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Electronic Structure of [(CpCr) {(CO)sM}]u-Cot (M = Cr, Fe): A Theoretical Study
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The electronic structure of two cyclooctatetraene-bridged dinuclear first-row transition metal complexes of the
type [(CpM) (COxM'}u-Cot (M = Cr; M' = Fe (1), Cr (2)) was investigated by complete active space self-
consistent field (CASSCF) calculations. In this context the differences in the binding capabilities of the complex
fragments CpM and (C@W are discussed on the basis of extendédhkélimolecular orbital (MO) calculations.

The geometries used for the CASSCF calculations for complegre obtained from the crystal structure. Ror

a model structure was established by geometry optimization using density functional methods. The CASSCF
results agree well with the experimental findings and provide insight into the binding situation of the two
compounds. Complek can be regarded as being composed of a chromocene-like subunit/&@ei{s) and the
fragment (COyFe(3-CsHa). A direct metat-metal bond is found, involving one initially singly occupied orbital

of each fragment, leading to a doublet ground statelfaith the remaining unpaired electron localized at the
chromium center. Fo2 no such direct metalmetal bond can be recognized. A very weak direct matattal
interaction is induced by electron donation from the?Cdigand into a formally unoccupied metametal binding

orbital combination. In the quartet ground state all three unpaired electrons are localized at the chromium center
of the formally doubly positive charged CpCr unit, on which complex fragment [{C@)>-Cot)[Z~ acts like a
cyclopentadienyl ligand. The coordination sphere of the chromium center of the CpCr unit resembles that of a
metallocene metal center and its metal 3d occupation scheme corresponds to that of vanadocene.

Introduction systems play a central role as active sites of enzymes in
biological processes.However, little is known about the
electronic structure of these compounds, particularly with respect
to the interactions between the two metal centers. An under-
standing of these interactions, however, is essential for a deeper
insight into the mechanisms of activation processes. For more
complicated complexes, especially for systems in which the
metal centers are connected by both direct metatal bonds

. and bridging ligands, simple electron counting rules typically
» To whom correspondence should be addressed. give poor or even qualitatively incorrect descriptions of the
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* Universita Leipzig. bonding situation. Therefore, there is need for more accurate

8 Universitd Hamburg. models which are able to describe the bonding in a qualitatively
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Dinuclear transition metal compounds are of considerable
interest for a number of reasons. The most important one is the
ability of these compounds to activate organic and inorganic
molecules. In a number of applications dinuclear systems have
turned out to be more effective and more selective catalysts
than mononuclear speciés! Also, dinuclear transition metal
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has a doublet ground state, in which the single unpaired electron e
is localized at the chromium center. Somewhat surprisingly, the v Cp CpCr Cr (Cogé%) v (CO)3
€
3

ground state of the dichromium systén(31 ve) was found to
be a quartet. Electron spin resonance (ESR) experiments suggest ~
that all three unpaired electrons are localized at the Cr center /
J
S

&
I &

1
(=)

of the CpCr unit. For both compounds a direct metaktal
single bond is assumed, although, compared to the [(CpM)-
(CpM")]u-Cot systems containing the same metal centers, the _7
metal-metal distance is increased by about 20 pm fand

by about 40 pm fo.8° The experimental results for these two
complexes showed that this bond lengthening cannot be
explained by steric effects alone, but should originate in different
electronic interactions between the metals and the ligand -9
fragments Cp and (CO}. A similar increase in the metal

metal distance was found also for other classes of dinuclear -10
systems, when the cyclopentadienyl ligand is replaced by a
tricarbonyl unit (for examples, see ref 10).

This effect will be examined in the first part of our discussion
by means of extended tdkel molecular orbital (MO) calcula-
tions for the complex fragments CpMnd (CO}M'. For the
dinuclear system& and?2 the results of CASSCF calculations
are presented. These results show that the electronic structure -13
and the properties of can be easily explained in the same
manner as for the [(CpM)(CpMu-Cot systems. For complex 14
2 the electronic structure turns out to be more complicated and,
therefore, different assumptions have to be made to explain the
binding situation.

