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Abstract 

Sastry 

Extended Hiickel calculations have been carried out on [Cp(CO)2M]2(~-E) complexes (M = Mn, Re, Cr and W, E = S, Se and Te) 
in linear, bent and triangular geometries. The possibility of double well potential and consequent “bond stretch isomerism” in 
these complexes is analyzed. All the complexes with a 38 valence electron count (VEC) are calculated to have a minimum 
corresponding to the triangular geometry. The Mn and Cr complexes with a tellurido bridge have an additional minimum for the 
bent geometry; only the bent structure is known experimentally. The triangular isomers of these two complexes are marginally 
higher in energy, but separated by substantial barriers. The other M,E combinations studied adopt a triangular geometry. The 
difference in the behaviour between these complexes is explained by the fragment molecular orbital approach and by considering 
the atomic radii of the M and E species. Single point ab initio calculations using the L,ANLlMB basis set on [cp(CO),M]&-E) 
(M = Mn and Re; E = S, Se and Te) confirm the relative energy orderings produced by the extended Hiickel calculations. The 
relation between the M-E bond orders and bond lengths and the extent of Main Group d-orbital participation is also analyzed. It 
is predicted that complexes with a VEC of 36 and 40 should adopt linear and bent geometries, respectively. 
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1. Introduction 

The number of structural patterns involving transi- 
tion metals and bare Main Group elements is rapidly 
increasing [1,2]. With two transition metal fragments 
(M) around a central main group element (E) only 
three basically different arrangements are possible: 
linear (11, bent (2) and triangular (3). Table 1 presents 
a list of well characterized MEM structures with for 
each the valence electron counts (VEC), M-E-M an- 
gle (0>, M 1. - M, and M-E distance. There is a general 
relationship between the VEC and the structural type. 
Thus 36 VEC species [3-lo] are linear, 38 VEC species 
[ll-151 exist in both bent and triangular forms, and 40 
VEC series [16-191 are bent. The existence of two 
different structures which differ in respect of one inter- 
atomic distance as in 2 and 3 for the same number of 
electrons constitutes bond stretch isomerism [20]. Bond 
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stretch isomerism is not yet unequivocally established 
in transition metal chemistry [21] but is known for the 
M,E complexes. There are two well characterized ex- 
amples of 38 VEC complexes that show bent and 
triangular structures respectively; thus [Cp*(CO),- 
Mn],Te (4) is bent [ill whereas its Re analogue, 5, is 
triangular [14]. The factors that control these prefer- 
ences are not well understood. Studies in transition 
metal organometallic chemistry have revealed various 
cases in which a change of the metal within the same 
VEC leads to a different structural type [22]. What is 
the role of the Main Group element or the transition 
metal in preferring one structure over the others even 
when the number of valence electrons remains con- 
stant? The current interest in bond stretch isomerism 
[23] has prompted us to examine this question. We 
have attempted to analyse the electronic structures of 
complexes 1, 2 and 3, and especially to understand the 
factors that impart stability to the bent and the triangu- 
lar structures with a 38 VEC. Results of extended 
Hiickel [24] and Fenske-Hall [25,26] calculations were 
reported previously for the linear MEM structures and 
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showed that an increase of VEC from 36 to 38 leads to 
a change from linear to bent geometry. 

We begin with the description of the electronic 
structure of [Cp(CO),Mnl,Te (4) a 38 valence electron 
complex. The comparison of Mn and Re complexes 
and reasons for their adopting two different structures 
are then considered. A study with different M and E 
combinations (M = CrCp(CO),, MnCp(CO),, WCp- 
(CO), and ReCp(CO),; E = S, Se and Te) but with the 
same number of electrons has been carried out to 
provide a general understanding. The Fragment 
Molecular Orbital approach [27] within the extended 
Hiickel formalism [281 is used in this study. Single point 
ab initio SCF MO calculations with the LANLlMB 
basis set [29,301 on bent and triangular geometries of 

2t 
[CP (CO), Mn12 

lb- 

[CP tCO12Mn]2 (&Te) 

Fig. 1. Orbital Interaction Diagram of [Cp(CO),Mn]$+ and Te2-. 
The interaction of one of the p orbitals of Te2- with the out of 
phase combination of the u-type orbital of [Cp(CO)2Mn]if is not 
shown here. 

