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A theoretical semi-empirical study of synchronous addition of dihydrogen and 
acetylene to dimetallic complexes, d 8-d8 (Rh,, Ir,) or d ‘-d’ (Fe,,) is reported. For 
(ds)2 complexes, the concerted addition leads to an intermediate diradical which 
must rearrange before metal-metal bond formation can occur. (d 7)2 complexes 
react more efficiently; it is shown that cleavage of the initial metal-metal bond may 
either be concerted with addition in the thermal process or lead to a diradical in the 
excited state. Thermal and photochemical reactivities are compared in both cases. 
Competitive addition in the case of (d8)2 complexes is discussed. 

Introduction 

Polynuclear complexes of transition metals [l] have recently drawn the attention 
of both experimental and theoretical chemists [2-121. Indeed, several cooperating 
metal centers provide interesting new methods of coordinating and/or activating 
molecules on the one hand, and on the other hand, the related complexes constitute 
models for explaining the reactivity observed in homogeneous catalysis and in 
clusters or on metal surfaces. In this area, the study of concerted additions of small 
covalent or unsaturated molecules to dinuclear complexes of transition metals (TM2) 
might be of great help [13-151. From the vast literature devoted to synthesis, 
structure and reactivity of TM2 complexes, we have restricted ourselves to a few 
examples of reactions which might be regarded as oxidative additions. The main 
experimental trends can be summarized as follows: complexes of (Rh), and (Ir)z, 
(d8)2 [16-461, or (Fe),, (d7)2 [47-621, may yield oxidative addition at two metallic 
centers, but it is still not clear whether the reaction occurs through a purely 
concerted pathway or via several steps the first one of which would be oxidative 
addition to one single metal. 

Concerted additions of u-bonded (like Hz) or s-bonded (like acetylene) molecules 
to TM2 complexes can be classified according to two types of reactions [63]: 
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The first one is found with (68)2 TM2 complexes such as [Ir@-S-t- 
Bu)(CO)P(OMe& [12,20,25,38,45] and the second one with (d7)2 complexes like 
[Fe@SCF3)(C0)& [47,573. Maisonnat and Poilblanc [26] have shown that dihydro- 
gen addition to (Ir)2 complexes is stepwise and primarily occurs at a single center 
according to the scheme: 

H H 

These authors have also shown that bulky ligands can prevent the migration step 
from occurring, and in that case addition of two dihydrogen molecules, one at each 
Ir center, is finally observed [62b]. In some cases, addition of acetylenes may require 
photo& activation [ 58 J. 

Electronic structures of dinuclear complexes have been studied theoretically by 
Hoffmann et al. [2-111 and others [50,52,54], but no study of reaction pathways 1 
and 2 is available. We propose here an Extended Htickel Theory (EHT) [64] 
approach to these processes for model (@)* and (d*), compounds. We have chosen 
H, and HCCH as partners in oxidative additions for these molecules are paradig- 
matic from the dual point of view of energy and spatial MO localization. Indeed this 
choice brings about arbitrary constraints, but we will see in the following develop- 
ment that it nevertheless allows a general qualitative discussion of the trends 
encountered in these reactions. 

EHT calculations were performed using an ICON program and the atomic 
parameters were selected from previous studies [64]. The choice of model structures 
deserves comment since, for the sake of simplicity, it is convenient to replace the 
ligands of real complexes by much simpler ones. With this aim, phosphine and 
carbonyl ligands have been replaced ‘by hydrides, and the S-t-Bu bridging units 
reduced to SH. Because of these simplifications, an optimization of the geometrical 
frames would remain meaningless, and in order to emphasize the intrinsic dif- 
ferences between (Fe), and (Ir)J(Rh)z complexes, we have adopted for the M,Z, 
unit a common realistic geometry [65] close to X-ray data [lo]. 