-8

a4

Figure 1. MO correlation diagrams for the fragments CpCr and

) ) (COxM (M = Cr, Fe) based on extended tkel calculations.
Results and Discussion

) o Table 1. Metal Contributions (in Percent) to the Frontier Orbitals
CpM versus (COxM Fragments. The different binding of (CO%M and CpM

capabilities of the fragments CpM and (GW®) result from :
differences in their frontier orbitals. These orbitals differ in orbital Cpcr (coxcr (COpFe
energy as well as in shape and spatial extent. A general study*? 65dz12p, 47ds 7dey2 19, 40de 7de-y, 24,
e . i z 65d,12p, 47d,70dy,19p 40d, 7 dy, 24
of the binding capabilities of CpM and (CH\ units was carried 2 9%6dz 2s 63 & 714
out by Hoffmann et at° We focus here on the binding capability x2—y2 90de 2, 3p, 51de 2, 16 de 53 de-y2, 20 d,,
with respect to the possibility of formation of direct metal Xy 90dy, 3p. 51dy, 16d, 53 dy, 20 d,
metal bonds in dinuclear systems such as the [(CpMJ() -
Cot complexes. Figure 1 shows MO correlation diagrams for orbitals. Thex? — y2 andxy orbitals are slightly stabilized in
the subunits CpM (M= Cr) and (CO)M' (M’ = Cr, Fe) based both fragments. The two orbitals of the tricarbonyl-metal unit
on extended Huckel calculatiofs. show a noticeable mixing ofygand dyx components with the
Because the metal orbitals interact more efficiently with de-y2and @2 orbitals. The energy differences are less significant
ligand acceptor orbitals, the frontier orbitafs x2 — y2, andxy for the xz andyz orbitals. For (CO)Cr they are slightly lower
of (COxM are more stabilized than the corresponding orbitals and for (CO}Fe slightly higher than for the corresponding CpM
of the CpM fragment? The most significant difference is in  unit (not shown for CpFe). The destabilizing interaction of the
the energy of thez? orbitals. In (COJM’ the Z2 orbital is dx; and g orbitals with filled ligand orbitals of e symmetry
stabilized by the interaction of thezarbital with the unoccupied  leads to an additional mixing of p components to the fragment
ay combination of COx* orbitals. This interaction also  orbitals which causes the hybrid orbitals of both fragments to
significantly reduces its metal character (see Table 1). Becausepoint away from the ligands. However, the contribution of p
there is no equivalent ligand acceptor orbital in the Cp ligand, orbitals is much larger in (C@QY1, which makes thexzandyz
a destabilization of the? orbital of the CpM fragment arises  orbitals more diffuse and extented, which allows, in principle,
from the interaction of the #l orbital with filled & ligand for longer metat-metal bonds. This explains the experimentally
found sequence of metametal bond lengths in various
(7) Hermans, P. M. J. A.; Scholten, A. B.; van den Beuken, E. K.; dinuclear systems containing different combinations of CpM
Bussaard, H. C.; Roeloffsen, A.; Metz, B.; Reijerse, E. J.; Beursken, and (CO)M fragments.

2’953;31%%5?5"‘3“' W. P. J. H; Smits, J. M. M.; Heck,Chem Ber. Because larger differences in the energies of the relevant
(8) Elschenbroich, Ch.; Heck, J.; Massa, W.; SchmidiARgew Chem fragment orbitals tend to interfere with the formation of a
1983 95, 319. metat-metal bond, the metalmetal interactions should be

(9) Behrens, U.; Heck, J.; Maters, M.; Frenzen, G.; Roelofsen, A.; generally weaker for homodinuclear complexes if the metal

(10) SEﬁgqnm‘,f/qu”é’hZ#' f,,’fgh‘j}”ﬁ”?ﬁ}liﬁggg” 1D99,\j|1 4P7 5,_%2%“%” Rorg centers have different ligand spheres. Thus, the metatal

Chem 1976 15, 1148. bond in complex fragments such as CpMCp or (CO3M—
(11) Hoffmann, R.; Libscomb, W. NI. Chem Phys 1962 36, 2872. (b) M(CO)s should be stronger than in a CpNU(CO)3 fragment.

