to CO z*, as in Cr(CO),).

One may go one step further and introduce ligands with very low-lying virtual
orbitals, such as the a-diimines bpy (2,2-bipyridine) or (with even lower lying 7*
orbital) R-DAB (substituted 1,4-diaza-1,3-butadiene). Even from the very low-ly-
ing excited states that are unequivocally CT states involving an «-diimine z* virtual
orbital, CO dissociation is observed. The photoreactivity in the MLCT state of
complexes containing an a-diimine ligand has been experimentally well docu-
mented, e.g. for M(CO),(«-diimine) (M = Cr, Mo, W) [24-26], M(CO),(x-diimine
(M = Fe, Ru)[27], Ni(CO),(«-diimine) [28] and the roles of LF versus CT excited



100 E.J. Baerends, A. Rosa / Coordination Chemistry Reviews 177 (1998) 97-125

states have been carefully considered, cf. Ref. [29] and references therein. We show
in Section 6 that the LF excited state is again high at the equilibrium geometry, and
becomes much lower upon departure of a CO ligand. However, it does not (in the
case of axial CO dissociation) or only marginally (in the case of equatorial CO
dissociation) become lower than the CT state. Therefore, the CT excitation to
a-diimine n* does not provide enough energy to break the metal-CO bond.
However, the system finds an altogether different, interesting mechanism by which
equatorial CO dissociation (but not axial CO dissociation) can still occur.

In summary, these case studies imply that there is an important caveat against
rash conclusions, on the basis of the observed photochemistry, concerning the
nature of the state to which the (vertical) excitation takes place.

2. Theoretical method for calculation of the PECs

All calculations have been performed with the Amsterdam density functional
(ADF) program system [30—32]. An uncontracted double-{ STO basis set has been
used with one polarization function for the C, N, O, Cl and H atoms, with one 3d
and one 2p set added on Cl and H, respectively. For the metals (Cr, Mn) a triple-{
3d, 4s basis with one 4p function was used. The cores (C, N, O: 1s; Mn, Cr, Cl:
1s—2p) were kept frozen.

The density functionals included Becke’s gradient correction [33] to the local
exchange expression and Perdew’s gradient correction [34] to the LDA expression
(VWN [35] parametrization) for the correlation energy.

We use the ASCF-type method proposed by Ziegler et al. [36] for the calculation
of excited states. This method has been used with good results for atomic [37-39]
and molecular systems [36,40—-42] as well as to the potential energy surface for the
photodissociation of H,O in its first excited state [43]. The results of the ASCF
method are comparable with those of the theoretically better founded time-depen-
dent DFT method [44,45] using the adiabatic local density approximation, which
has recently been applied successfully to a number of simple atoms [46] and
molecules [47]. A crucial element of the scheme of Ref. [36] is the restriction of total
energy calculations to single-determined states only. This is a consequence of the
requirements on the hole density that have to be met for the approximate
functionals to be applicable. We refer to the references cited above for further
details.

The DF calculations afford a straightforward interpretation of the electronic
structure in terms of a molecular orbital picture. We wish to stress at this point that
Kohn-Sham molecular orbitals are not just mathematical constructs whose only
purpose is to build the electron density, but they are physically meaningful (see Ref.
[48] and references therein), in the same way as the MOs of other one-particle
models such as Hartree—Fock and extended Hiickel are. This is related to the fact
that the effective local potential of the Kohn—Sham model has as leading terms—
apart from the nuclear potential and Coulomb potential of the total electronic
density—the potential due to both the Fermi (exchange) hole and the Coulomb
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hole [49-51]. The latter builds in effects of electronic correlation and in fact gives
the Kohn-Sham MOs an advantage over Hartree—Fock orbitals in cases of strong
near-degeneracy correlation. Virtual orbitals, being solutions in exactly the same
potential as the occupied orbitals, have the advantage that they lack the artificial
upshift and diffuse character of Hartree—-Fock orbitals. They are useful for a
qualitative interpretation of the electronic nature of excited states.

3. Cr(CO),

Cr(CO) is a prototype d° system. The ligand-field splitting in the d manifold
gives rise to eF orbitals, that are s-antibonding between the metal de, orbital and
a lone pair on the ligand, as illustrated for the d_, component in the well-known
qualitative MO energy diagram for an octahedral d® transition metal complex
depicted in Fig. 1. LF excitation to the e} orbital reduces the number of electrons
in the z-bonding t,, orbitals and, more importantly, occupies the strongly anti-
bonding Cr-d_,—CO-5¢ e} orbital. The excited state potential curve will be dissocia-
tive if upon Cr—CO bond lengthening the energy rise associated with the bond
breaking is overcompensated by relief of the antibonding character in the excited e

/
[e] o]

Cr Cr(CO) CO

Fig. 1. Typical qualitative MO level diagram for a d® metal carbonyl complex, as used to picture the LF
splitting and rationalize the low-energy LF excitation and photoreactivity upon low-energy absorption.
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Table 1
One-electron energies and percentage composition (based on Mulliken population analysis per MO) of
Cr(CO)s MOs in terms of Cr and CO fragments

MO e (eV) Orbital occupancy Cr CcO

9a,, 0.003 0 77 (Ss), 23 (4s)

2y, —0.951 0 100 27*)

be, —1.127 0 61 (3d,,3d_,_.) 39 (50)

3y, —1.574 0 39 (3d,,, 3d, 3d,.) 61 (21%)

2t,, —2.165 0 100 (27%)

St —2.593 0 6 (4p,, 4p,, 4p.) 7 (So), 88 2n*)
2t,, ~6.591 6 59 (3d,,, 3d.., 3d,.) 41 (2n%)

orbital. In a simple one-electron picture: the rise in energy of the CO 5¢ due to loss
of bonding with the d_,, and of the t,,(d,) due to loss of bonding with the leaving
CO, should be overcompensated by the lowering in energy of the singly occupied
ey. The antibonding in the e¥ is supposed to be so strong that this happens. The
dissociation will lead to CO in the ground state and Cr(CO); in the Htyy —d.y”
excited state. The departure of the antibonding CO will lead to strong lowering of
the orbital energy of the d_,, the excitation energy in Cr(CO); therefore being much
lower than in Cr(CO),. If one makes the balance, it is clear that the energy available
for the breaking of the Cr—CO bond is just the difference in excitation energy in the
initial complex and in the photoproduct.

This traditional picture of the photodissociation in Cr(CO), (and in general) as
occurring from the LF excited state is not correct, although it certainly contains
elements of truth. In Table 1, the Kohn—Sham orbital energies of the 3d orbitals,
the highest occupied orbital 2t,, and the empty 6e, orbital, are given, as well as
those of the whole set of empty CO 2z* orbitals and the Cr 4s orbital. We note that
the 6e, orbital is not the LUMO, as is assumed in the traditional MO scheme of
Fig. 1, but is actually quite high up in the virtual orbital spectrum. The spread in
the CO 2z* orbitals is substantial, amounting to more than 1.5 eV. It is caused by
bonding and antibonding interactions between the CO molecules of the (CO), cage.
As a matter of fact, the spread is larger in the empty (CO), cage since the lowest
one in the cage is the mostly strongly CO-CO bonding t;, combination of 2z*
orbitals, which in the complex is shifted up considerably by the r-antibonding with
the 3d—t,, orbitals. The o-antibonding present in the 6e, 1s, however, so strong that
it puts the 6e, orbital (nominally 3d) even higher, close to the top of the 2z* band
(in a Hartree—Fock calculation we found the same picture, with actually the 6e,
even above the whole 27* band). We note that the mixing between the 3d orbitals
and the CO orbitals is strong in both the z bond (the 2t,,/3t,, bonding/antibonding
set) and the ¢ bond (5e,/6e,). The 6e, is nominally a 3d orbital and the 3ty is
nominally a 27* orbital, but both have ca. 40% admixture of other orbitals.

