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A systematic theoretical investigation of a variety of synfacial homo- and heterodinuclear organometallic compounds
[(CpM)(CpM)]u-Cot (Cot= cyclooctatetraene; Cg cyclopentadienyl) is presented. These compounds show,
depending on the metals M and M number of remarkable and even surprising properties, concerning the-metal
metal distances, the magnetic behavior and the spin density distribution. Based on the results of CASSCF
calculations, a so-called twinnocene model has been developed, which considers the dinuclear systems as being
composed of two separated metallocene-like subunits. The formally nonbonding metal 3d electrons of the subunits
interact or do not interact, respectively, in a very specific and characteristic way, to form the dimetal moieties.
The model describes the electronic structure, the bonding properties and the wide range of the experimental
findings for the whole class of compounds. The strategy followed in the course of the study can be generally
recommended for the investigation of dinuclear transition metal complexes.

Introduction

The nature of metalmetal interactions in dinuclear organo-
metallic compounds is a topic of growing theoretical as well as
practical interest, e.g., in the field of catalyisn the past
decade, the Cot-bridged first-row transition metal complexes
of the general type [(CpM)(CpN]u-Cot (Cot= cyclooctatet-
raene, Cp= cyclopentadienyl) have been the subject of several
experimental and also a few theoretical studiéd.Various

homo- and heterodinuclear complexes have been synthesize
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and characterized by their structures, NMR and ESR properties
and their redox behavigér.® Depending on the metals M and
M’', a number of remarkable and even surprising properties has
appeared. Both, antifacial and synfacial arrangements of the two
metal centers with respect to the Cot-ligand have been found.
The electron-poor complexes, possessing less than 34 valence
electrons (ve), seem to occur exclusively in a synfacial
coordination mode (Chart 1), which is considered to be an
indication that the electron deficiency at the metal centers is
compensated by the formation of direct metaletal bonds.

For the 28-30ve systemd4—3, even multiple metatmetal
bonds are suggested by electron counting rules. In this way, it
appears to be surprising that the intermetallic distance of the
formal triple bond in the complex (CpYj)-Cot is longer or,
with respect to the valence radii, at least as long as the formal
double bond in (CpCs)-Cot (244 vs 239 pmj2 An interesting
fact is the variety of magnetic properties within this class of
compounds. The (Cpy)-Cot complex shows a remarkable
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temperature-dependent change between dia- and paramagnetontaining weakly bonded metal centers and bridging ligands,
ism# A triplet state seems to lie only slightly above the singlet it is often not obvious, which molecular orbitals are most
ground state and is easily thermally populated. For the analogousmportant for the description of the nondynamical correlation
diamagnetic (CpCg)-Cot system, no such low-lying triplet state  effects and, therefore, have to be included into the active space.
exists?~® whereas the complex [(CpCr)(CpFe)Cot is para- For that reason, we carried out extensive preliminary studies at
magnetic and contains two unpaired electrbiibe spin density the RHF, ROHF and UHF levels of theory.

distribution is rather surprising, looking at the heterodinuclear  In the treatment of such sizable systems one has to decide
open-shell systems [(CpV)(CpCw)Cot? [(CpCr)(CpFe)k-Cot, whether to consider small model ligands to perform highly
and [(CpCr)(CpCo)}-Cot’ The unpaired electrons are not accurate calculations or to involve the whole ligand system at
delocalized between the two metal centers, but have been foundhe expense of a somewhat lower accuracy. In correspondence
to be strongly localized at the less noble metal center. to the other authors, who worked on this subject (refs 1.8),