The model reactions are depicted in Fig. 1. In all cases, the CzU *point group 
symmetry is preserved along the reaction pathways, with the given choice of axis. In 
some cases, variation of the M,Z, ring puckering has been done to test the MO 
dependence upon M-M distance; this point will be discussed later on. 
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Fig. 1. Model reaction paths. The precise nature of the various L ligands, as well as the bridging species Z, 
is given in the text. Compounds 1 are related to Rh or Ir as well. 

Prior to MO and state analysis of the model reaction paths, let us state some 
points of general meaning. The reactions presented in Fig. 1 involve several 
mechanisms: bond malting and breaking between metal atoms on the one hand, and 
between metal and H or C atoms on the other hand. In order to link all these facts, 
the reasoning used throughout previous discussions of the reactivity of mononuclear 
TM complexes [66-691 can be transposed with good approximation on the ground 
of experimental evidence. So, it seems convenient to consider each metal center as 
potentially oxidizable, leading to MH or MC u-bonds, where the ligands can be 
regarded as two-electron ligands (i.e. hydride ions in the case of 2 or 4, vinyl 
dianions. in 5 or 6). The last point is easily translated in terms of natural MO 
correlations [70] and we will now briefly recall the principles that will be used in 
building the corresponding MO correlation diagrams. 

The aforementioned principles rely on three main criteria: (i) preservation of 
symmetry, (ii) conservation of dominant localization and (iii) conservation of nodal 
planes. The first pair of criteria is particularly well suited for correlations involving 
fragments of different electronegativities since the dominant localization is easy to 
assess, either in the final or the starting system. Once the natural correlations are 
established, we have to take into account the eventual avoided crossings arising 
between correlations of the same symmetrey. In a second step, the state-to-state 
correlation diagram is obtained, taking into account as usual the avoided crossings 
between states of same symmetry; non monotonic correlations can also result, on a 
single surface, from avoided crossings found at MO level. To summarize, looking at 
a given MR bond, we must recall the following simple rule: the corresponding 
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bonding MO, bearing dominant R character is likely to yield, upon MR stretching, a 
MO located around R. This point agrees with the chemical picture of oxidative 
addition where the R ligand is considered as a “two electron ligand” in the final 
moiety. (It is clear that the reverse process, i.e. breaking of the MR bond follows the 
same correlation principle.) 

MO description of 1 and 3 

Before analysing the MO features of reactions 1 and 2, it is necessary briefly to 
recall the MO description of complexes 1 and 3, assuming a weak puckering of the 
M,Z, ring. In other words, this means that the distance between the two metal 
atoms is large and the overlap of the valence AO’s of each metal is very small. Then, 
in a second step, we will examine the consequences of ring puckering which shortens 
the MM distance and eventually allows the formation of a MM bond. For the sake 
of simplicity, we will restrict ourselves to the frontier MO’s and consider that all the 
levels describing the ligands and the metal-ligand bonding or antibonding MO’s 
form two “boxes” of spectator MO’s, respectively, occupied or empty, as shown on 
the left in Fig. 2. 

Frontier MO’s of complex I (MZL,), 
The frontier set of 1 can be derived from the interaction of the d-MO’s of two 

square planar units having local D.,,, symmetry [10,64,66]. These levels are split as: 

es(d,,, d,,), &,(Q9 and, slightly destabilized, a,,(d,z); at higher energy, we find 
the b,, (dX2_,,z) MO bearing pure antibonding metal-ligand character. 

As reported in Fig. 2, we have, in order of increasing energy: (i) a box composed 
of the set of occupied ligand and metal-ligand bonding MO’s, (ii) a set of eight 
d-levels, bearing some minor ligand character and resulting from the duplication of 
the es + b,, + ulg MO’s of the square planar units. Under the proper choice of a new 
axis, and as a result of the weak M-M overlap, we just observe a doubling of the 
initial levels, resulting in six levels coming from (es + b,,), and two levels coming 
from (a& Since the z axis is common to the mono- and di-nuclear units, we label 
the latter duo d,z+ and dz2- to symbolize their in-phase and out-of-phase properties. 
They are nearly degenerate and, in the case of complex 1, they are both occupied. At 
higher energy, we find empty levels, the lowest pair being formed by p,+ and p,- 
in-phase and out-of-phase combinations, respectively, of p, on each metal (see Fig. 