Hoffmann, R.; Libscomb, W. NJ. Chem Phys 1962 37, 3489.
(12) To avoid confusion it should be mentioned that throughout our The same effect has been found for the heteronuclear system

discussion we distinguish between the fragment frontier orbitals labeled cOmpared  to [(CpCr)(CpFg)iCot.” However, there is no
Xy, X2 — y2, 2, Xz, yz, and the pure metal d functions. general trend for heteronuclear complexes, because the effect



660 Inorganic Chemistry, Vol. 39, No. 4, 2000

M'(yz) M'(xz)
M'(x’-y%) M'(xy) M'(z")

Figure 2. Frontier orbitals of the (C@QM' fragment relative to the Cr
center of the CpCr unit of the dinuclear systems [(CHED)M '} u-
Cot.

Scheme 1

depends on whether the shift of the orbitals, resulting from the
metal-ligand interactions, brings the fragment orbitals closer
together or splits them further.

The qualitative shape of the metal contributions to the frontier
orbitals of a (COJM’ fragment with respect to the position of
the second metal center in the systems [(CH@P:M '} u-

Cot is shown in Figure 2. The diffuse 'W2 orbital is best
suited for the formation of a longer metahetalo bond, since

it points directly toward the second metal center. An orientation
relevant for metatmetal 7 bonding is found for the Mxy)
orbital. However, this orbital is less diffuse than thé(y#)
orbital and an effective metalmetalx interaction could occur
only at smaller metatmetal distances. Therefore, it is not
possible to form a strong and az bond at once. Accordingly,
it should be more favorable to form a strong metaletal o
bond, resulting in a relatively large metahetal distance, rather
than a weaks and as bond.

The [(CpCr){(CO)sFe}u-Cot System.The heteronuclear

Richter et al.
CgHg”
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Figure 3. Structure of ther orbitals of the Cat™ ligand. Because of

the bend structure of the Cot ring in the dinuclear systems there are no
degenerater orbitals. The orbitals are labeled according to e
symmetry of the complexes.

structural similarity between the chromocene-like complex
fragments CpCréHs of 1 and of (CpCrju-Cotg it can further
be assumed that the occupation of the chromium d orbitals in
the CpCr fragment corresponds to that of the triplet ground
state of chromocen®,which has turned out to be the case in
the [(CpM)(CpM)]Ju-Cot complexes. Of course, the energetic
ordering of the occupied frontier orbitalg?(x? — y?, Xy, one
of them is doubly occupied) can be different from that of the
mononuclear metallocene due to the slightly bent structure of
the chromocene-like complex half and the interaction with the
(CO)Fe" fragment* In the (CO}Fe" fragment the three
frontier orbitalsz?, X2 — y2, andxy are formally doubly occupied
and the orbitay/zis singly occupied. In this way, a direct metal
metal bond can be formed by the overlap of the orbitalsCr(
— v and Fey2). The Cof~ fragment is assumed not to affect
the occupation and structure of the metal orbitals essentially.
Because the conjugation of thesystem of the Cot ligand is
disconnected, it is possible to divide it formally into two separate
7t systems (Figures 3 and 4). Thus, the Cot ligand should act as
a GHs™ (or CpY) and a GH3™ ligand coordinated to the CpCr
and (CO)Fe" fragments, respectively.

The above considerations were used to construct a model
wave function, which can describe the binding situatiod of

Cr—Fe systeripossesses 33 valence electrons and has a doubleg, qualitatively correct manner. It must be emphasized that for
ground state. ESR experiments suggest that the single unpaireghijs purpose a multiconfigurational approach is needed, which

electron is localized at the chromium center. X-ray crystal
structure analysis shows a and#® coordination of the Cot

is not only because of the presumed weak matatal bond.
The metat-ligand interactions of bridged dinuclear systems can

ligand at the Cr and the Fe centers, respectively (Scheme 1).he a source of large nondynamical correlation effects as well.

The metat-metal distance was determined to be 294 pm,
which is about 20 pm longer than in the [(CpCr)(Cpkeflof
system (32 ve). Nevertheless, a direct metaktal single bond

is assumed, which yields a valence bond description with the

As in our previous work,we applied the CASSCF methtd!”
to the problem. The active space was defined initially to contain
the singly occupied Cr) orbital, the metalmetal bonding and

iron and the chromium centers having 18 and 17 ve, respectively(13) Evans, S.; Green, M. L. H.; Jewitt, B.; Orchard, A. F.; Pygall, C. P.

