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ABSTRACT

The mechanise of the primary photoprocess for several photochemical
reactions of organometallic molecules will e discussed on the hasis of ab
initio petential energy curves obtained from Contracted Configuration
Interaction calculations based on Complete Active Space SCF wavefunctions,
The photoactive excited states responsivle for the photoelimination of
malecular hydrogen in HzFe[CD)Q, the loss of & carbonyl ligand and the
homoplysis of the metal-hydrogen bend in HMn{CC]5 will be specified as well as
the corresponding reaction paths.
The mechanism of the double photochemistry of HMn(COJ5 will be compared to the
photoreactivity of HCn[SD}a.

I. INTROCUCTION

hotochemical reactivity of organometallics represents actually one of the
most exciting challengesta theoretical chemists. Because of their dintrinsically
more complicated nature, photochemical reactions in genersl are very difficult
to analyze experimentally to the degree of mechanistic detail to which one has
become accustomed in the case of thermal reactions. In spite of the great
experimental  activity concerming the photochemistry of  organometallic
molecules, and although sophisticated equipment s now vroutinely used for
detecting intermediates generated by flash photolysis, there are technical
limitations when applied to organometallic systems (ref. 1). These limitations
are at the origin of the Tack of detailed mechanistic informations respansibie
for many umknowns regarding the events occuring between the initial excitation
of the reactant and the formation of the primary product in its ground state.
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Even if a guanlitative theoretical study of the cynamics of the reaction is
still oeyond reach, one may hope that a gualitative approach will serve as a
useful systematizinoc, unifying framework in  the consideratior of the
photoreactivity of organometallic molecules.

Until recently the use of state correlation diagrams which point to the
possible pathways interconveriing the reactants to the products was the only
realistic theoretical method useful to predict the mechanism of the primary
photochemical process irefs. 2-5). A oparticularly powerful means of
understanding photochemicel processes is possible by considering the potential
energy surfaces (PES) or the more readily wisualized votential energy curves
{PECY which connect the reactants Lo the primary products (ref. €}. It is only
in the last few years that this approach based on the PES has been applied with
success to the photochemistry of organometallic molecules {refs. 7-10}.

The caleulation of potential energy curves has enabled us to get a better
understanding of the mechanism of the photodissociation of a carbonyl ligand
from Fe{C0}5 {ref. 7) and HCoiCD}4 {ref. 10} and to understand the existence of
two competitive photochemical processes upon irradiation of HCe{CO), at a
unique wavelength (refs. 8-10).

The present contribution will describe the results which we have obtained for
the photoelimination of molecular hydrogen from HzFe{EU}4 :

h
HFe(CO)y ——  Hp + Fe(CO)

The mechanism of the photochemistry of HMn(CO)5 and the occurence of two
reactive channels upen irradiation of this molecule ai different wavelengths
will be discussed :

HMA(CO)s 2+ H + Mn(CO)s

HMR(CO)s5 LN HMn(CO), + CO

Finally the photoreactivity of this complex will be compared to that of
HCu(CG}q.
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I1. THE METHOD OF CALCULATION

A detailed description of the method used *n reproduce correctly the
sequence and energetics of electronic states of the reactant and products is
described elsewhere (ref. 9). Ab initio potential energy curves are obtained
trom Contracted Configuration Interazction calculations based on a CASSCF
[Complete Active Space S5CF) reference wavefunction. Details of the CASSCF
calculations are reported in Table 1. in which the active space is discribed by
the nuwber of electrons carreleted (ne) and the number of active orbitals (nal.

TABLE 1

The CASSCF calculations.

State MainCenfiguration® Active

Space

H,Fe(CO), A, o, P(3dso o) (a,*) eyl (0,%)!  6e6a
HMo(CO)s A, (dey}z (34,2 (e)%(e*) 1(3d,5_ o) 8¢ 9a

2, amd og* denote the bonding combinations of the two hydrogen s

orbitals which are respectively bonding and antibonding with respect to the
Fe-H bonds. a, and o, are the anlibonding combinstions of the twop hydrogen s
orbitals which are respectively bonding and antibonding with respect to the
Fe-H bonds., o and o* demote the MO'S which are respectively bonding and
antibonding with respect fo the Mn-r bond.