3). 

Frontier MO’s of complex 3 (MZL,), 
These MO’s are easily derived from the preceding ones by adding two new axial 

ligands to (MZL,), as depicted in Fig. 3. In the right part of the figure we have two 
ligand MO’s of suitable symmetry, L,-,, and in the left part, the MO’s of 1 that 
interact with them the most strongly: d,z* and p, +. Upon mixing, one gets two 
u(ML) bonding MO’s (ai and b, symmetry) having predominantly ligand character. 
Then we find two dz2 +p, hybrids pointing out of the ML bonds, and for conveni- 
ence we still label them d,a*. These MO’s are quasi-degenerate when the ring 
puckering is small, but since in the case of 3 they are occupied by only two electrons, 
it becomes clear that geometrical changes will induce important electronic conse- 
quences, as will be seen in the next paragraph. 
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Fig. 2. General MO correlation diagram. The spectator MO’s are symbolized by ‘WCC.” and “EMPTY” 
(see text). n is either 2 for (Rb), or (Ir)2 complexes or 1 for (Fe)z. The axes are defined in Fig. 3. 

Electronic states of 1 and 3 as a function of ring puckering 
Let us examine the relationship existing between the M,Z, ring puckering (or in 

other words the M-M distance) and the electronic states of these complexes. At a 
large M-M distance, the d,z, couple is quite degenerate and lies in the same energy 
range as in the square planar monomer. Upon ring puckering, the M-M distance is 
shortened and the (dzzldzz) overlap increases: d,z+ is stabilized and d+ destabilized 
with respect to the previous situation. This fact, as depicted in Fig. 4, brings about 
important consequences, and keeping in mind the perturbation theory result stating 
that upon interaction of two quite degenerate levels, the upper combination (out-of- 
phase) is more destabilized than the lowest (in phase) is stabilized, we have to 
consider the total number of electrons in the two d,z+ MG’s. 

(a) When four electrons are present (in complexes like 1) the system tends to 
avoid the destabilization of dza- and remains nearly planar with a singlet ground 
state (GS) having the closed shell configuration 1{core(dz~+)2(dz~-)2}. 
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Fig. 3. Perturbation scheme for coupling between two ligands and the set of frontier MO’s of adequate 

symmetry. 

(b) When only two electrons are present (in complexes like 3) the situation is 
more complex, since we have to accomodate them within two nearly degenerate 
MO’s whose splitting depends on ring puckering. 

It is convenient to consider the rest of the electrons of the system as forming a 
frozen core and to characterize the states of the system according to the electronic 
configurations of the electrons in d,x +. These MO’s are of a suitable nature and 
symmetry to allow the description of an “ homosymmetric diradical” according to 
the terminology of Salem and Rowlands [72]. Of course the following discussion is 
purely qualitative and relies on analogies with hydrocarbon diradicals and more 

Fig. 4. Variation of the energy of d,z+ as a function of ring folding. 
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particularly on the general fact that in the absence of strongly polar substituents 
and/or polar solvent, covalent diradicals, i.e. where the two-electrons are located on 
distinct centers, are more stable than ionic (zwitterionic) moieties. 