The orbital energies suggest that the LF states will not be the lowest states in the
excitation spectrum. We do indeed find that the lowest excited states are the a'T,,,
a'E, and a'A,, that arise from 2t5, = 9t,, CT (3d - 27*) excitation (we will restrict
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ourselves to the singlet states). The excitation energies are calculated to be 4.0-4.2
eV. The same (2t,,)°(9t,,)' configuration also leads to the much higher lying a'T,,
state. These results agree with CASSCF/CASPT?2 [18] calculations with respect to
the ordering of the excited states. These calculations, which may be considered the
most sophisticated ones to date, find, in agreement with our DF calculations, and
contrary to the previous calculations [6,7], the LF excited states to be at much
higher energy than has been assumed before. The DFT excitation energies are
higher (typically some 0.5 eV) than the CASPT2 ones, the CASSCF energies being
again some 1-1.5 eV higher (the PT2 corrections are large). We do obtain,
however, the same ordering of the excited states: both the DFT and CASSCF/
CASPT2 calculations find first the above-mentioned a'T,,, a'E,, a'A,, set, followed
by the b'E,, a'A,,, b'T,, set of states arising from the next CT transition, the
2t,, —2t,, orbital excitation. Again the fourth state belonging to this excited
configuration, b'T,,, is at much higher energy. The excitations from the ground
state to a'Ty, and b'T,, are the only ones allowed by both spin and spatial
symmetry, cf. the discussions by Beach and Gray [5] and Pierloot et al. [18]. The
crucial point for our discussion is that the lowest excitations are calculated to be the
a'T,,, a'E,, a'A,, and b'E,, a'A,,, b'T,, sets of symmetry forbidden charge
transfer excitations, not LF excitations. The lowest LF state originating from the
(2t5,)°(6e,)' configuration is found in both the DFT (5.2 eV) and the CASSCF/
CASPT2 (4.85 €V) calculations at substantially higher energy, in fact in the same
energy range as the symmetry allowed CT excitations to a'T,, and b'T,,.

The calculations thus strongly indicate that the LF excited states are too high to
be directly populated upon irradiation at ca. 4.0 eV. The low intensity of the
absorption at this energy is to be attributed to their symmetry forbidden nature, not
to their LF character.

In order to investigate the observed photochemical metal-CO dissociation upon
irradiation at this energy, we have calculated the PECs along the Cr—CO dissocia-
tion coordinate for the states arising from the 2t,, - 9t,, CT excitation. The curves
as shown in Fig. 2 have been obtained while keeping the geometry of the Cr(CO);
fragment constant along the dissociation coordinate. The PECs demonstrate that
there are, in spite of the CT character of the states derived from the 2ty, =9ty
excitation, two dissociative or nearly dissociative PECs, of 'B, and 'E symmetry in
the relevant C,, point group, arising from the a'T,, and a'E, states. The corre-
sponding triplet states (not shown) are both purely dissociative. This demonstrates
that it is not necessary to excite to LF states in order to induce photodissociation
of ligands, but that the dissociation may also occur from CT states. The observed
photoactivity may therefore not be used for assigning the low-energy absorption to
LF excitation. It should also be noted that the singlet PECs are dissociative, so that
it is not necessary to invoke intersystem crossing to the dissociative triplet PECs in
order to explain the photodissociation. In agreement with this, Joly and Nelson {17]
concluded from their transient absorption measurements that the photodissociation
proceeds directly from the initially excited state with no intersystem crossing
necessary.
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Fig. 2. PECs along the Cr-CO dissociation coordinate for the singlet states (in C,, symmetry) arising
from the lowest excited (charge-transfer) configuration, (2t,,)°(9t,,)".

It is possible to understand from the electronic structure why this excitation is
photoactive, and one can indeed predict immediately that precisely these B, and E
PECs will be the dissociative ones. The essential element in the explanation is that,
even though the excitation is to a CT state at R, the dissociation is still driven by
the presence of a strongly dissociative LF state that is at high energy at R, but
rapidly lowers its energy upon CO bond lengthening. The symmetry of the
dissociative LF state, which can be predicted without calculation, then dictates B,
and E symmetry for the dissociative PECs in Fig. 2, as will be detailed below.

Upon Cr-CO bond lengthening, the antibonding present in the Cr-d_,—CO-50 e}
orbital (we will denote it as ““d_,”") rapidly diminishes. It will come down and cross
with lower lying virtual levels, or exhibit an avoided crossing in case of equal
symmetry, and will ultimately become the lowest virtual orbital. This implies that
the LF state corresponding to the excitation to “d_,” starts at high energy but is
strongly dissociative and will become the lowest excited state eventually. We should
caution that, due to the presence of a remaining trans CO ligand, with high ligand
field strength, the case of Cr(CO)g is actually slightly more complicated than this
picture suggests, for the d_, character not only ends up in the low-lying Cr(CO),
LUMO, but also appears in a higher lying a, orbital. Since this is an important
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point for the photochemistry of the Mn(CO);L systems—(Mn(CO); has very much
the same orbital structure as Cr(CO);)—we discuss this point in somewhat more
detail. Let us consider the splitting of the relevant orbitals upon lowering the
symmetry from Oy to Cy,:

- dey b,
Geg= =:_~__ a1
dz
I e
Mgy === ==zzZ°_ by
- . €
2y == -=-z=z--" b,
=Y e
oty === =--"_
iu - - a
dy,