For each electrenic state, two CCI calculations were performed : the first one
with one referance configuration corvesponding to the requived state, the
second one being a multireference calculation including all the configurations
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which appear with a coefficient larger than D.08 in the morefereace CI
wavefunction. Details of the CCI calculations are given in Table Z. Ten
electrons {in HZFe(CD}4J and eight electrons (in }-anleD}-sl are correlated in
these caleulations [the 3d electrons and thase of the M-H bonds). Single and
dounTe excitatians to all virtual orbitals, except the counterparts of the
carosonyl 1s and of the metal 1s 2s and 2p orbitals, are included in the CCI
calculations.

TABLL 2

The CCI calculations,

Valence Space  Nb. of electrons  Wh. of Reference Nh. of

correlated States? Config.#
HoFe(COYy  3dyp_ 5 3y, 10 3106 38736 to
3y, 0, 0 404208
& g 7

g% Oy
HMn(CO);  3d,,. 3d. t3 2t 5 26193 w
3,2 298125

T, a¥

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

The caleulations for HFe(CO}, and HMn{CQ). were performed for the experimental
geometries (ref. 11} which are of CZV and qu symmetry respectively.

SCHEME 1
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For the pheteelimination of mnlecular hydrogen from HZFe(COI4 it was assumed
that the CZ\‘r symmetry is retained along the reaction path [Scheme 1), since
FE(CD)4 nas the Cz“r symeetry in its ground state (Refs. 7-12). The geometrical
parameters 4, v and 5 were optimized for eacn acirt along the reaction path at
the 507 level for the ground state of the weactant (ref. 13).

Similarly, it has been assumed that the C4V symmetry s retained alung the
reaction path corvesponding to the homolysis of the metal hydrogen bond
(Scneme 113, since Mn{CO}S has the :4v sylieetry in <ts ground state ({refs.
14-15).

X
SCHEME 11 HII—-—> z

For the photodissociation of a carbonyl 1igand from HMn{ED;5 we nave considered
only the loss of an axial ligand which produces HMn(CD}4 as 4 sguare pyramid of

C
4
assumed that the qu symmetry is retained alony the reaction path {Scheme III}.

v symmetry with the hydrogen atom in apical position. ror this reason we have

SCHEME 111

The following gaussian basis sefs were used : for the transition metal a
{15,11,6] set contracted to {9,6,3) {ref. 16}, for the first row atoms a (}0,6)
set contracted to (4,2} (ref. 17} and for hydrogen a {6,1) set contracted to
(3,11 tref. 18}, This basis set is triple-zeta for the 1s shell of hydrogen and
for the 3d and 4s shells of the transition atoms, and otherwise it s
double-zeta.
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111. THE PHOTOELTMINATION OF MOLECULAR HYDROGEN FROM HEFEIE{]}“.

When HzFe(ED)4 is drradiated in a low temperature =matrix the jrimary
process is the loss of dikydrogen {followed with an oxidative addition) (ref.
14}

uv photolysis
HyFe(CO)Yy —————= H, + Fe(CQ),

visible light

The potential energy curves of Fig. 1 for the states ]A] (ground cstate) and

1’332 form the basis for a qualitative understarding of the mechanism of the

photoelimination of molecular hydrogen (vef. 2€) -

4 E {ou)
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bBZ }JBz
3
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bB2 b
=114 —1
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N
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d Fe-Hq(A)

Fig. 1. CCI potential energy curves for the elimination of H2 in HZFe(CO)q.
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Excitatian at 254nm {39370 cm'l} will bring the molecule from the ground stats
]A1 Lo the lowest ]BZ excited state (denoted le and calculated at 35189 cw_]!.
“rom there the system has the possibilities tc evolwe to the products H2 and

Fe!C0}4 in their ground states by two dif<erent mecharisms :

il intersystem crossing to the highest jB2 excited state [denoted jﬁz)
around 1.3C A followed with internal conversior to the lowest 332 excited state
(denated :B }. From there photoelimination of molecular hydrogen takes place
along the ;2 potential energy curve with the system going downhill to the

products.

ii) or  intersystem crossing to the  lowest 282 excited state witn
photuelirination of hydragen occuring aleng the gBZ potential energy curve with
a small energy barrier [of the nrder of 10 kcal/moled.