(see ref 7). To refine this description and combine with the above

analysis, the complex can be formally subdivided into the
fragments CpCr, (COgFet, and Cot . Because of the

J. Chem Soc, Faraday Trans2, 1972 68, 1847. (b) Evans, S.; Green,
M. L. H.; Jewitt, B.; King, G. H.; Orchard, A. FJ. Chem Soc,
Faraday Trans2, 1974 70, 356.

(14) Lauher, J. W.; Hoffmann, R.. Am Chem Soc 1976 98, 1729.
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C.H< C,H+ Table 2. Population and Character of the Active Orbitals of the
UNOCC. 555 3473 Doublet Ground State of [(CpGHICO)F& Ju-Cot (1)
orbital occ. no. character
324’ 0.07 Cotr — Cr(x2 (M—Cot)*
53d 0.10 Cotr — Cr(y2 (M—Cot)*
\ " . 314’ 0.15 Crky) — Cotx (M—Cot)*
a a a 52d 0.49 Crf — y?) — Fefy2 (M—M")*
--------------------------------------------------------------------------------- 514 1.00 Cr®) M
504 1.51 Crie — y?) — Fely2) (M—M")
304’ 1.85 Crky) — Cotx (M—Cot)
494 1.90 Cotr — Cr(y2 (M—Cot)
29d’ 1.93 Cotr — Cr(x2 (M—Caot)
3 a" 2" 484 inactive 2.00 Fe2 M—-CO

28a’.inacFive 2.00 Fe(2 M—-CO
occ. 474d inactive 2.00 Fef) M—CO
Scheme 2

2 ¥ &
Figure 4. Cof~ & system separated into &Mz~ and a GHs™ &

subsystem.

corresponding antibonding orbitals, and the orbitalsx@r( @

Fe(y), and Fex2 — y?). To each of the latter three orbitals one

correlation partner of the same symmetry, which usually

represents the metaligand antibonding combination, was 50a’ 52a°

included which resulted in an active space of nine electrons in
nine orbitals (5&4d’). In principle it would be desirable to  agrees with our assumptions. The unpaired electron is localized
include at least another six orbitals in the active space, namelyat the chromium center, occupying the £y(orbital. Thus, it
the Feg?) orbital and the two highest occupied €otr orbitals should be only slightly affected by interaction with the second
(see Figure 3) plus their three metdigand antibonding metal center. The orbital pair 50824 describes a direct metal
counterparts. This would lead to a CAS(15/15) wave function, metal bond. As assumed, it is formed by the overlap of the two
which is not feasible for calculation. formally singly occupied fragment orbitals @#(— y?) and
To confirm the reliability of our final results, on account of Fefy2 (Scheme 2).
the limitations according to the active space, a number of Because of the position of the fragments Cp@nd (CO}-
CAS(9/9) calculations were carried out in which the composition Fe' relative to one another, the bond has mainlgharacter.
of the active space was systematically variedZ@g 6d3d’, The formal bond order, obtained as the difference of the
5d4d’, 4d5d’, 3d6d'). For each active space, we tried to population of the bonding and the antibonding orbital divided
calculate the lowest quartet and doublet states. In addition, by two, is only 0.5, which suggests a rather weak metadtal
because the results of CASSCF calculations are usually sensitivebond. Note, however, that the inclusion of dynamical correlation
to the initial guess, different doublet, quartet, and sextet RHF effects, e.g., by means of a subsequent CASPT2 or MRCI
wave functions were tested as starting orbitals for each active calculation, would, in general, reduce somewhat the weight of
space. the metat-metal antibonding configurations in the wave func-
The lowest energy by far was obtained fo?Ad state with tion and, therefore, predict a stronger metaletal bond®
the 5a4d' active space. The corresponding wave function also  Orbital 304 can be identified as the metdigand bonding
yielded the only physically reasonable description of the combination of CiXy). Together with its corresponding anti-
electronic ground state of the system among all wave functions bonding counterpart 31t describes an electron pair mainly
tested. Therefore, we conclude that it is indeed the best possibldocalized at the chromium center, confirming the assumption
CAS(9/9) wave function (for the given one-particle basis) that the electronic structure of the complex fragment Cp€r(
representing the ground-state electronic structure of complexCsHs) of 1 is essentially equivalent to that of chromocene.
1. The resulting occupation numbers and characters of the activeHowever, this orbital pair exhibits a stronger interaction between
orbitals are given in Table 2. the metal and the Els~ part of thexr system of the Cot ligand
From the orbital populations and structures it can be than is found between theydorbital (or equivalently @-?)
concluded that the calculated electronic structure essentiallyand the Cpr orbitals in the mononuclear metallocene complex.
The same can be concluded for the other four active orbitals