2tag <:'—‘—+b2

Xz, yz

Oh ——— C4 v

The Cr-d_,—CO-5¢ e} orbital has an a, symmetry in C,,, just as one of the
components of the 9t,, orbitals. When an axial CO is moved away, this “d_,”
orbital will come down. We would expect this a,(6e,) orbital to exhibit an avoided
crossing with the a,(9t,,). This means that the states arising from the 2t,, —a,(%t,,)
CT excitation, under the symmetry lowering have become either e(2t,,) —a,(9t,,) or
by(2t,,) = a,(9t,,), i.e. having E or B, symmetry in C,, will have an avoided crossing
with E or B, LF states arising from the e(2t,,)—a (e,) and by(2t,,) —a,(e,)
excitations, respectively. These LF states are strongly dissociative. The avoided
crossing may result in a barrier on the PEC, but if the crossing is strongly avoided
no barrier will appear. It is actually found completely lacking in 'E and to be weak
in 'B, (see Fig. 2). Indeed, in the calculations, the orbital energies of the a,(6e,) and
the a,(9t,,) orbitals never come very close; the a,(6e,) does come down in energy
initially, but it does not get close to the lower lying a,(t,,) since at larger Cr-CO
bond distances (2.0 A and beyond), the a,(9t,,) energy actually drops faster. So we
do not have the simple picture that the a,(6e,), characterized by a significant d_,
character, on its way down crosses the a,(9t,,), characterized by zero d_, character,
at R, as well as at larger distances. The character of these orbitals changes in a
somewhat more complicated way. Along the Cr—CO dissociation coordinate, these
two orbitals gradually but considerably mix, with the symmetry lowering also
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Fig. 3. (a) Orbital contour plot of the virtual e} (“d_,”) orbital of Cr(CO),. Contour values: +0.5,
+02, £0.1, +£0.05, £0.02 and 0.0 (e bohr ") (b) Orbital contour plot of the a, LUMO of
Cr(CO)s, which is similar to the 10a, SOMO of Mn(CO);. (c) Orbital contour plot of the 11a, ¢’ orbital
of Cr(CO)s (similar to 1la, of Mn(CO);).

giving rise to other orbital admixing, such as 4p.. Ultimately the LUMO of
Cr(CO)s, which evolves smoothly from the a,(%t,,), has about as much d_,
character as the higher lying a, orbital, the latter however incorporating all of the
antibonding with the axial CO that is left behind. Since the a, LUMO of Cr(CO)s,
which is essentially similar to the singly occupied a, SOMO of the Mn(CO),
fragment, plays, together with the next higher a, orbital, an important role in the
understanding of the photochemistry of the Mn(CO);L systems, we will discuss
these orbitals in some detail in the Section 4. The change in going from a,(6e,) (i.e.
“d_,”) to the a;, LUMO of Cr(CO), can be appreciated by comparing the contour
plots of these orbitals in Fig. 3(a) and (b). The plot of the Cr(CO); LUMO shows
the strong mixing of equatorial CO 2z* with Cr 4p. and 3d_, in this orbital. In view
of the hybrid nature of the a, LUMO of Cr(CO); one cannot unequivocally denote
excitation to this orbital either as LF or as CT excitation. Nevertheless, this a,
LUMO has much lower energy than the original a,(e,) orbital; it is in fact much
lower than the lowest 2z* orbital, so that it is situated in the energy window
between the highest occupied 3d levels and the start of the CO 2z* manifold. The
low position of this LUMO corresponds to a low first excitation energy in Cr(CO)s.
The first excitation energy in Cr(CO); is so much lower than the first excitation
energy in Cr(CO); that the difference is enough to provide the energy to dissociate
CO.
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So the picture that the Cr—CO dissociation from a state that has CT character at
R, can be understood from the (strongly avoided) crossing of this state by a
strongly dissociative LF state captures the essence of the electronic structure
explanation of the photochemical CO dissociation in the case of Cr(CO),.

It is clear now that amongst the states that arise from the 2t,, — 9t,, excitation
those that can be derived from orbital excitation to the a, component (in C,,
symmetry) of the 9t,, will be the ones that can give rise to states with dissociative
PECs, either with a barrier or barrierless. The e(2t,,) —a,(9t;,} and b,(2t,)—
a,(9t;,) excitations give rise to E and B, states in C,,, respectively. All the other
states from the (2t,,)°(9t,,)' configuration in O, corresponding to e —e excitation
(A, A,, B, and B, states in C,,) and b, —»e excitation (E state in C,,) are not
expected to be dissociative. This is corroborated by the calculations of the PECs
(see Fig. 2). Most of the PECs ('A,, 'B,, 'B,, 'E) simply curve upward, the energy
rising due to the loss of bonding to the leaving CO. The behaviour of the 'A, state
arising from the a'T, is somewhat different and is discussed in Ref. [3].

We conclude that the photodissociation of CO does not occur because of the LF
character of the first excited state, but because of the crossing of the lowest excited
state by the rapidly descending, initially high lying, LF excited state. In the case of
Cr(CO);, the lowest excited state at R, was of CT-type. However, the mechanism of
CO photodissociation that we have identified here does not depend on the nature
of the lowest excited state. It will, therefore, be very interesting to investigate cases
where the lowest excited state is changed by the introduction of substituents. In
Section 5 we will discuss Mn(CO)sL systems, where L is a one-electron ligand,
which may lead to a lowest excitation to an Mn-L ¢* LUMO, as in the case of
L = Mn(CO);, in Mn,(CO),, and L = Cl in MnCIl(CO);,. Substitution of equatorial
COs by an a-diimine ligand introduces very low lying n* orbitals in the virtual
orbital spectrum. CO photodissociation from the corresponding very low lying CT
states is the subject of Section 6. However, before dealing with the photochemistry,
we investigate in Section 4 the electronic structure of the Mn(CO); fragment, since
the perturbation on the octahedral environment resulting from the vacant coordina-
tion site plays a crucial role in the understanding of the electronic structure of the
Mn(CO);L systems and their photochemistry.

4. The a, hybrid SOMO of Mn(CO),

Before we discuss the photochemistry of Mn(CO);L systems, it is useful to
consider the structure of the most important orbitals of Mn(CO);. One might in a
simplified picture assume that the perturbation of the local octahedral environment
in a hexacarbonyl by removing one CO ligand at the z-axis, would result in the
splitting of the degenerate 3d—e, set, the d_, orbital becoming lower in energy due
to loss of antibonding with the leavmg CO [52]. We have noticed above that indeed
a hybrid with considerable d_, character becomes the low lying LUMO in Cr(CO)..
However, Fig. 3(b) demonstrates that there is considerable admixing of 2m,, and
metal 4p_, so that a hybrid is created with high amplitude at the vacant sne and



108 E.J. Baerends, A. Rosa / Coordination Chemistry Reviews 177 (1998) 97-125

good acceptor properties. A second remarkable feature of this LUMO (which is the
10a, orbital counting valence levels only) is the lack of antibonding with the
remaining axial CO 5¢. As detailed in Ref. [21], there is a second, higher lying 11a,
orbital (see Fig. 3(c)), located in the middle of the 2z* band, that has as much d_,
character as the 10a, LUMO and that does have a significant contribution of the
axial CO (16.9% against 2.5% in 10a,), which is strongly antibonding (the Mn~
CO,, overlap population is —0.202 in the 1la, and +0.004 in the 10a;). This
second orbital is crucial for the understanding of the photochemistry of the
Mn(CO);L compounds. As is apparent from Fig. 3(c), there are other differences
between 10a, and 11a,: for instance, 10a, has considerable 4p. character; 11a, has
virtually none. Both have considerable (ca. 50%) 2., character (the largest contri-
bution percentage-wise), but with opposite phases (with respect to d_.).

It is possible to understand the composition of these orbitals using Scheme 1. The
first point that should be realized is the importance of the strong interaction
between the 4p. and the a, combination of 27z orbitals on the equatorial COs (the
ones with their lobes perpendicular to the equatorial plane). The 4p. overlaps
strongly with the a,(27,,) (S = 0.66). We will have to account for this large overlap
and strong interaction in a qualitative interaction diagram like Scheme 1. In this
scheme, we start with 3d_, and 4p. orbitals that each have been destabilized by

4p, - a; (2Meq) (+ 50y)..

