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perimental values for the perpendicular haloalkene triplets since
only minimum ISC rates could be obtained; however, the pre-
diction as well is clearly for lifetimes shorter than our observation
limit.

These results show that heavy atom effects of chlorine can be
far larger than previously reported and highlight the role of
nonplanar geometries in the enhancement of SOC even for heavy
atoms. The range of possible analogous effects on biradicals and
the magnitude of effects due to other third-row elements are under
study.
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Abstract: The photodissociation of HMn(CO); has been studied through contracted configuration interaction calculations
of the potential energy surfaces for the metal-hydrogen bond homolysis and the dissociation of the carbonyl ligand. The
corresponding potential energy curves connect the ground and excited states of the reactant to the ground and excited states
of the primary products. The calculations were carried out under C,, constraint with a basis set that is at least of double- ¢
quality. The multireference CCI calculations that correlate the 3d electrons and the two of the Mn—H bond were based on
a unique CASSCF wave function with eight electrons in nine active orbitals (3d,,, 3d,, omn1s 6*Man» 3d,22, 4d,,, 4d,) optimized
for the A, state, the principal cnfiguration being (3d,,)%(3d,)2(0)*(¢*)!(3d,2.,2)". It is proposed that excitation of HMn(CO);
at 193 nm will bring the molecule from the ground state a!A, into the ¢'E d — =* excited state. From there, after intersystem
crossing to the b’A; at a Mn-H distance of about 1.7 A and internal conversion into the a’A, o — &* state, the molecule
will dissociate along the a’A, potential energy curve to the products H and Mn(CO); in their ground state. Irradiation of
HMn(CO); at 229 nm will bring the molecule into the b'E state d, — o*. Then the system goes down along the b'E potential
energy curve corresponding to the Mn—CO elongation until it reaches a potential well. From there after internal conversion
to the a!'E state the molecule will dissociate along the corresponding potential energy curve to the products CO and HMn(CO),
in the a'E excited state with the fragment HMn(CO), as a square pyramid with H apical. The main reasons responsible for
the different behavior, upon irradiation, of the two hydrides HCo(CO), and HMn(CO)js are outlined on the basis of these

results.

Introduction

The photoreactivity of transition metal hydrides was mainly
used to generate very active intermediates with a role in many
catalytic processes and chemical reactions.! Monohydride com-
plexes were shown to undergo a variety of photochemical reactions
with experimental evidence obtained for both the homolysis of
the metal-hydrogen bond®>™ and the photoinduced ligand disso-
ciation,>"1° the latter being the dominant process. In spite of the
intense experimental activity developed in this field during the
last decade, mainly due to the improvement of new identification
techniques, the mechanism of the primary photochemical reaction
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is partially understood and the nature of the photoactive excited
states responsible for the photodissociation pathways is uncer-
tained.

The first theoretical analysis of the photochemical reactions
for organometallics!! was based on molecular orbital diagrams.
More recently, the use of state correlation diagrams,'?-'¢ potential
energy surfaces (PES), or the more readily visualized potential
energy curves (PEC)!7"% has enabled us to get a better under-
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standing of the mechanism of different types of photochemical
reactions: (i) the heterolytic loss of a carbonyl ligand; (ii) the
homolysis of a metal-hydrogen, metal-metal, or metal~alkyl bond;
(iii) the photoelimination of molecular hydrogen; and (iv) the
photosubstitution reactions in d° carbonyl complexes. From our
last theoretical studies of transition metal hydrides,*?5 we have
deduced that if the ligand field states corresponding to d — d,
d — o* excitations are probably responsible for the ligand dis-
sociation, the homolysis of the metal-hydrogen bond results from
the dissociative character of the triplet-state potential energy curve
corresponding to the o)y — 0%y excitation,

One exciting aspect of the photochemistry of organometallics
is the occurrence upon irradiation of two photochemical processes,
either at a unique wavelength or at different wavelengths. Typical
examples include the hydrides HCo(CO),2?" and HMn-
(CO),:528.30

HCo(CO), — H + Co(CO),  minor )
HCo(CO), —> CO + HCo(CO);  major  (2)
HMn(CO); — H + Mn(CO);  minor 3)

HMn(CO); —> CO + HMn(CO),  major  (4)

More recently, qualitative solution photochemistry studies have
shown that both CO loss and Mn-R homolysis do occur in
].{NIII(CO)s:!’:”_‘u (R = CH3, CstiMe:;, CH2C6H5, ﬂl'CGHscHz,
C6H5, CGFS, C2F4H, nl-CSCIS).