(15) CASSCF: (a) Roos, B. O.; Taylor, P. M.; Siegbahn, P. EQtdem 49/534 and 29/324. They represent not the metdigand
ihys 198084% 315c7h (b) ':S,tl]egbflggi ?21 Egg'\g";{ ?';‘ﬂgl; Hgldgertg, bonding and antibonding combinations of J&g(and Fex? —
., ROOS, b. OJ. em yS y . (C 00s, b. Unt. 2 : : : :
J. Quantum Chem198Q 14, 175. y?), but tﬁe two highest occupied Cotz _or_bltals, agam_from
(16) Roos, B. OAdv. Chem Phys 1987, 69, 399. (b) Schmidt, M. w.;  the GHs~ part of the Cotzr system. Within these orbitals a
Gordon, M. SAnnu Rev. Phys Chem 1998 49, 233. considerable charge transfer takes place from thesCiotto

(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, - the formally unoccupiecz and yz orbitals of the chromium
B. G.; Robb, M. A;; Cheeseman, J. R.; Keith, T.; Petersson, G. A,; h 5 > ital I h
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrewski, Center. The Fed) and Fex* — y°) orbitals as well as the FE|
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; orbital can be found among the inactive orbitals. Their structures

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, essentially match those for the (GO) fragment shown in
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Fi 1
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; igure 1.
Stewart, J. P.; Head-Gordon, M.; Gonzales, C.; Pople, GAAUSSIAN
94, Revision D.4; Gaussian Inc.: Pittsburgh, PA, 1995. (18) Roos, B. OAcc Chem Res 1999 32, 137.




662 Inorganic Chemistry, Vol. 39, No. 4, 2000 Richter et al.

From the preceding discussion we conclude that complex Scheme 3
can be considered, in a manner similar to the [(CpM)(OpM
Cot systems, as a combination of the two mononuclear subunits
CpCr(5-CsHs) and (CO}Fe(;3-C3Hs). The first fragment has
an electronic structure equivalent to chromocene, containing two
unpaired electrons. The second fragment possesses a single
unpaired electron. The overall electron deficiency of the metal
centers in the two separated fragments is balanced in the
dinuclear complex by the formation of a direct metaietal
bond and by metatligand donof-acceptor interactions. This
results in a doublet ground state for compléxwhere the
remaining single unpaired electron is localized at the chromium
center.

The [(CpCr){(CO)sCr}]u-Cot System.For the dichromium
system the situation is more complicated than forThe
complex possesses 31 valence electrons and the ground state is C3
a quartet, in which all three unpaired electrons are localized at
the chromium center of the CpCr unit (Cr1). The ESR spectrum Table 3. Most Important Structural Parameters of
is quite similar to that of vanadocene, suggesting that the [(CPCr{(CO)XCr}]u-Cot (2) (Distances in pm)

unpaired electrons occupy the same orbitats ¢ — y?, and bond optt exp.

Xy) in both systems and are not substantially affected by Cri—Cr2 284.2 279285
interactions with the chromium center of the (GO) unit (Cr2) Cr1—-Cc7 217.8 207226

in 2. Considering the experimental results and the conclusions Cr1-C6/C8 224.1 216240/204-220
drawn from the analysis of the binding capabilities of the CpM g%:gijgg gié-g ggg%ﬂg;g g%
and (CO}M fragments, the assumption of a direct metadetal C£2—CZ/C4 225 4 226235/221-236
bond in2 is not well supported. To recognize a direct metal Cr2—C3 223.2 215236

metal bond one would have to start by assuming the presence
of four unpaired electrons in the CpCifragment, which,
considering the orbital energies (see Figure 1), is quite unlikely.