_____

4Pz (+ 50'p) _""

DD
231

‘:”
a1 (2Meg) +4p, =32 (+ 56, +56,,)

+3y (zneq) ~ 4p. (- 50,)

a; (2Eeq) _‘~

a; (2Meg) + 4p, (+ 53,)

3d12(—50'd)—_- ------------- — .
oqb 3d2 (- 50,) 1a
3d2 + & (2Meg) + 4p, (- 504+ 50,)
step 1 step 2

Scheme 1.
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antibonding with the CO,, 5¢. The contribution of 5o, to the 3d_, to form the
3d_.(— 5o4) combination, is larger than the mixing of So,, with 4p. to form the
(aﬁtibonding) 4p_( + 50,,) combination (we denote small admixtures between paren-
theses; the d and p subscripts distinguish the admixing of 5¢,, to the 3d and 4p,
respectively). The a,(2r,,) is strongly stabilized by the in-phase interactions between
the 27, orbitals on the adjacent equatorial carbonyls and is in between the
destabilized 4p_( + 50,) and 3d_,( — 5c,). In the first step we allow the only strong
interaction to take place, ie. the a,(27,,) with 4p. mixing. This will bring the
bonding combination a,(27.,) + 4p.( + Sa,,), which is essentially the a,(27,,) pushed
down by the 4p_, close to the 3d_.(— 5o,). From the final orbital composition we
deduce that these two levels must be so close that considerable mixing occurs in the
second step. The stabilized orbital that resuits from this mixing in step 2 is the
hybrid orbital 10a, =a,(2x,,)+3d.,+4p.(— So,+ 50,) (the AOs are listed in
order of importance, the small contribution in parentheses). The large a,(2z,,) and
4p. contributions to this orbital are evident from the contour plot of Fig. 3(b). The
partial cancellation of the 5o, and 5S¢, contributions explains the small amount of
5o character in the 10a,. The 1la, arises from two effects, the first being the
antibonding mixing of 3d_.( — 5¢,) with the a,(27.,) + 4p.(+ So,). This mixing is
determined by the a,(27,,) + 4p. with 5S¢4 and the 3d., with 5¢, interactions. In the
second place there is bonding admixture (‘pushing down’) by the 4p_-a,(27 ) +
50,). The 4p. contributions cancel each other but the 27, contributions reinforce
each other, resulting in the large 27, character found in the Ila,. Note that the
relative phases of 3d_, and a,(27,) in the 10a, and 11a, orbitals are opposite. Note
also that considerable 5o, character remains in [1a,, its antibonding with 3d_, not
being diminished by bonding with 4p., hence giving the large negative Mn—CO,,
overlap population mentioned before. The reversal of phase of the a,(27,,) implies
that in the 11a, orbital the 50,, will also be antibonding with the equatorial COs.
We may therefore expect that antibonding with axial CO will strongly increase
upon population of this orbital in an electronic excitation. On the other hand, the
absence of antibonding with axial CO in the 10a, is noticeable.

5. Photochemistry of Mn(CO),L systems, L = Mn(CO),, Cl, R

The Mn(CO); radical, with one electron in the 10a, SOMO, may bind to various
one-electron ligands. The photochemistry of such compounds may be rather
different, depending on the nature of the L ligand. In the case of L = Mn(CO)s, we
obtain Mn,(CO),,, which has the o-bonding orbital between the two 10a, orbitals
as HOMO, and the corresponding o* as LUMO. The o — ¢* excitation leads to
Mn-Mn bond breaking, and simultaneously to CO dissociation, with approxi-
mately equal quantum yields. At higher excitation energies the CO dissociation
becomes increasingly more predominant. As a matter of fact, CO dissociation is
always, with any ligand L, an important photoreaction. The breaking of the ¢ bond
is, however, very much dependent on the nature of L. If L = Cl no Mn-Cl bond
homolysis occurs; if L = H very little Mn—H homolysis occurs; but, if L = CH, or
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Fig. 4. Orbital interaction diagram for the formation of Mn(CO);L, where L = Mn(CO), Cl or H. The
Cl1 3p level is not at the energy calculated in the neutral atom but is positioned so as to suggest correctly
the composition of the orbitals.

CH,C¢Hs, Mn-R bond breaking occurs more readily. We will discuss the photo-
chemistry of the Mn(CO);sL compounds, with L =Mn(CO);, L=Cl and L=R
separately, using the orbital energy diagrams of Fig. 4 to help us distinguish the
differences and similarities.

5.1. Mny(CO),,

For Mn,(CO),, the dissociation coordinates that have been considered [22] are
indicated in Scheme 2. In the calculated PECs D,y C,, and C, symmetries were
retained along the reaction paths corresponding to the homolysis of the Mn—Mn
bond, the loss of an axial and an equatorial CO, respectively. Along the Mn—Mn
and the Mn-CO,, coordinates all geometrical parameters except for the dissociat-
ing bond were optimized.

Considering first the breaking of the Mn—Mn bond we note that the relevant
frontier orbital of the Mn(CO); fragment, indicated here as the oy, orbital, is the
10a, a,(2m,)-4p.-d_, hybrid orbital (singly occupied) discussed in Section 4. If we
bring two Mn(CO); fragments together to form Mn,(CO),,, the gy, orbitals form
bonding and antibonding combinations (the occupied ¢ HOMO and empty o*
LUMO, respectively). The HOMO is very close to occupied 3d orbitals (‘ty, -type
orbitals in the local octahedral environment), the highest one of which is the
Mn-Mn # antibonding d* = d,.(Mn,) + d,(Mn,) orbital. The lowest excited states,
that will be involved in a typical photochemical experiment, are the d¥-ox ('°E)
and the o —o* ('“B,) states. From the allowed 'B,(c — o *) state the system may
reach through intersystem crossing the *B,, which has been calculated [22] to be



E.J. Baerends, A. Rosa / Coordination Chemistry Reviews 177 (1998) 97125 111

purely dissociative, as expected for the triplet state corresponding to bonding — an-
tibonding orbital excitation in a simple electron pair bond. This straightforwardly
explains the Mn-Mn bond homolysis. The situation with respect to Mn-CO
dissociation is rather more involved. We have stressed the lack of antibonding with
the CO,, 5o lone pair orbital in the g, of Mn(CO)s (and therefore in the ¢ and o*
orbitals of Mn,(CO),,). One would therefore expect the PECs along the Mn—-CO,,
dissociation coordinate of the lowest excited states not to be dissociative. However,
there is amongst the virtual orbitals the much higher lying, strongly Mn-CO,,
o-antibonding, 11a, orbital in Mn(CO);. This orbital is in fact more entitled to the
denomination de,-type orbital, since it incorporates the 3d_,-50,, antibonding. We
use a prime to distinguish this orbital from the oy, o', or, if we wish to stress the
o antibonding character with the axial CO ligand, ¢* (see Fig. 4). We now find a
very similar behaviour of this‘e,” orbital as is observed in the case of Cr(CO),: when
the axial CO 1s removed, the loss of antibonding causes this orbital to come down
in energy precipitously. It crosses all lower virtual levels and becomes the LUMO
already around R(Mn-CO,,)=2.2 A. So the LF excited states corresponding to
o—¢' or d¥— o’ excitation, are at high energy at R, but drop in energy very
quickly and cross the lowest excited states with o — ¢* or d* — o* character. The
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Fig. 5. PECs for the dissociation of the Mn~CO,, bond in Mn,(CO),,,.