Let us recall briefly the quantum chemical treatment of diradical wavefunctions, 
applied to the case of d,l*. Starting with the situation depicted in the right part of 
Fig. 4, i.e. when a M-M bond is formed, we can build four electronic configura- 
tions: ‘{core(dzt+)Z(d,~-)o} (‘A,); ‘~3{coreJdz~+)‘(dz~-)1} (‘*3B1) and ‘{core- 
(dz~+)o(dz+)2}, (*Al). The first *A, state is the closed shell singlet GS of the system 
and the second ‘A, state is a bi-excited state; if the energy gap separating dz2+ and 
dp- is large enough, these states are also separated by a large energy gap, and even 
though they have the same symmetry, they do not mix appreciably. The other two 
states, 133B1, are mono-excited states, and they do not mix because they have 
different spin mu~tip~city, and they do not interfere with the ‘A, states for symmetry 
reasons (‘B,) or spin and symmetry reasons (3E,); see right side of .Fig. 5. The 
Hartree-Fock energies of these states (assuming M-M bonding) are respectively: E, 
for the GS; E(‘B,) -E, = eb - e, - Joa + 2 Kab; E(3B1) -E, = eb - e, - Jab; E(‘A,) 
-E,==2(e,- e,) - 4 Jab f 2 &, + Job -i- Jbb where a and b stand for d,z+ and d,z-, 
respectively, and J and K for the Coulomb and exchange integrals. We see that the 
relative energies of these states depend (to a first order approbation, i.e. neglecting 
the J and K terms) on the energies of the d+ MO’s (In EHT ~culations, where J 
and K are not explicitly calculated, the state energies only depend on e, and eb.) 

Upon stretching of M-M, the dzff MO’s tend to become quite degenerate, as 
depicted in the left part of Fig. 4, and the oonsequences for the preceding states are 
as follows. (i) The GS of the system is destabilized due to the raising of dt2+. (ii) The 

I d&-N (d, +dzh 

d+=Ntd, -dz) 

I - N [core (d++d,zc - $z-42-)] 

my F. (d, (l)d&?) + d, (2) d,(l) 1 

‘4’ = N ewe II d,z+dz- dZz- 6 I] 

f 3% (d, WdzW ) d,t2f+ 4t2, 

Fig. 5. Qualitative energy variation of the states buiit on the pair of MO’s described in Fig. 4. A more 
complete description of the cor-reaponding wavafun~o~ is given in ref. 72. 
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other three states are stabilized since the ( eb - e,) term in the energy tends to cancel 
out. (iii) The energy gap separating the IA, states is decreased, and in the final 
degenerate situation both,initial wavefunctions are inadequate to describe the system 
and we must take their linear combinations, leading to two new ‘A, states: 

‘( (core(d,2+)2) - (core( d,z-)2)) = ‘D 

and 

‘( (core( d,z+)2) + (core( d,+)2)) = Z, 

It can easily be shown that the first one corresponds to a covalent state [72], where 
one electron is located onzach rnzal atom, while the second one corresponds to a 
high energy zwitterion: $+4( +)A+. (iv) The triplet 3B, is also covalent and likely 
to be the GS of the open system; due to the large separation of the metal centers, no 
important difference can be expected for the singlet and triplet covalent distribu- 
tions and both states will be found in the same energy range. (vL\The sir$et ‘B, 
electronic configuration corresponds to an ionic (zwitterion Z,): I$‘$( -)l$f. 

The correlations between these states from the initial to the final situation are 
straightforward as indicated in Fig. 5. Indeed a quantitative calculation of the state 
energies remains beyond the scope of the study, and we can only predict that, when 
only two electrons are present in the dzzf pair of MO’s, a complexe like 3 can either 
be regarded as a classical closed shell singlet (at short M-M bond length) or as a 
diradical (when the M-M distance is large and the overall structure close to a planar 
geometry). 

It is worth noticing that in the case of strongly non-symmetrical complexes of 
overall structure 3, the eventual existence of low-lying ionic states can be predicted, 
as in the case of “sudden polarization” of alkenes [73]; but this is not the place to 
discuss this point. 