TABLE 1. Important geometric parameters and VEC for the M,E complexes. Bond lengths in A and bond angles in degrees 

Complex Type M-E M-M e VEC Ref. 

sDcP(co),l, 1 2.074 4.148 174.7 36 

SKdnpJ2 
394 

1 2.128 4.156 180.0 36 5 

SINiKP,)]l:+ 1 2.034 4.068 180.0 36 5 

S[Mo(HB(Pz),XCO),], 1 2.181 4.362 180.0 36 6 

S[Mo(HB(Me,P&XCO), 1 2.200 4.400 180.0 36 6 

S[Mo(CN),], 1 2.172 4.344 180.0 36 7 

SeDCp(CO),l, 1 2.209 4.418 180.0 36 

Se[MdHB(P&XCO),l, 
899 

1 2.323 4.646 180.0 36 5 

Se[V(CO),(dppe)l, 1 2.298 4.596 180.0 36 10 

Te[V(CO),(dppe)l, 1 2.500 4.963 165.9 36 10 

Te[MnCp*(C0)2]2 2 2.459 4.338 123.8 38 11 

S[ReCp*(C0J212 3 2.381 2.946 76.4 38 12 

Se[ReCp*(CO),], 3 2.493 3.033 74.9 38 13 

Te[ReCp*(CO),], 3 2.679 3.140 71.7 38 14 

Se[Rh(Cp(CO),], 3 2.440 2.755 68.7 38 15 

Te[CrCp*(CO),], 2 2.807 4.792 117.2 40 16 

s[wcP*(c0)312 2 2.531 4.530 127.0 40 17 

Se[FeCp*(C0),12 2 2.449 4.138 115.3 40 18 

Se[Re(PMe&C0)J2 2 2.650 4.495 116.0 40 19 
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Mn and Re complexes with S, Se and Te bridge are 
used as a check on the electronic structure and ener- 
gies obtained from the extended Hiickel calculations. 
Extended Hiickel calculations have also been carried 
out for 36 VEC and 40 VEC complexes with the above 
M and E combinations. Wherever possible structural 
parameters available from X-ray diffraction studies 
have been used in the calculations. The variation of the 
geometry along the reaction coordinate is indicated in 
the Appendix. 

2. Results and discussion 

The molecular orbitals of [Cp(CO),Mn],(p-Tel, in 
the linear geometry, are constructed from the fragment 
orbitals of [Cp(CO),Mn]‘+ and Te2- (Fig. 1). The 
[Cp(CO),M] dimer orbitals are constructed from those 
of the well known Cp(CO),M fragment [31]. The two 
Cp rings are placed tram to each other and hence the 
overall symmetry of the molecule is only C,. The 
orbital energy pattern is similar to that for linear 
systems that have been studied in detail previously 
[24-261. With a 38 VEC, only one of the two 7r* 
orbitals, 4b, is occupied. The two r* orbitals form an 
eB set in Deb symmetry. Due to the lower symmetry, 
C,, we observe splitting of the energy levels of the r* 

orbitals, but the HOMO-LUMO energy difference is 
very small. Any geometrical change that lowers the 
anti-bonding interaction is favoured for the 38 and 40 
VEC species. The 38 VEC complexes may even adopt 
a linear structure with a triplet ground state. We do 
not consider this possibility further in view of the 
limitation of the methods employed. Bending de- 
creases the antibonding character in the in-plane r*- 
orbital, 4a. The Re complex, 5, is found to have a 
triangular geometry with the two Cp rings tram to 
each other. In the Mn complex, 4, the two Cp rings are 
in cis conformation. If the two Cp rings are cis, or if 
their centroids are coplanar to the MEM plane, the 
triangular geometry involves steric interactions. There- 
fore, the two Cp rings are kept tram to each other and 
are approximately perpendicular to the MEM plane 
during bending. The nature of the potential energy 
surfaces does not depend substantially on the Cp ring 
orientations in going from linear to bent geometries. 

Figure 2 shows the frontier orbitals of (Cp(COl,- 
Mn),(p-Te) in linear, bent and triangular geometries. 
The stabilization of the in-plane r* orbital (4a) is the 
only significant change on going from the linear to the 
bent structure. The nonbonding orbital, 3b, becomes 
an M * . - M u* orbital. However, the two metals are 
still at a nonbonding distance in the bent geometry. 