latter have '*A; and '°E symmetry, respectively, in C,,. Our calculations showed
(see Fig. 5) that the '*A, PECs have a bonding minimum around R.. This bonding
minimum is, however, much less deep than the one in the 'A, ground state curve,
since the down-coming A (o —¢') crosses the excited state '*A, PECs rather soon.
The crossing is actually avoided, it shows up in a gradual change of the electronic
character of the excitation from o —¢* to 0 — ¢’ character along the excited state
'“A, PECs. There is not a barrier in the PECs, owing to the fact that the A(c -0
state comes down so fast and the crossing is strongly avoided. Turning now to the
"E PECs corresponding to excitation out of d*, we note (see Fig. 5) that these do
not even show a bonding minimum but are almost completely dissociative. This
difference with the '*A, PECs can be understood as follows. The excitation d¥>ox
transfers one of the four d, — 2z*_ bonding electrons to an orbital with virtually no
CO,,—metal bonding or antibonding character. One would therefore expect some
bond lengthening in this excited state, but no bond breaking. The bond lengthening
means that the E PECs are expected to curve upwards at a somewhat longer
Mn-CO,, distance than the A, PECs. At the same time, however, the E(d¥*->o")
excited state comes down more rapidly, and more deeply. This is due to the fact
that, in addition to the ¢’ coming down upon Mn-CO,, bond lengthening, the d*
orbital goes up in energy, being destabilized by the loss of 7 bonding with the 27 *



E.J. Baerends, A. Rosa / Coordination Chemistry Reviews 177 (1998) 97-125 113

orbital of the leaving CO. As pictured in Fig. 4 of Ref. [22], the d¥ (8e, in D,,, 16e
in C,,) is below the 10a;-0,,, at R, but crosses it and becomes the HOMO at ca. 2.2
A. The E(d* - o) excited state therefore drops particularly rapidly, and it crosses
the E(d* — o%) so soon that the PEC of this latter state has no room to curve
upward. Asymptotically, in Mn,(CO),, the E(d¥ —o¢’) excitations (singlet and
triplet) are at lower energies than the singlet and triplet A (0 — ¢') excitations,
respectively. The net effect is that the PECs of the first singlet and triplet E excited
states are purely dissociative, whereas those of the first A, excited states still exhibit
a bonding minimum, although not very deep.

We will discuss the photochemical dissociation of the equatorial COs only briefly,
and refer to Ref. [22] for details. The situation for equatorial CO dissociation in the
Mn(CO);L systems is simpler than for axial CO dissociation, and more analogous
to the situation in Cr(CO)g, since the d . . component of the d-e, set of orbitals
is not perturbed by the loss of one of the ligands that interacts w1th it. It does not
exhibit the phenomenon of ‘division’ over a low-lying ‘¢’ and a higher lying ‘c”, as
is the case for the d_.-e, upon loss of the axial CO; see the discussion in Section 4,
The d,, e, orbital is located in the virtual orbital spectrum of Mn(CO), above
the high lymg a'(d_,), since it is still ‘pushed up’ by four equatorial 5o lone pair
orbitals, and is also denoted as ¢’ (see Fig. 4). When an Mn-CO,, bond distance
is lengthened, this orbital comes down in energy and rehybridizes so as to get more
amplitude at the empty coordination site. This hybrid orbital becomes the lowest
virtual orbital asymptotically (in Mn,(CO), with an empty equatorial coordination
site), although it remains somewhat higher in energy than the hybrid resulting upon
axial CO loss, owing to the three equatorial COs that still exert an antibonding
‘pushing up’ effect. The excited state of Mn,(CO), that results asymptotically,
which will have the hybrid orbital occupied, will be at somewhat higher energy than
in the case of axial CO loss, although of course the initially high lying 6 —»¢'(d ., _
y?) and d¥ —¢'(d,, _ ) excited states also come down (the d* — ¢’ the most) very
strongly in this case. They will cross the ¢ —¢* and d* — o excited states, which
are the lowest ones at R.. The behaviour of the PECs of the lowest excited states
corresponding to Mn-CO,, dissociation (these PECs have been obtained while
keeping all geometrical parameters fixed except for the Mn—CO,, distance) thus
becomes analogous to the PECs corresponding to axial CO dissociation; some
minor differences arise from the fact that the ¢'(d , _.) comes down somewhat less
and somewhat more slowly upon Mn—-CO bond lengthemng Owing to the symme-
try lowering to C; the E(d} — o) state now splits into A’ and A" states. Again the
states that start as ¢ — o* excitations at R, are not dissociative with respect to the
Mn-CO,, bond, exhibiting a fairly shallow bonding minimum close to R,, but the
3A’ component of the *E(d* — o*) excited state is dissociative. Its PEC is different
from the corresponding °E for axial CO dissociation: it is very flat and has to pass
a low barrier [22].

Summarizing, we find that the low-energy excitation that will populate the
o — o* excited state and will lead to Mn—Mn bond breaking, may also lead to CO
dissociation by the same mechanism as observed for Cr(CO): rapid lowering of the
high-lying LF excited states, so that they will cross the lowest excited states (in
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particular d* — o*) and make the corresponding PEC dissociative. As a matter of
fact, since the electronic nature of the lowest excited state at equilibrium geometry
is not decisive for the mechanism of photochemical metal-CO dissociation that we
are proposing, it is not so surprising, with hindsight, that Mn—CO dissociation
occurs from the lowest excited state of Mn,(CO),, with o —¢* character, just as
Cr—CO photodissociation occurs from the lowest excited state of Cr(CO), with
MLCT character. The lowest excited state at R, need not be an LF excited state,
although of course its energy with respect to the asymptotic energy of the resulting
LF excited state (low-lying!) in Mn,(CO), is important.

5.2, Mn(CO),C!

When we consider next the Mn(CO)sCl system, we immediately observe in Fig.
4 a few relevant differences with Mn,(CO),,. In the first place, the ¢ bonding orbital
between Cl and the Mn(CO); fragment is at much lower energy, occurring below
the occupied d-t,, orbitals. The occupied p, orbitals of Cl make bonding and
antibonding combinations with the d, orbitals of the d-t,, set, so that a relatively
high lying Mn-Cl 7 antibonding HOMO results. The LUMO is a o antibonding
orbital between the o, of the Mn(CO); fragment and the Cl p, orbital. As in the
case of Mn,(CO),,, we have amongst the virtual orbitals two with ¢ antibonding
character with axial ligands: the first one is the ¢* LUMO which is Mn-Cl
antibonding, the second one is the analogue of the 11a,-¢" orbital of the Mn(CO);
fragment which is Mn-CO,, ¢ antibonding (to emphasize this antibonding charac-
ter it is also denoted o*'). This orbital is practically unperturbed by the bonding
with Cl. Calculation of the excitation energies [23] shows that the lowest excited
state corresponds to the excitation out of the z*(Mn—Cl) HOMO to the o*(Mn-
Cl) LUMO. In this case, however, there is, in contrast to Mn,(CO),,, no Mn-L o
bond breaking observed. The primary photoprocess is CO dissociation (see Scheme
3 for the relevant dissociation coordinates; the geometry of the TM fragment has
been kept frozen for the PEC calculations along the dissociation coordinates).