Furthermore, this would imply that the €€r bond is formed  yensity functional theory (DFT) B3LY# level. During the

by the interaction of the — y2 orbitals of both metal centers,  gtimization procedur€s symmetry was enforced. The most
since, in contrast tdl, the more diffuse Cr3@) orbital is important structural parameters are summarized in Table 3. With
unoccupied in the fragment (C¢Dr". The metat-metal bond  the exception of the distance between Crl and the bridging
would then be similar to the &Cr bond in the complex  carhon atom C1 (see Scheme 3), all optimized structural
(CpCr)u-Cot, which is about 40 pm shorter than2r(239 vs ~ parameters are in the range of the experimental values. The
279-285 pm). Of course, when different assumptions are made excellent agreement of the metahetal distances indicates that

about the electron distribution in the complex fragments, other the intermetallic interactions are not significantly affected by
formal descriptions of the bonding situation are conceivable. the symmetry restrictioR? 24

aMethod: DFT (B3LYP); basis sets: C,0,H 6-31G**; Cr ECPs
from Dolg et al?’

For example, one could start by assumingacanfiguration The CASSCF investigation of the electronic structure of the
for Crl and a @ configuration for Cr2, which corresponds to  dichromium system follows a very similar strategy to that
the ionic resonance structure proposed by Hermans’ékfsis performed forl, including the calculation of the lowest doublet

leads to the possibility of a two-electron donor bond formed and quartet state for a variety of CAS(9/9) wave functions as
by the doubly occupied Crgg — y?) orbital donating electrons  well as the testing of different sets of starting orbitals. Again it
into the empty orbital Crifg, similar to the metatmetal should be emphasized that a wave function with a larger active
binding mechanism suggested by Bieri et!%lfor the
[(C/HgRN)(CpRh)k-Cot and [(CpCd)(CO)xMo}]u-Cot sys- (20) Thg r'\e/lce;tlﬁ/ de:ermiged Sttrtlctgre for [(Cp*gf)ot)sCtrr}]]#-Cot (Cp* al
H H = CslVies as turned out to be very similar to the experimental
tems. However, this argument does not seem feasible due to geometry of2, particularly with respect to the €Cr distance and
the large metatmetal distance. the M—Cot—M coordination mode. This gives some evidence that
To resolve the issues mentioned above concerning the the distorted structure & is indeed determined by inherent forces.
. . Heck, J.; Brussard, H. C. Unpublished work.
electronic structure of comple®, we havg to establish @ (21) Becke, A. DJ. Chem Phys 1993 98, 5648. (b) Lee, C.; Yang, W.;
reasonable molecular geometry. The experimentally determined Parr, R. G.Phys Rev. B 1988 37, 785.

structure shows a relatively large deviation fr@nsymmetry. (22) Note that the presently available DFT methods are not always capable
. . . of describing accurately the properties of first-row transition metal
The Cot ligand coordinates with four carbon atoms to Cr1 and compounds, particularly in the case of dinuclear systems. In the course
with five carbon atoms to Cr2 (Scheme 3). Four slightly different of our study of the Cot-bridged dinuclear complexes, geometry
molecules were found in the unit cell, which points to a structure Ofg'rﬁ“'fat'o?(scwfﬂr;*( gﬂwpt‘é" ?'So_bﬂg‘_jﬁfor at”f“mbt‘?r Oflcomg"gxe?
L L - . of the type [(Cp pM)]u-Cot, using different functionals and basis
which is not Ve'ry “Q'd- For that reason, it is not entirely Cle'ar sets. Although the optimiﬂzations gave results in very good agreement
whether the distortion of the molecule results from packing with the experimental structure for the dichromium complex (CpEr)
effects or is determined by forces inherent in the sysiem. Cot, they gave very poor results for the other systems in this study,
. . . generally yielding intermetallic distances much larger than the
To obtain a reasonable molecular geometry for the investiga- experimental values. Other authors have reported similar results for
tion of the electronic structure we optimized compat the geometry optimizations of dinuclear first-row transition metal com-

pounds (see refs 23, 24).