The special interest in multiple metainetal bonds between  we decided for the latter. Therefore, we had to restrict ourselves
first transition row atoms as well as the experimental finding to comparably small basis sets. Various sets were tested for the
of the temperature-dependent change between dia- and paraparent system (Cp¥}-Cot both for the metal centers and the
magnetism have stimulated several quantum chemical investigaligand system. For the metal centers, finally, Ne core ECPs of
tions of the vanadium system (Cpw)}Cot (1). Lithi and Hay and Wad{ were employed, including the outermost core
Bauschlicher (LB) have found that, at the restricted SCF level, orbitals (3s,3p) into the variational procedure. The largest ligand
the formally V-V triply bonding configuration is not the most  basis that could be handled was 6-31G**, yielding 414
stable oné? The lowest closed-shell configuration represents contracted basis functions for the system, which is a rather large
a metat-metal single bond, whereas the four remaining 3d basis for CASSCF calculations. It turned out, however, that a
electrons are mainly localized at the metal centers. In contradic- 3-21G ligand basis (242 contracted functions) leads to almost
tion to the experiment, they have found th&Ba configuration identical CASSCF results, concerning the natural orbital oc-
is lower in energy than the closed-shell configurations. Mou- cupation numbers and the singt¢tiplet separation. Therefore,
genot et al. (MDBB) even yielded A, state as the lowest the smaller basis was used throughout the calculations.
configuration at the restricted SCF leyélHowever, inclusion The molecular geometries were fitted as exactly as possible
of the important nondynamical correlation effects by a suitable to the available experimental data, only slightly modified to
Cl procedure has led to the correct energetic order of the achieve perfecC,, andCs symmetry for the homonuclear and
different spin statesA; < 3B, < %A;. It was shown that inthe  the heteronuclear species, respectively.
1A; ground-state all six 3d electrons are involved in metal For the closed-shell SCF calculations, the Turborfole
metal bonding interactions. The description of the metaétal package was applied. The open-shell SCF and the CASSCF
interaction in terms of a weak triple bond was corroborated by calculations were carried out with the GAUSSIANsystem,
Weber et al. (WCH) by the results of multiple-scattering. X  which provides a direct CASSCF algorithm.
calculationst?2 Poumbga et al. (PDB) have confirmed these ) )
results by using an iterative multireference CI proceddre. Results and Discussion

Complete active space SCF (CASSERalculations, which The 28-30ve ComplexesDespite of their different formal
would have been desirable to account for the nondynamical metat-metal bond order, the complexésand 3 have nearly
correlation effects, were not possible at that time. It has to be jdentical molecular geometrié$. On the other hand, as

mentioned that the method used by PDB yields CASSCF-like mentioned in the Introduction, they show a completely different
results and even includes some dynamical correlation. HOWeVer,magnetiC behavior. In addition' B a fast rotation of the Cot-
their method requires a very high computational effort and can jigand has been found by4 NMR experiments, whereas i
hardly be applied to more than only a few systems. the Cot-ring is fixed* These facts make it an attractive task to
Quantum chemical calculations for any other system of this compare the electronic structures of both systems by means of
class of compounds have not been carried out up to now. It is quantum chemical calculations. We started by calculating the
the aim of this paper to present such calculations for a variety energies of a large number of closed-shell and of some selected
of synfacial-coordinated neutral and ionic systems [(CpM)- open-shell configurations for both systems at the restricted SCF

(CpM)]u-Cot (see Chart 1). On the basis of the results, a generaljevel. The configurations with the lowest energies are sum-
model has been developed, which is capable to describe themarized in Tables 1 and 2.

electronic structure and the bonding conditions as well as the  For 1, the energies are referred to the formally-V triply

magnetic properties and the spin density distribution for the bonding configuration (...264332160,221h?), where the three
whole class of compounds under study. bonds are represented by the orbitals;236a, and 16h. Table

) ) 1 shows that not only one substituted closed-shell configuration
Computational Details

Recent applications have shown that the main features of the(16) Binkiey, J. S.; Pople, J. A Hefre, W.dl. Am. Chem. Sod 980
electronic structure of transition metal compounds can be (17y Hay, P. 3. Wadt, W. RI. Chem. Phys1985 82, 299.

described properly by CASSCF wave functions (see e.g. ref (18) Anirichs, R.; Baer, M.; Baron, H. P_; Ehrig, M.; Haase, F.; Haeser,
15). To achieve reliable results, the definition of an appropriate M.; Horn, H.; Koelmel, C.; Schaefer, A.; Schneider, U.; Weis, P.;

: : : : Weiss, H. TURBOMOLE Version 3.0(beta); University of Karls-
active space is an essential requirement. However, for systems '~ Germany, 1992.