The fact that no Mn-Cl bond homolysis occurs may be explained from the PECs
displayed in Fig. 6. The Mn—Cl bond (calculated at 297 kJ mol ~' for unrelaxed
Mn(CO); fragment, and at 268 kJ mol~! after relaxation) is much stronger than
the Mn—Mn bond (calculated in the range 112-114 kJ mol ~ ! [53]). The E(z* - ¢*)
states that are populated when the irradiation takes place in the first absorption
band are calculated to lie below the asymptotic energy of the free Mn(CO)s and Cl
radicals. Excitation to these states therefore does not supply enough energy to
homolytically break the Mn—Cl bond and the absence of Mn-Cl homolysis is
attributed to the high thermodynamic stability of the Mn—Cl bond.

If Mn-Cl dissociation were to occur, it would be expected to be along a
dissociative (at least in the asymptotic limit) *A (¢ — o%) PEC. There is indeed a
*A, state correlating with the *A, +°P ground state of the radicals, which corre-
sponds from ca. 2.7 A onwards to the Mn—-Cl ¢ - Mn-Cl] o* 2la, - 22a, transi-
tion. The a’A,; PEC has the expected dissociative behaviour in the asymptotic tail.
However, at the equilibrium geometry the lowest *A, state is not the A (¢ — %),
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but it is the a*A, state arising from the 13e(z*(Mn-Cl)) - 14e(CO-27*) transition.
This excited state has at R, much lower energy than the 3A,(c — o *) state but it is
not dissociative, so an avoided crossing with the strongly dissociative A (¢ — g *)
state will occur. The barrier resulting from the avoided crossing is clearly visible on
the calculated a*A, PEC in Fig. 6. The o — ¢* excitation energy has been calculated
at shorter distances than 2.7 A, and a sketch of the steeply descending o —a* state
is given in Fig. 6 without, however, trying to map out in detail the avoided
crossings through which the ¢ — ¢* character descends (except for the last one).
Excitation to the b'A|, a*A, (13e — 14e) at R, or to nearby higher excited states can
only yield the radical products after crossing the barrier in the a’A, PEC. In this
region many states are present (not drawn in Fig. 6) and internal conversion
towards lower states will probably be rather fast. As a consequence, Mn—Cl bond
homolysis is unlikely. It is in fact not even observed with high energy radiation [54],
although a low quantum yield for Mn—Cl bond breaking would theoretically
certainly be possible.

The different position of the Mn-Cl ¢ bonding orbital, and the resulting
different (much higher) ¢ —» ¢* excitation energy in MnCl(CO); compared with
Mn,(CO),,, in addition to the higher Mn-1. bond strength, thus explains the
difference in Mn-L photochemical ¢ bond breaking probabilities. With respect to
Mn-CO bond breaking, however, there is not much difference. Again the Mn-CO
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antibonding orbitals, denoted as ¢’, which are high-lying at R,, come down upon
Mn-CO bond lengthening, and the corresponding LF excited states come down
too and cross the lowest excited state of p, d*¥ — o * character (the 13e HOMO is the
d.-p, antibonding orbital, which we denote p, d¥). The PECs of the lowest excited
states along the Mn-CO,, dissociation coordinate are dissociative. They have
'E(d,— o*) character at R., and change to '“E(p,d}—“d.,” —¢’) character
asymptotically. Along the Mn-CO,, dissociation coordinate the '*A’ components
of the '°E in the lower (C,) symmetry are dissociative. They exhibit a similar
change of electronic character, to d,.—*“d_,_ ,"-¢’ character asymptotically (the
leaving CO is along the x-axis). We find [23] that for both axial and equatorial CO
dissociation the triplet PECs are purely dissociative, the singlet PECs exhibiting a
very slight barrier. So when irradiation of MnCl(CO); with low energy light has
resulted in occupation of the a'E state, the excited molecules can either lose axial
(trans-) or equatorial (cis-) CO after overcoming only a small barrier in both
directions, or undergo intersystem crossing to the a’E state. From this latter state
axial and equatorial CO loss can occur without any barrier. Indeed, photochemical
cis- and trans-CO exchange has been observed in '*CO exchange experiments [55].
It should, however, be cautioned that this does not strictly prove the occurrence of
both primary photoprocesses, since fast rearrangements may also occur during
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these exchange processes. Our results do point to the occurrence of both reactions.
In this respect they do not substantiate the assumption that photochemical trans-
CO dissociation is most likely for this type of complex. This assumption has been
generally made, based on the expectation that the CO dissociation was occurring
out of the lowest LF excited state, the nature of which was assumed to be “d_,”
since the opposite Cl has weaker ligand field strength than CO. These assumptions
created a problem in view of the experimental result that, upon irradiation of metal
pentacarbonyl halides in the presence of a Lewis base, trans-substituted photoprod-
ucts are totally absent. The exclusive dissociation of axial CO has not been
questioned, but an explanation for the lack of trans-substituted photoproducts has
been sought [54] in rapid rearrangement of the apical MnCI(CO), primary photo-
product to MnCl(CO), with Cl in the basal plane. This point has recently been
studied in detail by Pierloot et al. [56] and Matsubara et al. [57]. Since we find the
mechanism for CO dissociation not to be related to the nature of the lowest excited
state, which we would not classify as LF but rather as p, d* - ox, we find both
equatorial and axial CO loss to be possible. Since we certainly cannot exclude
trans-CO loss, the results of the studies on the rapid excited state rearrangement of
the apical MnCIl(CO), system are relevant for the present work as well.

As for the PECs of higher excited states {23], we have found the A” components
of the next higher E states (b’E and b'E), to be also dissociative for equatorial CO
loss, but not for axial CO. The presence of these states can account for the increase
in quantum yield when going to shorter wavelength excitation. It is then expected
that the ratio of equatorial to axial CO loss changes in favour of equatorial CO loss
when the wavelength of excitation is shortened.