MO Correlations and qualitative description of the reactivity 

MO Correlations 
We have seen that, assuming some labeling simplifications, the MO’s of 1 and 3 

might be described in an unique fashion. In order to study the oxidative addition 
process, we have now to deal with the complete starting system which co@.ins, in 
addition to the aforementioned MO’s, those of the R, moiety (see Fig. 2). The latter 
have been reduced for simplicity to a(R2) and u*(R,) for the model compound H,; 
in the case where R, = HCCH, these MO’s would have to be replaced by the s and 
Q* pair of a, and b, symmetry. The final system, apart from the boxes of spectator 
MO’s is composed of: (i) two u-bonding MO’s corresponding to the MR bonds that 
are formed, (ii) six d MO’s which are only slightly perturbed during the reaction, and 
(iii) the dz2 I couple which is destabilized by out-of-phase contributions of R, during 
the coupling. The antibonding MO’s, counterparts of the bonding ones, have not 
been drawn since they do not play any role in the forthcoming discussion. 

Using the natural orbital correlation principle, the diagram is easily designed. 
a(R2) and u*(R2) are correlated with the two bonding MR MO’s, as shown by 
broken lines. The other MO blocks are correlated with the corresponding blocks of 
the final system [69]; due to symmetry constraints, several avoided crossings occur as 
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indicated by dots, and, as an end result, we obtain the heavy line correlations. The 
topology of this diagram is colon to all the oxidative processes described in Fig. 
1, but the number of electrons that we have to put into the d+ set depends on the 
actual metal: 4 for (Rh), and (Ir), complexes and 2 for the (Fe), complexes. 

M2L,Zz (d8 + d8) compounds 
The Rh or Ir atoms are d8 in type 1 complexes. The dzzk pair is filled by four 

electrons and a metal-metal bond is not likely to exist since the bending, which 
would bring the metal atoms closer, develops an important destabilization due to the 
negative overlap in dp. In those complexes, the MM bond is rather long (3.06 for 
Rh-Rh and 3.21 A for Ir-Ir) [19,28] and the splitting of the dzz+ set is weak. A total 
of 16d-electrons is found in the system. We see that in the final species 2 four 
electrons are necessary to ensure MR bonding, two of them coming from R, and 
two from the d set; we have a d 7 + d’ complex (Rhu + Rhn; 7 electrons on each Rh 
atom) having two electrons in the d, 2 * couple. We are in the precise case described in 
Fig. 4 and, in the absence of important geometrical rearrangement, the primary 
product of the reaction 1 --, 2 is more likely to be a diradical 2a (Fig. 6). Indeed, 
when the concerted reaction proceeds, the d, zi: couple “grows” on the opposite side 
to the incoming hydrogens, yielding 2a. (The MO perturbation scheme is the same as 
previously described in Fig. 3.) To form a M-M bond, the diradical can either invert 
the MZMZ ring or rearrange its ligands as shown (among other possibilities) in 2b. 

A qualitative evaluation of the various potential energy surfaces (PES’s) is 
depicted in Fig. 7. From the ground state of the starting system, an endothermic 
reaction involving an activation energy, yields the ‘A, diradical ‘D which may evolve 
in order to form an M-M bond. A second potential energy barrier is predicted along 
this portion of the reaction coordinate, for important ~nfo~tional changes of the 
ligands are necessary before reaching a geometry favorable to M-M bond forma- 
tion. In the excited state, 3B1, a triplet surface leads directly to the stable inter- 
mediate tripled diradical, which, through inter-system crossing, may yield the final 
molecule. A non-radiative deactivation channel is found during the addition process, 
and the competing paths of this state are symbolized by wavy lines. We also see in 
Fig. 7 that an exothermic reaction may proceed along the mono-excited lB, PES, 
yielding a zwitterionic intermediate possessing a large excess of internal energy with 
respect to either the initial or the final systems, even though its further evolution is 
difficult to predict. 