(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,

(14) Complete Active Space SCF: (a) Roos, B. O.; Taylor, P. M.; Siegbahn, B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G. A.;
P. E. M.Chem. Phys198Q 48, 157. (b) Siegbahn, P. E. M.; Alrifflo Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrewski,
J.; Heidberg, A.; Roos, B. Q. Chem. Physl1981,74, 2384. (c) Roos, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
B. O. Int. J. Quantum Cheml98Q 14, 175. Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,

(15) (a) Persson, B. J.; Roos, B. O.; Pierlot,)XChem. Physl1994 101, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
6810. (b) Pierlot, K.; Persson, B. J.; Roos, B.JOPhys. Chenil995 Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
99, 3465. (c) Re, N.; Sgamellotti, A.; Persson, B. J.; Roos, B. O.; Stewart, J. P.; Head-Gordon, M.; Gonzales, C.; Pople, GAAUSSIAN

Floriani, C.Organometallics1995 14, 63. 94, Revision D.4; Gaussian Inc.: Pittsburgh, PA, 1995.



Electronic Structure of Electron-Poor Organometallics Inorganic Chemistry, Vol. 38, No. 1, 19999

Table 1. Computed Energy Separation of the Low-Lying States at
Various Levels of Theory for the Complex (Cpu}Cot (1)

3\
i
\
J

state occupation AE [eV] % Cf
RHF A, ..26a%133716b221b? 0.00
RHF IA;  ..253%143716b221h? —0.60 @ @
RHF A, ..26a%133215h222h? ~1.45
RHF A, ..253%13a32160222h? -3.13
ROHF B,  ..25a226a'133°16b2210222h!  —4.74 b MMS (b
UHF? B, —5.24 MMgo (b,) (b)
ROHF A, ..253126a'133716b2220123h!  —7.86
e 58 VS s S S
UHFa 1A, ~9.55
CAS(8/8) !A; —10.36 %
CAS(8/8) B, ~10.11 &

)
)

aFor the UHF cases the corresponding RHF notation is used,
although the UHF wave functions do not represent pure spin states.

Table 2. Computed Energy Separation of the Low-Lying States at MMo (a,) MMS (a,)
Various Levels of Theory for the Complex (Cp&rCot (3) (a)
staté occupation AE [eV]
RHF A, ..263%13a716b222h2 0.00 s . T L
RHF 1A, ...263%143°16221hy? +5.86
RHF A, ..253°1437160722b? ~0.78 @D Se @D %
RHF 1A, ...263%133°150223hy? —1.13
ROHF B, ...26a'133”160,223h," —2.58
UHF? B, —3.05
ROHF A1 ...25a'26a'27a'13a? —3.24
16b°2220,1230124 0" * * *
UHE2 ™ _4.90 MM/MCot (b,) MM /MCot (a,)
CAS(10/8) 1A; —6.06
CAS(10/8) 3B, —5.48

aFor the UHF cases the corresponding RHF notation is used,
although the UHF wave functions do not represent pure spin states.

o\
¢
o\
¥

is lower in energy, as it has been pointed out by BL and MDBB,
but three different configurations, all of them corresponding to

}
f

a formal V-V single bond. In agreement with the other authors *
. . . . ' MM/MCot (b MM /MCot (a
the energetic order of the different spin state8s < 3B, < (b) ot (b) @)
1A;. For 3, we refer the energies to the lowest of the formally . o ) .
’ . - . Figure 1. Optimized structure of the active orbitals for (CpMCot
Cr—Cr doubly bonding configurations (...2623a°16,°22?). (1) and (CpCru-Cot (3): (a) direct metatmetal interactions; (b)

Again, two other closed-shell configurations representing N0 metalCot—metal and direct metaimetal interactions.