Linear Bent Triangular 

Fig. 2. Schematic representation of the variation of the energy and shape of frontier molecular orbitals of [Cp(CO),M],(~-E) in linear, bent and 
triangular geometries. 
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Fig. 3. The plots of the sum of one electron energies of the 38 VEC complexes as a function of the M-E-M angle, 0, in degrees: 
a = [Cp(CO),Crl&E)*-; b = [Cp(CO),Mnl&E); c = [Cp(CO),Rel&E); d = [Cp(CO)2W12(~-E)2: 

The changes are very large on going from a bent to a 
triangular geometry (Fig. 2). The M-E-M out of plane 
P*-orbital, 4b, is occupied. A metal-metal r*-orbital, 
3b, after an avoided crossing with 4b, becomes a 
metal-metal a*-orbital (LUMO) in the triangular ge- 
ometry. The M-E r* orbital, 4b (linear), after the 
avoided crossing, retains antibonding interaction with 
E but gains M-M r-bonding interaction in the triangu- 
lar geometry. The other M-E r* orbital, 4a (linear), 
becomes stabilized during the bending. 

A plot of the sum of one electron energies shows 
two minima for [Cp(CO),Mn]&Te) complex, corre- 
sponding to the bent (0 = 124”) and the triangular 
(0 = SO’) structures (Fig. 3). The bent structure is shown 
to be more stable than the triangular structure by 
about 0.75 eV. The corresponding plot for the Re 

-11.0.. 

f 
eV 

-12.0.. 

a b c d 

complex shows a minimum corresponding to the trian- 
gular structure only. There is virtually no change in the 
energy on going from the linear to the bent structure 
(from 8 = 180” to 1209. These results are in agreement 
with the experimental observation that the Re complex 
has a triangular geometry and the Mn complex a bent 
geometry. We must seek an explanation of this be- 
haviour from MO theory. 

The electronic structures of Mn and Re complexes 
are qualitatively similar in linear, bent and triangular 
geometries, but the variation in the energy of the 
individual orbitals is different. We trace the change in 
the slopes of the frontier orbitals, 4a, 4b, 3a and 3b 
along the bending coordinate to the fragment levels 
themselves. The interaction between [Cp(CO),Mn], 
and Te fragment orbitals is stronger than that between 

Fig. 4. Correlation of energy levels of [Cp(CO),Ml, *+ fragment orbitak (a = W, b = Re; c = Cr; d = Mn) and EZ- (E = S, Se and Tel orbitals. 
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[Cp(CO),Re], and Te fragment orbitals in the linear 
geometry, because the Mn fragment orbitals are closer 
in energy to the Te orbitals (Fig. 4). Since the Mn-Te 
interaction in the Mn complex is stronger, orbital coef- 
ficients on Te in the rr* MOs, 4a and 4b, are larger, 
leading to stronger antibonding interactions. Thus the 
stabilization of the in-plane r* orbital, 4a, on going 
from the linear to the bent geometry is larger for the 
Mn complex. Fig. 2 indicates that an M-E-M r*- 
orbital must be filled in the triangular geometry. The 
stronger interactions between M and E lead to a higher 
antibonding interaction in the triangular geometry. Op- 
erating along with this is the subtle effect of the M-E 
distance, in its turn a consequence of the atomic radius 
of E. When the M-E distance is large, even in the bent 
geometry the M-M distance falls in the nonbonding 
range. The destabilizing interaction from 3b is not very 
large, so that there could still be a minimum at this 
geometry. The antibonding interaction becomes sub- 
stantial for a short M-E distance. Thus, a larger E 
atom is more suitable for a double well potential with 
minima at bent and triangular geometries. 

A systematic study with different M and E combina- 
tions [M = [Cp(CO),Mn], [Cp(CO),Cr], [Cp(CO),Rel, 
[Cp(CO),Wl and E = S, Se, Tel with a 38 VEC (Fig. 3) 
reveals the ME combinations for which a double well 
potential and consequent bond stretch isomerism may 
be anticipated. Figure 4 gives the Fragment Molecular 
Orbital energies for [Cp(CO),M], and E for all the 
combinations studied. The potential energy surfaces 
for the bending of Cr and Mn complexes are similar. 
The Re and W complexes form another comparable set 
(Fig. 3). This clustering is to be expected from the 
fragment orbital energy levels (Fig. 4). The energy 
difference is lowest for the Cr and S combination, and 
highest for the W and Te combination. Both miss the 
minimum corresponding to the bent geometry, but for 
different reasons. In the Cr complex, the Cr-S bonds 
are so short that the two metals are already at a 
repulsive distance in the bent geometry and hence 
there is no minimum. A change of E from S to Te gives 
rise to a minimum corresponding to the bent geometry 
(Fig. 3). The W-T e combination is similar to that of 
the Re-Te combination. The reasons for the absence 
of the minimum are also the same. In this case a 
change of metal is required since the W-Te interaction 
is too weak. Alternatively, a more diffuse E atom 
should give rise to a minimum corresponding to the 
bent geometry. The metals having weaker interactions 
with E orbitals, e.g. W and Re, prefer closed struc- 
tures. This is reflected in Fig. 4. All the Re and W 
complexes have a lower minimum corresponding to 
triangular geometry than do those of the Mn and Cr 
complexes. Only the Mn and Cr complexes with a 