It should be clear that, in Fig. 7, we have split the overall reaction into two 

c 

(2) (20 

Fig. 6. Geometrical changes imposed by tbe oxidative addition to complexes of type 1. 
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OXIDATIVE ADDITION M--M BOND FORMATION 

Fig. 7. Qualitative statecorrelation diagram corresponding to oxidative addition to compounds 1. Such a 
partition of the reaction coordinate is arbitrary and is done in order to emphasize the dominant electronic 
events occurring along the path. It is clear that in the real process both steps are closely linked. 

limiting processes only for the sake of clarity. In reality, both types of motion would 
be linked, providing a continuous reaction coordinate. Nevertheless, the eventual 
existence of a stable diradical intermediate on the lowest triplet PES must be 
emphasized. 

iU,L,Z, (d’+ d7) compounds 
In complex 3, where two Fe’ atoms (d’) are cooperating, two electrons occupy 

the frontier dz2 * pair. For previously invoked reasons, the MZMZ ring is puckered in 
order to allow the formation of an M-M bond. During the reaction, this bond is 
broken, and the “open” form is probably involved, at least in the photochemical 
process. Thus, it is practical to use the state diagram of Fig. 5 to depict this portion 
of the reaction coordinate, as repeated in the left part of Fig. 8. Starting from the 
diradical intermediate, the state-to-state correlations are easy to assess, as shown in 
the right part of the Fig. 8. 

GS reactivity Along the GS PES (?4,) a weak energy barrier can be predicted 
during the concerted addition,. resulting from the MO avoided crossing previously 
discussed in Fig. 2, and symbolized in Fig. 8 by a mixing with the upper bi-excited 
configuration 2, of the same symmetry. The ‘D diradical may now capture dihydro- 
gen to yield the final product. Obviously this partition of the reaction coordinate is 
somewhat arbitrary, since both M-M bond rupture and M-H bond formation may 
be synchronous, but it has the merit of showing that a stable intermediate may be 
formed, more especially in the excited state, prior to dihydrogen addition. We have 



401 

M-M RUPTURE DIRADICAL OXIDATIVE ADDITION 

Fig. 8. Qualitative state correlation diagram for oxidative addition to 3. (The same remark applies as for 

Fig. 7). 

carried out calculations for this model reaction path and the results are shown in 
Fig. 9. 

The potential energy is drawn as a function of the H-H distance (horizontal axis) 
and of the distance between the middles of the H-H and Fe-Fe segments (C,, point 
group). A realistic reaction path is depicted by the arrows; two facts emerge. (i) 
During the major part of the reaction coordinate the H-H distance remains almost 
constant, at its equilibrium value. Then a very fast stretching appears “catastrophi- 
cally” near to the saddle point. A similar result has already been found and 
discussed for oxidative addition to a mononuclear complex [68]. (ii) The activation 
energy, at EHT level, is very weak (0.2 eV), clearly showing that once the H, 
molecule is close to the di-metal system, cleavage of the metallic bond and of H, is 
neatly balanced by the formation of two Fe-H bonds. Contrary to the case of 
M,L,Z, complexes, the reaction does not require important geometrical changes 
and corresponds roughly to a least-motion process. 

Lowest triplet state reactivity. As shown in Fig. 8, the lowest triplet state of 3 
exothermally yields the triplet diradical through breaking of the Fe-Fe bond. Once 
formed, this diradical is not directly reactive and reclosure of the system will 
compete with inter-system crossing leading to the final molecule (wavy lines), with a 
large excess of internal energy. As we have already noted it is difficult to predict the 
reactivity of the highest excited states, except the fact that the 2, species cannot 
directly yield the final system, but requires an internal conversion ‘B, + ‘A, compet- 
ing with deactivation leading to a “hot” system. 
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39 
074 L 1.8636 

Fig. 9. EHT calculated potential energy surfaces for addition of H, to the model compound 

(WH)sW,6-. A realistic pathway is outlined by arrows. The horizontal axis refers to H-H stretching 

(L) and the vertical one to the distance (D) between the middles of M-M and H-H. 