direct metat-metal bond are lower in energy and the energy

decreases with increasing multiplicitfh; < 3B, < *A;. This orbitals. These orbitals were defined as active space for the

behavior seems to be somewhat surprising at the first glance,CASSCF calculations of the singlet ground state and the lowest

but it is due to the fact that the singlet ground states of these triplet state of both systems. Thus, the active orbital set contains

systems cannot be properly described by a closed-shell singlethose orbitals, which vary in their occupation within the low-

determinant wave function, whereas the open-shell states aréying restricted configurations. Since this choice is somewhat

described more balanced and realistic at this level. arbitrary, we additionally determined the natural orbitals for the
This becomes more clear by looking at the results obtained |owest UHF configurations, as suggested by Pulay and Hamil-

from the unrestricted SCF calculations. At this level, the energies ton2° It turned out that the significant partially occupied UHF

of the formal singlets decrease considerably, whereas the stateatural orbitals just correspond to the molecular orbitals selected

of higher multiplicity are only slightly lower than at the restricted by means of the low-lying restricted configurations.

level. The energy of the formal singlets is now below the quintet  Figure 1 shows the optimized structure of the active orbital

for 1 and the septet foB. Nevertheless, the results are yet set. This set can be devided into two subsets. The first (subset

unsatisfactory, because the higher spin states are not reproduceg) represents pure direct (through-space) metadtal interac-

in the correct sequence. Furthermore, the sirgtgtlet separa-  tions and contains the two bonding MOs 25ad 26a, one of

tion for 1 appears to be nearly twice as large as¥oalthough  essentiallyo-bonding character (MM), the second mainly of

no low-lying triplet state has been found for the dichromium ¢-type (MMS). It is completed by their two antibonding

system by experiment. counterparts 22band 23b (MMo* and MMd&*). The second
However, the aim of these extensive preliminary investiga- subset (subset b) essentially constitutes the méat—metal

tions was to find out those molecular orbitals, which are (metal-metal through-bond) interactions with only small con-

important for the description of the near-degeneracy effects. tributions to the direct metaimetal interactions. It contains the

From the character of the MOs of the low-lying restricted two strongly metatCot bonding MOs 16p(MM/MCot) and

configurations (only a few of them are listed in Tables 1 and 2) 135 (MM*/MCot) and their metat-Cot antibonding counter-

it has to be concluded that the metahetal and the relevant  parts 17p (MM/MCot*) and 14a (MM*/MCot*). MO 16b;

metat-Cot—metal interactions essentially involve eight electrons

in 1 and 10 electrons i8, which are distributed among eight  (20) Pulay, P.; Hamilton, T. Rl. Chem. Phys1988 88, 4926.
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Table 3. CAS(8/8) Natural Orbital Occupation Numbers and Table 5. CAS(9/8) Natural Orbital Occupation Numbers and
Dominant Character of the Active Orbitals for the Singlet Ground Character of the Active Orbitals of the Doublet Ground State for the
State and the Low-Lying Triplet State of (Cpy}Cot (1) 29ve System (CpV)(CpCu)}Cot (2)
singlet triplet character (\*Cr)
NO occ.no. M/Cot% occ.no. M/Cot% character MM/MCot* 0.08
* *

17b, 010 3564 011  34/63  MM/MCot* iy ;LV'COt %20

14y 0.21 68/28 0.21 69/30 MM*/MCot* MM &* 2 1.00

23k 0.47 90+ 0.57 90+ MM o* MM &b 199

22, 0.76 94+~ 0.95 95+ MM o* MM 160

26a  1.24 96/ 1.05 9%+  MM6 MM/MCot 180

25a 1.53 87+ 143 90+~ MMo MM*/MCot 191

16k 1.79 50/47 1.80 47146 MM/MCot ’

132  1.89 33/63 1.88 33/61  MM*MCot aocalized at the vanadium center (see CharP2)pcalized at the

) ) chromium center (see Chart 2).
Table 4. CAS(10/8) Natural Orbital Occupation Numbers and

Dominant Character of the Active Orbitals for the Singlet Ground Chart 2
State and the Lowest Triplet States of (CpgfLot (3)

singlet triplet Q \ & \

NO occ.no. M/Cot% occ.no. M/Cot% character v f % Cr

17 0.09 31/65 0.11 29/68 MM/MCot*

145 023  67/33 025 7534  MM*MCot* @ @

23k 0.42 90+ 1.00 92+ MM o* .