RMn(CO); —» RMn(CO), + CO 5)
RMn(CO); —= R + Mn(CO); 6)

In connection with the loss of a carbonyl ligand (eq 5), Young
and Wrighton*! reported the possibilities of equatorial and axial
labilization following photoexcitation of RMn(CO)s (R = n!-
C;sCls, n'-C,HsCH,) with a higher excitation energy favoring
equatorial CO loss. Moreover, an interesting theoretical question
still remains to be answered, namely, why RMn(CO), (R = H,
CH;) as a square pyramid with R basal seems to be the pre-
dominant isomer identified in low-temperature matrixes experi-
ments, 842
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Figure 1. Structure of HMn(CO),.*

Scheme I

In order to explain the mechanism of photodissociation and the
existence of two concurrent dissociative channels in HCo(CO),,
we have investigated the excited states and the corresponding PES
of this system.'®2° On the basis of these results and of the
calculated excited states of HMn(CO);,* we have tried to compare
the photochemistry of HCo(CO), and HMn(CO);. According
to experimental data,’26% the dissociation of the carbonyl ligand
is the dominant process in both cases, hydrogen and carbonyl loss
occurring at the same wavelength (254 nm) for HCo(CQ),. On
the other hand, low-temperature matrix experiments reported for
HMn(CO)s?-% indicate an extremely low quantum yield for
reaction 3. The formation of Mn(CO)s upon irradiation by
conventional UV photolysis (229 nm) is not well established and
does occur under particular conditions. Evidence for reaction 3
comes from irradiation of HMn(CO); at 193 nm.® In the absence
of PES for HMn(CO); it has been difficult to rationalize the
photochemical behavior of this system.

With the intention of comparing the photoreactivity of these
two transition metal hydrides and since HMn(CO); represents
an excellent model for a preliminary study of the photochemical
behavior of the RMn(CO); systems, we decided to investigate in
a more refined treatment the photodissociation of HMn(CO)s.
The aim of the present study is the calculation of the potential
energy surfaces for the two photochemical processes of HMn(CO);
corresponding to the homolysis of the Mn—H bond and to the
dissociation of a carbonyl ligand, through contracted configuration
interaction (CCI) calculations based on complete active space
self-consistent field (CASSCF) reference wave functions.

Computational Details

The calculations for HMn(CO)s were performed for the experimental
geometry* that is of C,, symmetry (Figure 1). It has been assumed that
the C,, symmetry is retained along the reaction path corresponding to
the homolysis of the metal-hydrogen bond (Scheme I), since Mn(CO)s
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Table I. CASSCF and CCI Calculations

CASSCF
state main configuration active space
°A, (3d,,)(3d,)%(0)*(0*)! (3d,2.,2)" 8¢ 9a
CCI
no. of no. of

electrons reference no. of
valence space correlated states? config®
3d,,, 3d,, 8 2t05 26193 to
3d,2 2, 0, 0* 298 125

3The number of reference states and of configurations depend on the
characteristics of the calculated state (symmetry, spin).

has C,, symmetry in its ground state.?*

For the sake of simplicity, the loss of an axial ligand which produces
HMn(CO), as a square pyramid of C,, symmetry with the hydrogen
atom in apical position has been considered for the photodissociation of
a carbonyl ligand from HMn(CO)s. For this reason we have assumed
that the C,, symmetry is retained along the reaction path (Scheme II).
Those assumptions can be justified by the fact that the symmetry re-
strictions usually affect the energy profiles characterized by the presence
of high-energy barriers.¥ The symmetry constraints should not operate
dramatically on the smooth profile of the excited potential energy curves
which are going to govern the mechanism of the photochemical reaction.