Acetylene vs. hydrogen addition 
There is no qualitative difference between the correlation diagrams drawn for H, 

or HCCH addition. Nevertheless, several remarks can be made. 
(i) From a thermodynamical point of view, the energy of the q-bond to be broken is 
lower than the H, one. In MO terms, this means that, in Fig. 2, the destabilization of 
the lowest u/n MO will be less for acetylene than for hydrogen addition. 
(ii) The CC bond length of acetylene and the spatial extention of the Q and IT* MO’s 
allow a good overlap at the beginning of the reaction coordinate. From this point of 
view, a better reactivity can be expected for acetylene. 
(iii) On the other hand, the inversion of the MZMZ ring 2a + 2 (Fig. 6) is impossible 
for the acetylene adduct. Formation of the M-M bond thus requires a rearrange- 
ment of the ligands according to the 2a + 2b reaction path. 
(iv) Moreover, the presence of another empty s* MO (a2 symmetry) acts as a 
supplementary stabilization factor. This is confirmed by model calculations, since 
the 3 (d 7)2 + HCCH --, 6 reaction appears almost spontaneous at EHT level. 

Competition between one center and two center oxidative addition to (d8), complexes 
In the preceding paragraph we have pointed out that synchronous additions of 

H, or RCCR’ (to (da), complexes of Rh or Ir lead to (d 7)2 open-shell diradicals 
and require important ligand rearrangements before M-M bond formation can 
occur. It is therefore clear that these processes are in competition with oxidative 
additions at one single center leading to a (d6 + de) system. A series of arguments 
can be invoked in favor of this mechanism. 

(i) If the initial structure of the complex is nearly planar, one can consider to a 
first approximation that the metal centers are independent and that the reaction may 
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Fig. 10. Qualitative scheme describing the various energy changes along the concerted addition (right) and 

two step addition (left). 

proceed as in the usual case of oxidative addition to a de metal. This reaction which 
involves a low activation energy, from 10 to 20 kcal/mol [74] leads to a d6 stable 
closed-shell octahedral complex. In the case of (TM), complexes, we might consider 
that the same range of activation energy will be found, considering that the 
“spectator” metal is not significantly involved in the overall process. 

(ii) For monometallic catalysts, oxidative dihydrogen addition is slightly ex- 
othermic [75]. If we transfer this argument to the case of (TM), complexes, we can 
conceive that addition to a single center is thermodynamically favored since we get 
finally a small energy gain at one center and no change at the other, while in the case 
of concerted addition at two centers we have an overall endothermic process leading 
primarily to a diradical intermediate. 

(iii) The primary product resulting from oxidative addition at a single center 
might transfer one hydrogen atom from one metal to the other in a second step. This 
reaction requires ligand rearrangement and it is conceivable that steric effects might 
play an important role, as observed experimentally [26]. 

The qualitative scheme of Fig. 10 resumes the discussion. 

Conclusion 

The thermal concerted addition appears to be much easier for d’-d’ (Fe), than 
for d*-d* (Rh/Ir), complexes. Indeed, in the latter case, an energy barrier results 
from an allowed HOMO/LUMO crossing (Fig. 2). We can see in Fig. 2 that this 
reaction requires the initial destabilization of two filled MO’s (d,z+ and d+). 

Moreover, once the diradical2a is formed, a rearrangement of the ligands or a ring 
inversion is necessary to reach the final M-M bonded structure. So, a two-step 
mechanism, with preliminary oxidative addition at a single metal atom, appears 
more realistic, in agreement with experimental results. These difficulties are not 
encountered in the thermal concerted additions to d,-d, (Fe), systems, and we 
believe that this possibility must not be a priori ruled out, especially in acetylene 
addition. 

Regarding photochemical reactivity, a triplet ‘diradical is likely to be an inter- 
mediate during the addition to (d ‘)* complexes and after addition to (d *)* 
complexes. The proximity to this species of the singlet diradical surface, correlated 
to the GS of both initial and final products, presumably allows an efficient 
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inter-system crossing: there are two competing reactive and non-reactive channels, 
and it is difficult, in this semi-empirical study, to evaluate their respective quantum 
yields; but we want to point out that photochemical activation might lead quite 
efficiently to reaction. 
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