5.3. Mn(CO)sR

Further variation of the ligand L in Mn(CO),L to for instance L = H or alkyl
(methyl, ethyl, benzyl) or phenyl is possible. The photochemistry may be rather
different for the Mn—-L bond breaking, but the Mn-CQO photodissociation is rather
similar in all cases, which is consistent with the photodissociation mechanism
proposed here. It needs no further comment. The different behaviour with respect
to the homolysis for different ligands R, for instance much more readily CH,
dissociation than H dissociation, may be rationalized in terms of the character of
the lowest excited states, which in turn is related to the molecular orbital energy
diagram. The case of MnH(CO); has been studied by Daniel [58] using CASSCF/
CCI calculations. In Fig. 4, we show the orbital energies for MnH(CO);. The
important difference with L = Cl is the very high position of the Mn—H ¢* orbital
in the virtual spectrum. It is actually above the ¢’ orbitals that are Mn—CO,, and
Mn-CO,, antibonding. This implies that the o — ¢* excited state, whose triplet
component will be strongly dissociative, is at too high energy at R, to be populated
directly in the usual photochemical experiment. The *(g — o) (of A, symmetry)
will at longer distances become much lower in energy, and asymptotically it will
connect to the ground states of the radical fragments. We therefore expect that this
dissociative curve will—possibly after other avoided crossings—eventually cross
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the lowest A, state, making the lowest *A, PEC dissociative at long distances.
However, the lowest *A, state at equilibrium geometry, corresponding to the
d, — 27*(CO) excitation, is at much lower energy than *A (o — o *), and there will
develop a considerable barrier in the lowest *A; PEC, before the avoided crossing
to the dissociative outer part occurs. This has actually been observed in the
calculations of Daniel [58]. The poor quantum yield for Mn-H bond dissociation
is thus easily explained.

6. MLCT photochemistry of a-diimine-substituted d® metal complexes

An interesting variation in the orbital structure and excitation spectrum occurs
upon introduction of an «-diimine ligand, as in MnL(CO),(«-diimine) systems. The
a-diimine ligands such as 2,2'-bipyridine, 1,10-phenanthroline or 1,4-diaza-1,3-buta-
diene (DAB) are characterized by two donating N lone pairs that will occupy adjacent
ligand sites, and a low-lying (lower than CO 2zn*) n* orbital. Very low lying
metal - z* MLCT excited states therefore result. Although MLCT states are usually
unreactive and have long lifetimes, the photoreactivity of the low lying MLCT states
of «-diimine complexes is now well documented. Several mechanisms-—dissociation
from directly populated MLCT states, from long-lived *MLCT states, or from LF
states thermally populated via MLCT states—have been proposed, but are still
controversial. PECs have been calculated by Finger and Daniel [59] for both Mn—H
dissociation and Mn-CQ,, dissociation, and the Mn—H dissociation has been studied
using quantum mechanics (wave packet evolution) for the nuclear dynamics [60].
Finger and Daniel obtained one strongly dissociative *A” PEC and two nearly
dissociative *A’ PECs for Mn—-CQO,, dissociation. Much more work remains to be
done to unravel fully the mechanisms and relative quantum yields of the various
reaction channels for the MLCT states.

We wish briefly to discuss here the remarkable photochemistry of the fac-Mn-
CI(CO)4(x-diimine) complexes [61], with an axial Cl instead of H ligand, since this
provides an example where a photochemical CO dissociation pathway occurs [62],
i.e. altogether different from those discussed above. Irradiation of the fac-Mn-
CI(CO),(bpy) complex does not lead to loss of the halide, but it does give rise to release
of a carbonyl ligand. Remarkably, back-reaction with CO, thermally and photochem-
ically, gives exclusively mer-MnCIl(CO),(bpy) isomer with Cl in an equatorial position
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Scheme 4.
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Fig. 7. Correlation diagram for ground and lowest excited states of the ‘reactant’ ( fac-MnCI(CO),(H-
DAB) at equilibrium geometry) and the CO loss ‘product’ in the frozen 1b geometry.

trans to one of the N atoms of the «-diimine. (The mer isomer thermally transforms
back to the fac isomer, or photodecomposes into radicals Cl and Mn(CO),(bpy)’,
but we will not be concerned with these further reactions.) It has been experimentally
established that the primary product following CO loss is a solvento species with a
cis,cis conformation, i.e. the two carbonyls are cis to each other and the halide and
solvent ligands are cis to each other as well. This leaves us with the two possible
structures depicted in Scheme 4, so the question remains as to whether the halide
occupies an axial or an equatorial position in the primary photoproduct.

These two structures do seem to rule out the dissociation of an axial CO trans to
the Cl as primary photoreaction. We have verified that indeed trans-CO dissociation
i1s not likely, the lowest excited states exhibiting a bonding minimum in the Mn—-CO,,
coordinate. Equatorial CO dissociation leads, if we freeze the geometry of the
MnCIl(CO),(H-DAB) fragment, to very similar electronic structure effects as have

’s

been observed in the other cases: the “d ., _ ,” ¢’ antibonding orbital comes down
in energy rapidly and hybridizes so as to create as LUMO a hybrid (denoted ‘hy’)
with high amplitude at the vacated equatorial site. There is also a very low lying 7 *
virtual orbital on the «-diimine ligand. The hy orbital still becomes asymptotically
lower, but not very much so. This illustrates the problem with low lying CT states:

if the hy orbital does not come very much lower than the a-diimine zn* orbital, the
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excitation energy to the hy orbital in the photoproduct will not be much smaller than
the CT excitation energy to the n* in the initial complex (or, for that matter, in the
photoproduct). But it is this difference that has to provide the energy for the breaking
of the bond. Fig. 7 demonstrates that indeed the low lying CT excited states at R,
are below the lowest excited states in the product five-coordinated complex, which
are of d, p— hy type (with the CT d, p— n* excitations next). If the lowest excited
states at R, were not the low-energy MLCT states introduced by the «-diimine, but
were 1 eV higher, say, the asymptotically very low lying d, p — hy excited state would
offer the possibility of a dissociative lowest excited state PEC by the by now familiar
crossing to the d, p — hy state with a low or no barrier. However, with the «-diimine
present the MLCT state is already at low energy to begin with; the d, p — hy state
does not cross with it at moderately elongated Mn-CO,, distances, but only
asymptotically becomes somewhat lower in energy than the d, p— n* state. The
lowest excited state PEC, therefore, will not be dissociative in the case of (approx-
imate) retention of the atomic configuration. This incidentally offers an illustration
of why photoreactivity may be very low in MLCT states.

How, then, can we explain the observed CO dissociation in the MLCT excited
state in this particular complex? The answer appears from calculations where at
each point along the Mn—-CO,, dissociation coordinate the geometry of the rest of
the system is optimized, as schematically indicated in Scheme 5.