(23) Cotton, F. A.; Feng, XJ. Am Chem Soc 1997, 119, 7514.

(19) Bieri, J. H.; Egolf, T.; von Philipsborn, W.; Piantini, U.; Prewo, R.;  (24) Andersson, K.; Bauschlicher, C. W., Jr.; Persson, B. J.; Roos, B. O.
Ruppli, R.; Salzer, AOrganometallics1986 5, 2413. Chem Phys Lett 1996 257, 238.
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Table 4. Population and Character of the Active Orbitals of the Concluding Remarks
Ground State of [(CpCfCO)Cr}]u-Cot (2)

The different binding capabilities of the complex fragments

orbital occe. no. > character - CpM and (CO3M have turned out to be the main reasons for
23d 009 Cr2¢) (M—CO) the differences in the properties bfand 2 compared to their
524 0.10 Cr2 € —vy? (M—CO)* : -
304" 010 Cr2 ky) (M—CO)* [(CpM)(CpM )]ﬂ-Cot gna_logugs. The QASSCE ca!culatlons
51d 1.00 Crl ¢ —y? M provide considerable insight into the binding situation of the
504 1.00 Crl @) M two compounds. The heteronuclear—Fer system can be
3ld 1.00 Crlky) M regarded, much in the same way as the [(CpM)(QpMCot
30d' 190  Cr2ky) (M—CO) 9 ' _ y P . .
494 1.90 Cr2 @ —y?) (M—CO) complexes, as being composed of a chromocene-like subunit
484 _ 1.91 Cr2 & (M—CO) CpCrGHs, which, like chromocene, initially contains two
474 (inactive) 2.00 Cotr—Cr1,2(2 (M—Cot) unpaired electrons, and the fragment (gF2);3-CsHs) with

29 (inactive) 2.00 Cotr = Crl () (M=Cop initially one unpaired electron at the iron center. To compensate

space would be desirable. The active space should be composetbr the overall electron deficiency in the dinuclear system a
of the three singly occupied orbitals Cr) Cr1(x? — y?), and direct metat-metal bond is formed, involving one initially singly
Cri(xy), a metat-metal bonding orbital and the corresponding occupied orbital of each fragment. This leads to a doublet ground
antibonding counterpart, the formally doubly occupied orbitals state forl with the remaining unpaired electron localized at

Cr2(2) and Cr2ky), and the two highest occupied Cotr the chromium center. In contrast, for the homonuclear system
orbitals as well as the four corresponding metajand anti- 2 no such direct metalmetal bond was found. In the quartet
bonding combinations, leading in all to 13 electrons in 13 active ground state the three unpaired electrons are localized at the
orbitals. chromium center of the doubly positive charged CpCr unit (Crl).

The lowest energy was obtained for*A” state, which is  For this subunit the complex fragment [(GOY(;°>-Cot)~, in
considered to represent the best possible description of thewhich the chromium center has 18 valence electrons, acts like
ground state o2 by means of a CAS(9/9) wave function in the a cyclopentadienyl ligand, resulting in 15 valence electrons for
given one-particle basis. The character and population of the Crl and a metal 3d occupation scheme like in vanadocene.
corresponding active orbitals (8&') are shown in Table 4.

The three unpaired electrons are indeed localized at chromiumMethods

center of the CpCr unit, occupying the orbitafsx? — y2, and

Xy, which, as in vanadocene, essentially represent the thre
formally nonbonding metal d orbitals. The other six active
orbitals can be identified as th®, x2 — y2, andxy orbitals of

the (CO}Cr fragment (see Figure) 2nd their metatcarbonyl
antibonding counterparts. Within the active orbital set there is
no indication of a direct metalmetal bond.