The bond lengths were kept constant and equal to the experimental
values* (except for the bond which dissociates). For the dissociation of
the metal-hydrogen bond (Scheme I) the angle 8 was kept constant to
94.5°, that is the experimental value of this angle in the reactant
HMn(CO)s* (the optimized value at the SCF level*® in the primary
product Mn(CO)s being 95.8° versus an experimental estimation of
96°%%), The angle r (Scheme II) was kept constant to 85.5° along the
reaction path corresponding to the dissociation of the carbonyl ligand (the
experimental value of 7 being 85.5° for HMn(CO); versus an optimized
value of 85° for HMn(CO), at the SCF level*).

The following basis sets were used: for the manganese atom a (15,
11, 6) set contracted to [9, 6, 3],*7 for the first-row atoms a (10, 6) set
contracted to [4, 2],%° and for hydrogen a (6, 1) set contracted to [3, 1].
This basis set is triple-{ for the 1s shell of hydrogen and for the 3d and
4s shells of the manganese atom; otherwise, it is double-¢.

The CASSCEF calculations’? were carried out to obtain wave functions
which are used as references for the CCI calculations.”* The rigorous
way to calculate potential energy surfaces consists of carrying out for
each electronic state a CASSCF calculation followed by a contracted CI
calculation.® However, in spite of its accuracy this sophisticated method
is not adapted to the studies reported here for two reasons: (i) this
procedure is very expensive; (ii) the convergence of the CASSCF may
be hazardous when we deal with problems characterized by many excited
states in a same symmetry.’ A detailed description of a more econom-
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Table II. Calculated CCI Excitation Energies (in cm™) for the
Lowest States of HMn(CO);

one-electron
excitation in the
principal configuration

a'A, — a'E 3d, — 3d,2 23940
alA, — b’E 3d, — o* 32940
alA, — A, 3d,, — 3d,,2 33020
alA, —a'E 3d, — 3d,22 33580
alA, — 2’A, 3d,, — 4d,, 38230
alA, — A, 3d,, — 3d,._2 38500
a'A, = b'E 3d, — o* 43150
al'A, —cE 3d, — #* 53990
alA; — b’A, o— o* 61670

ical computational strategy to reproduce correctly the sequence and
energetics of the electronic states of HMn(CO); is described elsewhere.*
Ab initio potential energy curves are obtained from CCI calculations
based on a unique CASSCF reference wave function. Details of the
CASSCEF calculation are reported in Table I, in which the active space
is described by the number of electrons correlated (ne) and the number
of active orbitals (na).

Because we focus on the lowest excited states that are of d —d, d —
o*, and ¢ — ¢* type, this CASSCF calculation was carried out for a
selected*® high-spin state A, in which the occupation number of the
orbitals ¢* and d, vacant in the ground state, is | (¢ and o* denote the
molecular orbitals that are respectively, bonding and antibonding with
respect to the metal-hydrogen bond). The principal configuration for
this °A, state is (3d,,)%(3d,)*(¢)%(¢*)'(3d,22)!. The CASSCF space was
limited to nine molecular orbitals, corresponding to the 3d orbitals of the
manganese (d,,, d,, d,2,2), the 4d,; and 4d, orbitals that correlate them,
and the o and ¢* orbitals. Eight electrons are correlated in these cal-
culations.

For each electronic state, two CCI calculations were performed: the
first with one reference corresponding to the required state, the second
being a multireference calculation including all the configurations that
appear with a coefficient larger than 0.08 in the monoreference CI wave
function. In this work we report only the results of the multireference
calculations. Details of the CCI calculations are given in Table I. Eight
electrons are correlated in these calculations (the 3d electrons and those
of the Mn—H bonds). Single and double excitations to all virtual orbtials,
except the counterparts of the carbonyls Is and of the metal 1s, 2s, and
2p orbitals, are included in the CCI calculations. The number of con-
figurations ranged from 26 193 to 298 125, but this number was reduced
to at most a few thousands by the contraction.