TABLE 2. Relative energies (in kcal/mol) of bent and triangular 
geometries obtained from single point ab ini& calculations using the 
LANLlMB basis set 

E 

s 
Se 
Te 

M = MnCp(CO), 

bent triangular 

5.4 0.0 
1.4 0.0 
0.0 3.1 

M = ReCp(CO), 

bent triangular 

47.6 0.0 
36.1 0.0 
40.1 0.0 

tellurido bridge has a double well potential energy 
surface for all the combinations. 

Ab inirio calculations on the LANLlMB basis have 
been performed for bent and triangular geometries of 
Mn and Re complexes with S, Se and Te bridges 
[29,20]. The ordering of the energy levels is similar to 
that indicated by the extended Hiickel calculations for 
both bent and triangular geometries. For the Mn com- 
plex the bent structure is more stable than the triangu- 
lar structure by 3.1 kcal/mol. For the Re complex, the 
triangular structure is more stable than the bent one by 
40.1 kcal/mol. Table 2 shows the relative energies of 
the two isomers. It indicates that the Re complex 
shows a strong preference for the triangular structure. 
For the Mn complexes the minima corresponding to 
the bent and the triangular geometries are comparable. 
The experimentally observed Mn-Te complex has a 
bent geometry; it is very likely that the triangular 
structure could also be prepared. The barrier to inter- 
conversion of the two structures should be fairly high 
as indicated by Molecular Orbital energy pattern (Fig. 
31, implying the possibility of bond stretch isomerism. 
The reported sulfido, selenido and tellurido bridged 
Re complexes have the triangular form (Table 1). The 
energy differences between the bent and triangular 
forms of S and Se bridged Mn (or Cr) complexes are 
small. Thus, these are potential candidates for observa- 
tion of bond stretch isomerism, examples of which are 
yet to be observed experimentally in transition metal 
chemistry. 

Extended Hiickel calculations have also been per- 
formed for various metal ring combinations (M=WCp- 
(CO),, ReCp(CO),, CrCp(CO), and MnCp(CO),; E = 
S, Se and Te) with 36 and 40 VECs. The required 
electron count is obtained by appropriately placing the 
charges on the complexes. All the complexes with a 36 
VEC are found to be linear, since the two p-orbitals 
are occupied and the corresponding r*-orbitals vacant. 
For complexes with 40 VEC both the r* orbitals are 
occupied in the linear geometry. The triangular struc- 
ture is not favoured because a high lying M-M u* 
MO, 2b, is occupied (Fig. 2). Hence only bent struc- 
tures may be preferred for these complexes. The plot 
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of the sum of the one electron energies show only one 
minimum for 40 VEC complexes, that corresponds to 
the bent geometry. Similar curves generated with dif- 
ferent M and E combinations with a 36 VEC are 
depicted in Fig. 5. In all the cases the energy corre- 
sponding to the linear geometry is the lowest. How- 
ever, there is also a minimum in most of the examples 
corresponding to the triangular geometry. But this min- 
imum is much higher in energy than that for the linear 
structure. Figure 2 explains this feature of PES with a 
36 VEC. There must be a HOMO-LUMO crossing in 
the passage from a linear to a triangular structure with 
a 36 VEC. The HOMO-LUMO energy difference is 
very small in the triangular geometry. Therefore bond 
stretch isomerism is unlikely to be observed for 36 
VEC MEM complexes. 