The reverse reaction, namely the oxidative addition of molecular hydrogen
to Fe{CU}q should be both spin and symmetry forbidden since the ground state is
332 for Fe{CO}q and ]F\1 for HzFefCC'}q. However, this reaction is presumed to
take place under visible irradiation at Tow temperature (ref. [39). It is
pessible to reconcile the possibility of a revorse reaction with the spin and
symmetry conservation rules oy introducing spin-orbit coupling.

AA,B, —_

A

Fig. 2. State correlation diagram for the elimination of H, from H2F9!60}4 witn
spin orbit coupling.
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s the reaction of K, and Fe(CO}4 is analogous to the recombinatian of Fe[C0]4
with €0 (ref. 21) which should also be forbidden, we shall use the same
explanation based on spin-orbit coupling consideration {ref. 4} : the
spin-prbit coupling opperator does split the 352 ground state of the products in
three states A], AE’ and B].

This results im adveidance of the A] curves, with 2 potential energy curve of
symmetry A1 conrecting the ground states of the reactants and  products
{Fig. 2}.

The reverse reaction as well as the direct thermal process becomes now symmetry
allowed with a low energy barrier for the reverse reaction. The probability of
these two reactions will depend on the efficiency of the spin-orpit counling.

IV. THE PHOTOCHEMISTRY OF HHn{CD]S.

Although HMn(CD}5 was one of the first transition metal carhonyls to be
studied in rare-gas matrices (ref. 22}, the mechanism of its photochemistry is
anly partially understood. Upon drradiation in JTow temperature matrices
HMn{COJ5 undergoas two different photochemical reactions :

il the heterolytic loss of a carbony] ligand upon irradiation at 229 nm,

HMR(CO); %  HMn(CO), + CO

i1} the homolysis of the metal-hydrogen bond after prolonged irradiation
at 153 nm,

HMn(CO); -2 H + Mn(CO);
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Fig. 3 shows a qualitative set of potential energy surfaces for the ground
and excited states of I'!MHI[CC'}EJ inferred from the potenkial energy curves
calcylated for the loss of either the hydrogen or the axial carbony! Tigand
{ref. 26]. These surfaces form the basis far a gualitative understanding of the

mechanisr of the photochemistry of HMn(CU]5 : 3
el
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Fig. 3. Potential energy surfaces corresponding to the loss of hydrogen and
axial carbanyl 1igand in HMn(CO)S.

Irradiation at 229nm (43663 cm_]} will bring the molecule in the JE state
{calculated at 43152 ¢m ), rom there, the molecule goes down along the E
curve corresponding to Mn-CO elongstion umtil it reaches a potential well
corresponding to an avoided ¢rossing. At this point, the system evolves to tne
IE state through internal conversion and dissociation to the preducts CO and
HMn(CU)4 will then accur along the ;E curve, However this mechanism produces
HMn[CD}4 as a square pyramid witF H apical, with a subseguent Berry
pseudorotation yielding the square pyramid with H basal {Scheme IV) (ref.
5-23}, corresponding to the iscmer which has been didentified experimentally

{ref. 22}.
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SCHEME TI¥

Excitation at a lower energy (5 > Z85 nm, or < 35000 cm-]}

will bring the
moleculs from the 1A1 ground state intg the ;E excited siate (calculated at
33579 cm']l. fifter intersystem crossing to the ctate SE {calculated separation
less than 00C cm_13 the molecule gets trapped into the EE poctential gnergy
curve corresponding to Mn-CO elongation. Through internal conversion to the
lowest 25 state the system will dissociate along the corresponding gE potential
energy curve tn the products €O and th:C0}¢ the latter as a squarc pyramid
with 1 anical in the :E state. The close proximity of %he ;E and ]A1 states at
disseciation {czlculated separation less than 7000 cm ') makes the intersyster
crossing between them am easy process. Then the reyerse addition reaction can
take place without any barrier along the 1A1 potential energy curve to
reqenerale HMn(CO]5 in its ground state accordingly to the experimentzl

findings {ref. 24},

Excitation at 193 nm {51813 cm_l} will aring the molscuie freom the state Iﬂl
into the highest 'e cxcited state (caleulated at $3900 cm'1l. Intersystem
crossing (arnu;d dM—H = 1.2 A} will bring the system first into tge potential
EeNErgy Curve bA1 and next through internal conversion into the an] 0——*50*
potential energy curve. From there the melecule wi:1 dissociate along this éA]
gogentﬁal energy curve to the products £ and Mn{CU)5 in their ground state