The integral calculations were carried out either with the system of
programs ARGOS®’ or with the system of programs ASTERIX.5

Results and Discussion

HMn(CO); Lowest Excited States. The calculated excitation
energies to the lowest excited states of HMn(CO); are reported
in Table II. The electronic spectrum of HMn(CO); is charac-
terized by a high density of states between 25000 cm™ and 45000
cm™!, these states corresponding to either d — ¢* or d — d
excitations. This is a consequence of the d¢? ground-state
electronic configuration of HMn(CO); with two low-lying vacant
orbitals, one 3d orbital and one o* orbital. The experimental
absorption spectrum of HMn(CO),*® in the gas phase exhibits
one broad band centered around 46 700 cm™! with two shoulders
at 34500 cm™ and 51 300 cm™. The intense band at 46 700 ¢cm™!
and the shoulder at 51 300 cm™ correspond probably to several
allowed charge-transfer transitions (A, — !A; or !A; — E)
resulting from d, — ¢* and d, — 7* excitations. The shoulder
of low intensity at 34 500 cm™ has been assigned*? to the allowed
'A, — a 'E ligand field transition, corresponding toa d, = d,a
excitation calculated at 33 580 cm™.

Because our interest centers mostly on the ligand field states
d — o* and ¢ — o* excitations that are responsible for the
photoreactivity of HMn(CO);, only one of the many d — n*c¢o
excitations has been calculated. The excitation energies to the
pair of low-lying °E states that play a key role in the photo-
chemistry of HMn(CO)s and correspond respectively tod —d
and d — o* excitations are calculated at 24 000 cm™ and 33000
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Figure 2. CCI Potential energy curves for the metal-hydrogen bond dissociation in HMn(CO);.

Table III. CCI Energy Values (in au and relative to -1713) along
the Potential Energy Curves for the Reaction HMn(CO); — H +
Mn(CO); as a Function of the Distance Mn—-H

Table IV. CCI Energy Values (in au and relative to -1713) along
the Potential Energy Curves for the Reaction HMn(CO)s; — CO +
HMn(CO), as a Function of the Distance Mn—-CO,,

1.576 A 2.00A 250 A 300A 5004

1854 A 225A 3.00 A 5.00 A 500 A

b’A;, 0.48818 0.56248 0.50821 0.45917

cE 052317 049900 047628 0.47331 0.45254
b'E  0.57257 0.58540 0.55282 0.53041 0.54089
a’A, 059498 0.59142 0.62349 0.63692 0.65776
alE 061619 0.60020 0.58983 0.58427 0.63124
b'E  0.61911 0.63226 0.59967 0.56061 0.54592
a’E  0.66009 064194 061753 0.59752 0.63213
a'A;, 0.76919 0.74155 0.70898 0.66153 0.65706

cm™. One important feature in this calculated electronic spectrum
is the high excitation energy obtained for the b’A, o — o* state
calculated at 61 670 cm™. This value is a consequence of the
strong interaction at the equilibrium geometry between the two
a’A, and b’A, states, the former corresponding to a 3d — 4d
excitation. Two small CASSCF calculations (4e6a)* performed
separately for the a’A, state and the b’A, state give an energy
gap of 13830 cm™ between the two states. The highest state
corresponds to the ¢ — o* excitation (77% on the corresponding
configuration) with a contribution of 13% of the configuration
corresponding to the 3d — 4d excitation. It is worth noting that
this strong interaction between the two 3A, states will decrease
with respect to the metal-hydrogen bond elongation. This is
reminiscent of the tendency for certain valence levels to dissolve
in the conjugate/nonconjugate Rydberg manifold observed in small
systems.> Nevertheless, it would be hazardous to assign surely
the a’A, state to a Rydberg state, since the basis sets used in the
calculations reported here are not adapted for describing the diffuse
character of the Rydberg orbitals.>

Potential Energy Curves for Hydrogen Dissociation. The CCI
energies for the potential energy curves corresponding to the
homolysis of the metal-hydrogen bond under C,, constraint are
reported in Table III. The corresponding potential energy curves
are shown in Figure 2. From the values of Table III, reaction
3 is calculated to be endothermic by 70.0 kcal/mol. A more
accurate value of 63.0 kcal/mol is obtained when the CCI energy
values are based on a CASSCEF reference wave function optimized
for the ground state a'A,.