Linear complexes with a 36 VEC have short M-E 
bond lengths (2.034 A for Ni-S; 2.128 w for Co-S) 
corresponding to a triple bond. Bent species with a 38 
VEC have bond lengths (2.459 A for Mn-Te) corre- 
sponding to a double bond. Bent structures with a 40 
VEC have only single (2.807 A for Cr-Te) M-E bonds. 
The triangular structures with a 38 VEC retain partial 
double bond character and have bond lengths (2.679 A 
for Re-Te) between those of the 38 VEC bent species 
and the 40 VEC bent species (Table 1). The indicators 
of bond multiplicity and the expectation from conven- 
tional electron counting schemes often do not agree 
[32]. The criterion for the former in transition metal 
complexes is often the bond lengths and for the latter 
it is the number of electrons in the bonding and the 
antibonding orbitals. In 36 VEC linear complexes, in 

addition to the M-E u-bond there are two 3c-2e 
r-bonds, la and lb (Fig. 1) which effectively give one 
r-bond for each M-E. Mealli and Sacconi have shown 
that there is considerable d-orbital participation in the 
linear structure [231. With the inclusion of d orbitals on 
E, two more rr bonding orbitals are occupied (other- 
wise these are non bonding, 3a and 3b in the linear 
geometry). This accounts for the triple bond between 
M and E in linear structure with a 36 VEC [24]. The 
extra two electrons in a 38 VEC species go into the 
antibonding r* orbitals, 4b, in the linear geometry. 
This should actually decrease the M-E bond order 
only by half, but the bond lengths correspond to a 
double bond. In this case the comparison is between 
the linear 36 VEC species and the bent 38 VEC 
species. When we go from 38 to 40 VEC (both in the 
bent form) only two electrons are added to the MEM 
r* orbitals, but two bonds are broken. This goes 
against the general concept of bond order. 

The dilemma of two electrons in the antibonding 
orbitals breaking two bonds is not very difficult to 
understand if one looks at the bonding and antibond- 
ing character of MEM r- and r*-orbitals, respectively. 
The two r*-orbitals, 4a and 4b (linear), have almost 
equal coefficients on M(0.47) and E(O.55), but the 
T-orbital has very small coefficients on M(O.ll) com- 
pared to those on E(0.59). The M-E antibonding inter- 
action in rr*-orbitals is stronger than the bonding in 
r-orbitals in these complexes. Effectively, the occupa- 
tion of one r* orbital cancels two P-bonds formed by 
weak r-bonding orbitals. We find that the bonding in 
the bent and the triangular structures also benefits 

Fig. 5. The plots of the sum of one electron energies of the 36 VEC complexes as a function of the M-E-M angle, 0, in degrees: 
a = [Cp(CO),Cr],(~-E); b = [Cp(CO),Mn]2(~-E)2+‘; c = [Cp(CO),Rel,(~-El*+; d = [CP(CO)2W12(~-E). 
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from the Main Group d-orbital participation. However 
the trends obtained with and without d-orbitals are the 
same. Similar observations have been made earlier [33]. 

3. Conclusions 

A Molecular Orbital study of the complexes 
[Cp(CO),M],(p-E) (M=Mn, Re, W and Cr; E = S, Se 
and Te) indicates that a suitable M and E combination 
provides a double minimum on the potential energy 
surface. The Mn (or Cr) complex with a tellurido 
bridge has two minima, corresponding to the bent and 
triangular forms. The two minima are energetically 
comparable and are separated by a high barrier. The 
structure with the bent geometry has been observed 
experimentally and attempts to prepare the triangular 
structure should be rewarding. Similar bond stretch 
isomerism involving bent and triangular structures is 
unlikely in the remaining M and E combinations con- 
sidered. 
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Appendix 

The atomic parameters used in extended Hiickel 
calculations are taken from earlier works [28,34]. The 
bond distances and bond angles from diffraction stud- 
ies are used wherever available. For the hypothetical 
compounds the bond distances are taken from X-ray 
structures of related complexes. The bond distances 
which are used are given below. The distances C-O, 
C-C (Cp ring) and C-H are kept at 1.17, 1.40 and 1.08 
A in all calculations. The geometry employed around 
the metal is different in the linear and in the triangular 
forms, but similar in the linear and bent forms. When 
we go from the linear to the triangular forms, the 
changes in the geometry are as follows: E-M-Cp angle 
changed from 127” to 117”. M-M-C (of CO) angles are 
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90” and 90” in linear geometry and 78” and 110” in 
triangular geometry. CO-M-CO angle is varied from 
90” to 80”. The M-E distance is kept constant during 
the change. The two Cp rings are trans to each other, 
hence the maximum symmetry possible is C,. A higher 

symmetry is not allowed because the C,,, geometry 
suffers from steric interactions in the triangular form. 

M-S 
M-Se 

W Re 

2.324 2.381 
2.480 2.493 

Cr Ml-l 

2.073 2.100 
2.210 2.356 

M-Te 2.670 2.679 2.420 2.460 
M-Cp 2.000 1.963 1.846 1.838 
M-C 2.000 1.936 1.866 1.810 