' A].
It seems rather clear from & look at the surfaces of Fig. 3 tnat a high
excitation energy will be necessavy to cleave the metal hydrogen bond iin
HHn(CO]S, since the Towest excited states 1’3E are dissociative with respect to
the cardonyl loss but correspond o repulsive potential energy curves with
respect to the dissociation of the metal-nydrogen bond. In order to find
potential energy cCcuryes which are dissociative with respect to the
metal-hydrogen bond in the wicinity of the equilibrium distance, one has to
consider either the EA] ar the lE states, both being at relatively high energy
({ >50000 ca” ).
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V. DISSIMILARYTY BETWEEN THE PHOTOREACTIVITIES OF HNH(CU)S AND HCO(CO]4.

Since metal-hydrogen and metal-carbanyl bend energies are very similar for
the two systems [ref. 25-26), it it surprising that the homolysis of the metal
hydragen bond and the carbonyl loss do occur ab the same wavelength for
I!Ct:l[DD}"1 but at different wavelengthes for HMn[L‘O]S. It could be fruitful to
compare the most important features of their photochemistry [ref. 10-20) and to
understand the reasons of their dissimilarities.

The principal reason for thisz different tehavior scems to be the nigh density
of states in the lowsst part of the electronic spectrum in HMniCOl. (ref. 200
which 15 a consaquence of the electroric configuration of this ;_\,fsterr. The

presence of two vacant orbitals 3d and o* 15 responsible for the great

number  of ow excited states s;:cgpftib]e to play 2 key role dn tne
photochemistry of 4MnlC0). compared to the situation for HiolCOT, with only ane
empty crbitas «*. Indeed if the potential energy surfaces corresponding to the
two concurrent processes are relatively simpie in the case of HCO[CIJ]4 {ref.
10}, they look much more complex {presence of avoided crossing and energy
barriers; in the gase of HHn{EU]b.
'E

F H o+ MnCO,
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I .
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|

“w
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A, A,

HM2C0: HCoalCon,
fas B
Fig. 4, State diagrams for the photochemistry of HMn(Cﬂ}5 (this work! and

HCG(C0)4 {ref. 107,
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The state diagrams, not to be confounded with the state correlation diageams,
depicting the photochemistry of HMn(CG)5 {Fig. 4{a)! and HCo{C0?4 {Fig. 4{b}}
outling the main differences concerning tne photoreactivily of the two
moleculas.

AL:
state end this is responsinle for the relative high energy (calculated at
53152 ! N #N(COlg to be compsred to 36030 e in ACo(CO),) of the
photoackive E d —gya® excited state for Lhe dissociation of the carbonyl
ligand. Moreover this Tow LF :t state in HHn(CU)5 is desacfmvated with respect
to the carbonyl loss because of its ¢lose prowimity to the bL d— % state

The presence of a low lying l[ LF state in HMn(CO); raises the energy of the

whicn is the precuesor of the reverse veaction. Tn HColf2), the excited state

4
3A] f3a* 75 dissecistive for bothn tne hydrogen and the carbonyl Toss. The
situalion iz quite different in HMn!CC]s where only the statey ]’3E d—yo* are

dissociative for the decarsonylation.

¥I., CONCLUSYOM

From the resulis reported above it seems clear that theoretical studies cam
contribute to the 2lucidetion of the mechanism af the photochemical reactions
of organoretallics.

Mapping of pontential energy surfaces provides & better understanding of
concurecnt photochemical reactions {occurence of two reactive channels wpon
irradiation either at a unique wavelength or at different wavelengthes). To
make further progress, analysis of the dymamic: of the processes oocuring on
these surfaces is needed.

& guantitative theoretical study leading to an evaluation of spin - orbit
coupling as well as to an estimate of the 1ifetime of the excited states should
enable us to get informations conceening the efficiency of the expected
shotoprocesses,
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