It has been found [62] that equatorial CO dissociation actually does not proceed
with approximate retention of the atomic configuration, as assumed in the discus-
sion above. This is already apparent when an automatic geometry optimization is
performed on the CO,, loss product, starting with the frozen geometry of the initial
complex. In such a geometry optimization the Cl ligand does not retain its apical
position, but it bends down to the vacated equatorial site. The energy is lowered by
60 kImol =" during this relaxation of the metal fragment. Effectively an axial
vacancy results, which will be occupied by a solvent molecule or by CO upon back
reaction with CO. This ties in very well with the observation that only the
mer-MnCl(CO),(bpy) complex results in the photosubstitution reaction. Here one
would have to assume that the release of an equatorial CO ligand is not so fast,
compared with the relaxation motion of Cl towards the equatorial plane, that a

S
I q
’ N NG N
OC—Mn—N" —» QOC-e-MAi—— N~ — \/Mn‘—N + CO
C
1 ST
C Cc
O O O
Cs C1 C1

Scheme §.
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Fig. 8. PECs for the dissociation of the Mn-CO,, bond in fac-MnClCO),(H-DAB). The arrows
indicate Mn-CO,, distances at which the Cl bending has occurred to the following . (CO,,~Mn~-Cl)
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substituting ligand (solvent molecule) could occupy the equatorial site before it is
occupied by Cl. It is interesting to investigate what precisely occurs during the CO,,
dissociation, and we have therefore calculated the ground state PEC along the
Mn-CO,, dissociation coordinate, optimizing at each Mn-CO,, distance all geo-
metric parameters. Excitation energies at each point have been calculated using the
optimized (at a given Mn-CO,, bond distance) ground state geometry, although
separate geometry optimizations in selected excited states at various Mn-CO,,
distances have been performed to check if substantial rearrangements occur in the
excited states (which proved not to be the case). Fig. 8 shows that the ground state
PEC as well as the excited state PECs have a remarkable maximum at rather large
Mn-CO,, distance (larger than 3 A in all cases). This is the distance at which the
Cl starts to bend down to the equatorial plane in order to occupy the coordination
site that CO is leaving. Much of the Mn—CO bond breaking has occurred at that
point, although CO has not left completely, and the PEC goes down again as a
result of the energy gained by the shift in position of Cl. There results a
considerable barrier in the ground state PEC. A similar barrier is found in the
excited state PECs, which all represent MLCT excited states, from the occupied
metal 3d-t,, orbitals to the a-diimine 7*.
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It is clear from Fig. 8 that the equatorial carbonyl ligand will hardly be able to
dissociate along the excited state PECs because of the high potential barrier (no less
than 95 kJ mol~'). The clear minimum around the equilibrium distance in the
excited state PECs agrees with the electronic nature of these MLCT states, in which
no Mn-CO antibonding orbital is occupied. Although CO,, loss cannot, therefore,
occur directly along the lowest excited state PECs of fac-MnCI(CO);(H-DAB), our
calculations suggest that Mn—-CO,, bond breaking may occur through an alterna-
tive mechanism where the topology of the ground state PEC plays a key role.
According to the shape of the ground state PEC, continuum states in the Mn—CO,,
coordinate will exist at all energies above the asymptotic energy. According to the
well-known resonance phenomenon of continuum states above a potential well, the
continuum states describing the nuclear motion of leaving CO will at certain
energies have an enhanced amplitude (‘resonance’) in the potential well region
(around R,.) reminiscent of the vibrational states in the discrete part of the
spectrum. Radiationless transition from the MLCT states to such a continuum state
belonging to the ground state PEC may lead to dissociation, either directly if the
transition takes place to a continuum state above the maximum of the barrier or by
thermal excitation (rather than tunnelling) if the transition is to a state just below
the maximum. This process would of course occur on a much longer time scale than
the rapid ejection (20-200 fs) [15,63,64] along strongly dissociative excited state
PECs. This long time scale is consistent with the use of the fully relaxed ground
state PEC, since time is available for the presumably slow motion of the Cl to the
equatorial position.

The crucial factor in this reaction mechanism is the energy lowering following the
movement of the halide from the fac- to mer-position. If the rearrangement is
concurrent with the CO,, dissociation, the experimentally observed fac- to mer-iso-
merization is automatically explained: after the first reaction step, free CO, still
present in solution, may easily react with the five-coordinated intermediate, Mn-
CI(CO),(H-DAB), to give the mer-MnCI(CO),(H-DAB) isomer.

Summarizing, we have proposed a mechanism for Mn-CO,, dissociation in
Sfac-MnCl(CO),(H-DAB) in which the topology of the ground state energy surface
plays a key role. The mechanism is certainly different from that proposed for
metal-ligand bond breaking in the Cr(CO), and Mn(CO);L complexes. In the
latter complexes, the non-reactive lowest excited state, of CT character (Cr(CO),)
or of ¢ > a* or d —» ¢ * character (Mn(CO);L), is crossed by a reactive LF state. In
the fac-MnCl(CO),(H-DAB) the lowest MLCT states appear to have too low an
energy for this mechanism to work. However, an alternative dissociation route,
involving strong relaxation of the photoproduct, seems to be possible.

7. Summary
We conclude that the role of LF excited states in the photochemistry of TM

complexes may be somewhat different than has been generally assumed. We find
that LF excitations are at relatively high energy at R.. In the case of Cr(CO), the
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low-energy shoulder in the spectrum has been attributed [5] to an LF excited state,
which appeared to be in agreement with the low intensity as well as its leading to
photolytic metal-CO bond cleavage. We find in agreement with Pierloot et al. [18]
that symmetry-forbidden transitions to low energy CT states should be responsible
for the absorption in the low energy regime (ca. 4.0 eV). Some of these CT states
are calculated to be dissociative, accounting for the experimentally observed
photoactivity. The mechanism that makes the states dissociative is in essence (see
above for details) the rapid lowering upon Cr—CO bond lengthening of Cr—-CO
antibonding LF states that are high-lying at R.. The antibonding in the e} orbital,
to which the excitation takes place in the LF excited states, is strong, causing the
high excitation energy, but it also appears to be rather short-ranged, causing the
orbital energy to drop rapidly upon bond lengthening. The lowering of the LF
excited state causes it to cross the lowest excited state, which is in Cr(CO), of
MLCT nature (3d-t,, » CO-2n*). We have found the same mechanism to apply in
a number of Mn(CO);L systems: CO dissociation occurs due to high-lying LF
states descending rapidly upon Mn-CO bond lengthening, and crossing with
non-dissociative lower states. Since this appears to be a general mechanism, the CO
dissociation occurs generally, with little or no relation to the nature of the lowest
excited state at R,. It is not necessary to excite to LF states in order to induce
photodissociation of ligands, and such dissociation, when observed, does not prove
that the excitation was to an LF state. However, the accepted picture that
metal-ligand dissociation occurs from LF excited states, is based on an underlying
assumption, namely, that LF states are dissociative, which is fully corroborated by
the calculations: they actually are so strongly dissociative that even if they are too
high to be populated directly by irradiation into the lowest absorption band, they
cross so soon with the lowest excited states that the lowest excited state PEC
becomes dissociative.

These results fit in nicely with the experimental observations that a primary
photoprocess of all these complexes is Mn—~CO dissociation, with higher quantum
yield for higher energy radiation due to increased Mn-CO,, dissociation. In
Mn,(CO),, the Mn-Mn bond homolysis is fully competitive with Mn-CO bond
dissociation upon irradiation in the lowest band (1:1), with the propensity to
Mn-CO bond breaking increasing at higher energy. In MnH(CO), and MnCY{CO);
Mn-H/Cl bond homolysis occurs much less readily. Mn—H bond dissociation only
occurs upon irradiation with high energy, but in much lower yield than Mn-CO
bond dissociation, whereas for MnCl(CO); no Mn-Cl bond homolysis has (yet)
been found. The difference between these systems with respect to the Mn-Mn/H/Cl
homolysis can be understood immediately from the positions of the ¢ and o*
molecular orbitals (Fig. 4).
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