The Mn-H bond energy in HMn(CO); ranges from 51 to 68
kcal/mol according to the experimental data available in the
literature.>% From molecular orbital calculations based on

(59) Robin, M. B. In Higher Excited States of Polyatomic Molecules;
Academic Press: New York, 1985, Vol. 1I1.

b’A; 048818 0.53532 0.56019 0.54170 0.53966
b'E 057257 067542 0.58143 0.56442 0.56198
a’A, 0.59498 0.58810 0.56728 0.56439 0.56315
a'lE 061619 0.56442 0.66704 0.67542 0.67436
HE 061911 070736 0.63499 0.61965 0.61716
a’E  0.66009 0.61965 0.70022 0.70736 0.70605
a'A; 076919 0.76040 0.73455 0.71822 0.71580

functional density theory, Ziegler et al.%” reported a value of 54
keal/mol for the metal-hydrogen bond energy in HMn(CO), with
the error estimated to be less than 12 kcal/mol.

The a'E and b"’E potential energy curves corresponding to
d — d and d — ¢* excitations do not show any dissociative
character with respect to the metal-hydrogen bond elongation.
These two sets of PEC give rise to avoided crossings around 1.87
A for the singlet states and 2.2 A for the triplet states. In order
to find PEC dissociative with respect to the homolysis of the
metal-hydrogen bond, one has to consider the A, states in the
vicinity of the equilibrium geometry. Namely, the a’A; PEC,
corresponding in its dissociative part to a ¢ to ¢* excitation,
dissociates to the primary products H and Mn(CO);s in their
ground state al’A,. The presence of an avoided crossing between
the two a’A| and b’A, states around 1.9 A is responsible for a
small energy barrier (of the order of 10.0 kcal/mol). The PEC
c'E has been computed because the ¢'E state corresponding to
a d — =* excitation is the first excited state above the avoided
crossing point between the *A, PEC susceptible of being populated
through an allowed transition !A; — !E.

Potential Energy Curves for the Loss of the Axial Carbonyl
Ligand. The CCI energies for the potential energy curves cor-
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original work of Norton et al.%

(65) Moore, E. J.; Sullivan, J. M.; Norton, J. R. J. Am. Chem. Soc. 1986,
108, 2257.
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Figure 3. CCI potential energy curves for the dissociation of an axial carbonyl ligand in HMn(CO);.

Scheme III

responding to the loss of the carbonyl ligand under C,, constraint
are reported in Table IV. The corresponding potential energy
curves are shown in Figure 3. From the values of Table IV,
reaction 4 is calculated to be endothermic by 31 kcal/mol. A value
of 30.0 kcal/mol is obtained when the CCI calculations are based
on a CASSCEF reference wave function optimized for the ground
state a'A,. These values are in the range of the experimental data
available for the metal carbonyl bond dissociation energy (24—42
kcal/mol) in transition metal carbonyls.®*7 These results agree
rather well with the theoretical values published on Cr(CO)q,
Ni(CO),, and Fe(CO);.7:7

The a’A, state that was dissociative with respect to the met-
al-hydrogen bond homolysis is not dissociative with respect to the
CO loss. On the contrary, the lowest a'’E ligand field states are
dissociative only with respect to the carbonyl loss. It is interesting
to notice that the associated al-’E PEC corresponds to a 3d to o*
excitation in their dissociative part. The presence of avoided
crossings between the two sets of a!’E and b'’E PEC gives rise
to small energy barriers (less than 10.0 kcal/mol) at around 2.15
A for the triplet state and around 2.05 A for the singlet state. It
was not necessary to compute the ¢!E PEC for the reaction path
corresponding to the carbonyl dissociation because two 'E states
accessible through allowed transitions (‘A — a'E, b'E) are present
in the vicinity of the al’E dissociative states at the equilibrium
geometry.
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(69) Bernstein, M.; Simon, J. D.; Peters, J. D. Chem. Phys. Lett. 1983,
100, 241.
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106, 3906.
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Figure 4. State correlation diagram for the dissociation of an equatorial
carbonyl ligand from HMn(CO);.