The two highest occupied Cotzr orbitals (see Figure 3) are
found within the inactive orbital space. As a consequence of
the electron deficiency in the Cp&rfragment, ther orbital
of &' symmetry, which formally interacts with the unoccupied
xzorbitals of both metal centers, donates electrons primarily to

thexzorbital of Crl. The ar orbital, however, donates electrons : .
into the yz orbitals (g, + py) of both metal centers, which geometry was taken from the crystal structure with only minor

produces some electron density between the two metal center_‘:,ch"’lnges (0 yiel@ symmetry. For_ comple a structure fgas_AbIe_
Thus, orbital 47agives rise to a direct metametal binding for.a CASS.C F study was established by geometry optimizations
interaction. However, because the metal contributions to this Y59 density functional methods. Severa] functlona[s and basis
orbital are very small, this interaction has to be considered assetS were tested. The best structure In comparison to the
extremely weak, which is in agreement with the very small zero expenn;f ntal geometry was obtained with the hybrid functional
1 B _ *% . -

field splitting seen in ESR experiments as well as with the very B3LYP using the standard 6-31G** basis set .for the Ilgands.
high reactivity of complex2 in general. and effective core potentials and the corresponding valence basis

; .
Because of the population and structure of the active orbitals, set of Dolg et af’ for the metal atoms. This structure was used

the complex can be formally subdivided into the fragments throughout Fhe EASSCF. ca_lculat|ons for the d|c?rom|um
CpCi*, (COXCr, and Cot™. The Cot ligand coordinates with gSFer.”- During the o]EJtlml(zjgtlo@S;ymmetry was enforced. q
five carbon atoms to Cr2. Combination of the fragments ¢C0D) b pttltrrrlllza;ﬂonc;s th:rtln_g |<;0tﬂq |?tortte g\?v(c)trgetnes V\;ere atten|1|pte ’
and Cot™ thus leads to the complex fragment [(GO)(>- l.Jb ey elnf edto yield the struc urel | sy(;nfme Ly as wetl. q
Cot)[?, in which Cr2 possesses 18 valence electrons. Taking Vi rationa requencu_arshwe;e not calculated cl)r t Ie opt|rr1n|zhe
into account the direct metametal binding interaction men- sg/mmetrlc structure. dere ore, |t||s not entirely ¢ ear(;/:/jl ether
tioned above, for the optimized structure, in which the Cot ligand the structure corresponds to a real minimum or to a saddle point

is coordinated to Cr1 with only three carbon atoms, this fragment _(transition state) between equivalently distorted structures. This

acts on the CpCr unit similar to a cyclobutadiene ligand, in is, however, of no concern for this work, because the optimized

which one carbon atom is reDlaced by Cr. (25) Ammeter, J. H.; Bigi, H.-B.; Thibeault, J. C.; Hoffmann, R. Am
. . . i, H.-B.; Thi ult, J. C.; , R.
The fact that in the experimental structure2ahe Cot ligand Chem So¢ 1978 100, 3686.

is found to coordinate with four carbon atoms to Crl suggests, (26) Mealli, C.; Proserpio, D. Ml. Chem Educ 1990 67, 399. (b) Mealli,
however, that [(CQ)r(°-Cot)[?~ can be considered to act like C.; lenco, A.; Proserpio, D. MBook of Abstracts of the XXXIII ICGC

; ; ; i Consiglio Nazionale delle Ricerche, Area della Ricerca di Firenze:
a cyclopentadienyl ligand on Cp€r. This results in 15 valence Florence. 1998: p 510.

electrons for Crl corresponding to the metal 3d population in 27y poig, M.: Wedig, U.; Stoll, H.; Preuss, H. Chem Phys 1987, 86,
vanadocene. 866.

The extended Hekel MO analyses were performed with the
Cweighted modified WolfsbergHelmholtz formulds as pro-
grammed in the package CACA®.The atomic parameters
were used as given in the package. The bond lengths and angles
for the fragments (CQM and CpM were obtained from the
crystal structures of and2. They were modified to yiels,
andCs, symmetry for (COIM and CpM, respectively. To allow
more orbital mixing, calculations with slightly distorted struc-
tures were carried out as well. These calculations, however,
gave, results almost identical to those for the symmetric
fragments.

For the investigation of the electronic structure bithe
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geometry bears the main structural feature®,ah particular of the electronic structure of the dinuclear Cot-bridged transition
the metat-metal distance. metal complexes. All CASSCF and DFT calculations were
As in our previous stud§ for the CASSCF calculations the  carried out with the program package GAUSSIAN94.
standard 3-21G basis set for the ligands and effective core
potentials and the corresponding valence basis sets of Hay and
Wad#e® for the metals were used. This basis was proven to be
sufficiently flexible to give a qualitatively correct description
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