For the sake of simplicity we have assumed the dissociation of
an axial carbonyl ligand. Since the equatorial and axial labili-
zations are equally probable,*! let us now suppose that the reaction
occurs through the dissociation of an equatorial ligand with the
C, symmetry retained along the reaction path (Scheme III). By
this hypothesis we assume that the primary product HMn(CO),
is formed as a square pyramid with H in basal position. This is
the predominant isomer identified in low-temperature matrix
experiments.?® Moreover, the relative stabilities obtained at the
SCF level* for the two isomers of HMn(CO), indicate that the
C,, structure 1 is 15.0 kcal/mol higher than the C; structure 2.7

In C, symmetry the a!’E and b'-’E states of HMn(CO); are
now split into two sets of 1A’ + 1-JA” states. The ground state
of HMn(CO); in C, symmetry is a ' A’ state with two low-lying
sets of A’ + 3A” and 'A’ + 'A” states. The corresponding state
correlation diagram reported in Figure 4 exhibits the same im-
portant features as the PEC of Figure 3: (i) an allowed thermal
process on the ground state A’ curve and (ii) two dissociative
channels along the lowest triplet and singlet PEC with small energy
barriers as a consequence of avoided crossings.

Qualitative Mechanism for the Photodissociation of HVIn(CO)s.
From the two sets of PEC shown in Figures 2 and 3, it is possible

(73) We have shown that the relatives stabilities of the three structures of
M(Cg),L are practically unchanged when going from the SCF to the CI
level.

(74) Blomberg, M. R. A ; Siegbahn, P. E. M.; Nagashima, U.; Wenner-
berg, J. J. Am. Chem. Soc. 1991, 113, 424,

(75) Note: Since the purpose of this work is not the computation of
absolute values for reaction energies and activation energies, rather limited
basis sets are employed (lack of f functions on the metal, for instance). The
reasonable values obtained for the endothermicities of the two processes and
the small contribution given to the bonding energy by the f functions on a
first-row metal (according to ref 74) justify our choice.
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Figure 5. Mechanism proposed for the loss of hydrogen from HMn(C-
0)5.

Scheme IV

to deduce a qualitative mechanism for the hydrogen loss and the
carbonyl dissociation in HMn(CO);. The proposed mechanism
accounts for the occurrence of different reactive channels upon
irradiation of HMn(CO); at different wavelengths.

(i) Irradiation at the experimental wavelength of 193 nm or
51800 cm™! will bring the molecule into a vibrationally excited
level of the c'E state corresponding to a d, — #* excitation
(calculated at 53990 cm™ (Table II)). Intersystem crossing at
a metal-hydrogen distance of about 1.70 A will bring the system
first into the b*A, state and next through internal conversion into
the a’A, ¢ — o* state (Figure 5). From there the molecule will
dissociate along the a’A; PEC to the products H and Mn(CO);
in their ground state 3A,.

(ii) Irradiation at the experimental wavelength of 229 nm or
43700 cm™" will bring the molecule from the ground state a'A,;
into the b'E state corresponding to the excitation d, — ¢* cal-
culated at 43150 cm™! (Table II). From there, the molecule goes
down along the b'E PEC corresponding to the Mn~CO elongation
until it reaches a potential well corresponding to an avoided
crossing. At this point, the system evolves to the a'E state through
internal conversion and dissociation will then occur along the a!E
curve with the formation of the products CO and HMn(CO), in
this excited state (Figure 3). This past mechanism produces
HMn(CO), as a square pyramid with H apical 1. The more

1 2
~ ~

stable isomer 2 identified experimentally can be generated by a
subsequent Berry pseudorotation (Scheme IV) with a mechanism
similar to the one proposed for the rearrangement of M(CO),L
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Figure 6. State diagrams for HMn(CO); (a) and HCo(CO), (b) (based
on this work and on the results of ref 20).

’A,——'

fragments in the photosubstitution of d® metal carbonyls M-
(CO)sL.!> We cannot exclude a second possibility, that is, the
population of the ground state a'A,; through an internal conversion
alE — alA, at a distance Mn—CO of 50.0 A. From there, the
recombination of HMn(CO), and CO along the a'A; PEC that
regenerates HMn(CO); in its ground state is an easy process
(Figure 3).

Dissimilarity between the Photoreactivities of HMn(CO); and
HCo(CO),. Since the metal-hydrogen and metal-carbonyl bond
energies are very similar for the two systems,®”"! it is surprising
that the homolysis of the metal-hydrogen bond and the carbonyl
loss do occur at the same wavelength for HCo(CQ), but at dif-
ferent wavelengths for HMn(CO)s. The principal reason for this
different behavior seems to be the high density of states in the
lowest part of the electronic spectrum in HMn(CO); that is a
consequence of the electronic configuration of this system. The
presence of two vacant orbitals 3d and ¢* is responsible for the
great number of low excited states susceptible of playing a key
role in the photochemistry of HMn(COQ)s compared to the situ-
ation for HCo(CO), with only one empty orbital ¢*. Indeed, if
the potential energy surfaces corresponding to the two concurrent
processes are relatively simple in the case of HCo(CO),,2° they
look much more complicated (presence of avoided crossings and
energy barriers) in the case of HMn(CO)s. The state diagrams,
not to be confounded with the state correlation diagrams, depicting
the photochemistry of HMn(CO); (Figure 6a) and HCo(CO),
(Figure 6b) outline the main differences concerning the photo-
reactivity of the two molecules.

The presence of a low-lying a'E LF state in HMn(CO); raises
the energy of the b'E state, and this is responsible for the relative
high energy (calculated at 431 50 ecm™ in HMn(CO);s to be
compared to 36 000 cm™! in HCo(CO),) of the 'E d — o* state
that is photoactive for the dissociation of the carbonyl ligand. In
HCo(CO), the *A, ¢ — o* seems to be dissociative for both the
hydrogen and the carbonyl loss. The situation is quite different
in HMn(CO); where only the 1“E d — ¢* states are dissociative
for the decarbonylation. In HMn(CO)s, a high excitation energy
will be necessary to cleave the metal-hydrogen bond because one
has to reach, in the vicinity of the equilibrium geometry, a singlet
state located above the potential well corresponding to the avoided
crossing between the two a’A, and b'A, states.

Conclusion

Potential energy surfaces for the two photochemical processes
of HMn(CO); corresponding to the Mn—-H bond homolysis and
to the dissociation of a carbonyl ligand have been computed for
the ground and excited states from CASSCF/CCI calculations.
From the shape of these potential energy surfaces a mechanism
has been proposed for the photochemistry of HMn(CO); at 193
nm and 229 nm that may be summarized as follows. After
excitation at 193 nm, the molecule is first excited through an
allowed transition to the c!E d — =* state. From there the system
may evolve first after an intersystem crossing to the bA, state
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and next through an internal conversion to the a’A, state, The
molecule will dissociate along the a’A; potential energy curve to
the products H and Mn(CO); in their ground state. Irradiation
at 229 nm will bring the system into the b'E state. From there
the molecule goes down along the b'E potential energy curve
corresponding to the Mn—CO elongation until it reaches a potential
well. At this point the system evolves to the a'E state through
internal conversion, and dissociation will occur along the a'E
potential energy curve with the formation of the products CO and
HMn(CO),, the latter as a square pyramid with H apical.
The nature of the a’A, state that raises the energy of the b*A,
¢ — o* photoactive state for the metal-hydrogen bond homolysis
was not clearly identified. More sophisticated calculations, with
larger basis sets, similar to those reported for Fe(CO)s% are
required. It is difficult to interpret the results obtained in low-
temperature matrix experiments®® since the data are largely de-
pendent on the experimental conditions. Gas-phase experiments
would be needed in order to ascertain the mechanism of photo-
dissociation of HMn(CO);s proposed in the present study. The
main reasons responsible for the different behavior upon irradiation
of HCo(CO), and HMn(CO;) were outlined. The homolysis of
the metal-hydrogen bond in monohydrides is a rather general
reaction, although it may be obscured in some systems by the

competition with the photoelimination of other ligands. The
general ocurrence of these two photoreactions results from the
dissociative character of the potential energy curves associated
with a certain type of excited state. From this study and the
previous one,? it is clear that the homolysis of the metal-hydrogen
bond results from the dissociative character of the potential energy
curve for the triplet state corresponding to a oy — 0*M-y
excitation. The dissociative character of the curve associated to
the d — ¢*y;_y excitation is responsible for the ligand dissociation,

Further work is needed in order to understand the photo-
chemical behavior of other RMn(CO); systems as a function of
the fragment R. The understanding of the influence of a =
acceptor ligand on the photoreactivity of these complexes through
the presence of a low-lying metal-to-ligand charge-transfer state
is another challenge.
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Abstract: Ab initio calculations have been performed at correlated levels of theory on several hydrocarbons and carbocations
in order to investigate the basis set dependence of their computed hydrogenolysis energies, which determine the stabilities of
these species relative to H, and CHy, and from which proton affinities, hydride ion affinities, and isomerization energies may
be derived. One series of basis sets studied is derived from the 6-31G(d,p) basis by augmentation with diffuse functions on
carbon and additional first and second polarization functions on carbon and hydrogen. Also studied, to a more limited extent,
is the triple-split 6-311G(2df,2pd) basis. The 6-31G and 6-311G series of basis sets are compared with the correlation-consistent
polarized valence double-, triple-, and quadruple-{ basis sets of Dunning, in which the sp part of the basis is systematically
improved as the polarization space is augmented. The hydrogenolysis energies computed with the 6-31G basis sets show poorer
convergence patterns upon augmentation, including divergence from experimental values in some cases, and show an excessive
dependence on the presence of diffuse functions on carbon and on the choice of five versus six components for d polarization
functions. These problems are attributed to an inadequate representation of the sp part in the valence double-split 6-31G
basis sets. Better results, and reduced sensitivity with respect to the number of d components and to the addition of diffuse
functions, are found with the triple-split 6-311G(2df,2pd) basis set. The correlation-consistent basis sets have been found
to show smooth convergence of the computed hydrogenolysis energies, both internally and with respect to experimental data,
and no significant dependence on the presence of diffuse functions or on the number of components for the d functions, except
for the double-split member of the series. The correlation-consistent polarized valence triple-{ basis set is recommended for
accurate calculations of reaction energies, with 6-311+G(2df,2pd) (with diffuse functions) a reasonable alternative.

Introduction

As part of a continuing investigation of basis set and correlation
effects on computed reaction energies,'”” we have embarked on
a project to investigate reaction energetics of hydrocarbons and
carbocations.®?  Our aim is to determine the level of theory which
provides agreement with experimental data to within 1-3 kcal /mol,
close to the uncertainty limits of many of the experiments, for
computed proton affinities of hydrocarbons, hydride ion affinities
of carbocations, and isomerization energies of both neutral and

*Youngstown State University.
! University of California at Santa Barbara.
§ The Ohio State University.

charged species. To accomplish this goal, it is necessary to assess
the basis set, correlation, and geometry dependence of the com-
puted properties. Such a detailed assessment is particularly im-
portant if we want to ensure that the chosen level of theory is

(1) Del Bene, J. E. J. Comp. Chem. 1989, 5, 603.

(2) Del Bene, J. E. Struct. Chem. 1990, I, 19.

(3) Del Bene, J. E.; Shavitt, . Int. J. Quantum Chem., Quantum Chem.
Symp. 1989, 23, 445.

(4) Del Bene, J. E.; Shavitt, 1. J. Phys. Chem. 1990, 94, 5514.

(5) Del Bene, J. E.; Shavitt, . Int. J. Quantum Chem., Quantum Chem.
Symp. 1990, 24, 365.

(6) Del Bene, J. E.; Stahlberg, E. A.; Shavitt, 1. Int. J. Quantum Chem.,
Quantum Chem. Symp. 1990, 24, 455,

(7) Del Bene, J. E.; Shavitt, . THEOCHEM 1991, 80, 499.

(8) Del Bene, J. E.; Aue, D. H,; Shavitt, I. Part 2, to be published.

0002-7863/92/1514-1631803.00/0 © 1992 American Chemical Society