26a 158 89~ 1.00 9%~  MMo MM3 MM3

16h 1.79 63/36 1.78 62/36 MM/MCot

;gg 1-88 ggﬁﬂ 119-’%7 8‘;}_/53 MM%A:/MCN The second orbital pair of subset a, MM 6*, does not
258 199 85/ 199 83/ MM have any significant influence on the metahetal bond, due

to the fact that 3d interactions are extremely weak at metal
metal distances larger than 200 pm. However, the different
represents the formal “third” ¥V bond, but the 3¢t3d overlap  number of electrons occupying this pair is responsible for the
within this orbital subset is generally afd type and, for that gijfferent specific properties of the two compounds. lithe
reason, rather small at the experimental metaétal distances.  natyral orbital populations 1.24/0.76 stand for a relatively strong
Moreover, this weak direct metametal bonding interactionis - |gcalization of the two electrons, each at one metal center. The
partly compensated due to the metaietal antibonding char- jnteraction between these two electrons have to be interpreted
acter of MO 13a The importance of subset b is a specific 55 weak antiferromagnetic coupling, which is the reason for the
consequence of the electronic structure of the Cot ligand, which temperature-dependent change between the dia- and paramag-
is assumed to correspond to that of the planar aromati¢ Cot petism. In3, both orbitals of this pair are doubly occupied and
dianion. In this way, orbital 16b(MM/MCot) describes the e four electrons have to be considered as two nonbonding
back-donation from an occupied dimetal orbital into an anti- gjectron pairs, each localized at one chromium center. Therefore,
bonding ligandz orbital, whereas orbital 13aMM*/Cot) in the chromium system, the excitation to the lowest triplet state
describes the strong donation from a formally nonbonding ligand g ot possible within the orbital pair MBIMM 6*, but, as the

m orbital into an empty dimeta! orbital. . calculations show, would be connected with the breaking of
The CASSCF energies are included in Tables 1 and 2. Foryhe crcr ¢ bond, which requires a much higher excitation
1, a singlet-triplet separation of 23 kJ/mol results, which is in energy

excellent agreement with the experimental value—{22 kJ/ .

mol).* We remark that the results obtained for the vanadium 29The| heteror|1uclear syEséeRr)n [(Cp\_/)(CpQZm)r?tot (Z)hcontau;]s h

system, in particular the NO occupation numbers, are very < valence electrons. ESR experiments have shown that the
single unpaired electron is localized at the vanadium cénter.

similar to those published by PDB For the chromium system, e CASSC lculati for thi h -
the calculated singlettriplet separation is significantly larger " the CASSCF calculations for this system the same active

(55 kJ/mol), in agreement with the experimental finding, that space as fot a_1nd3 was def_ined, now corrglating nine_electrons.
no low-lying triplet state exists. Table 5 contains the resulting natural orbital occupation numbers
The electronic structure of the singlet ground states turns out ©0F the doublet ground state.
to be very similar for both complexes. The population of the ~ The structures of the optimized orbitals do not differ
orbital pair MMo/MM 6" is nearly the same (see Tables 3 and significantly from those shown in Figure 1. Again, a direct
4). This pair represents a moderately strong direct metedtal metal-metal o-bonding interaction exists, which is indicated
o bond (see Figure 1). The slightly larger occupation number by the population of the orbital pair MMMM ¢*. There is also
of the o-bonding MO in3, compared td, might be one reason  no change, compared tband 3, in the interplay of metat
for the fact, that the CrCr distance is shorter than the-W metal and metatCot interactions within the orbital subset b.
distance. Very similar effects for both systems also occur in The orbital pair MM)/MM o* in 2is occupied by three electrons.
the four orbitals of subset b. The occupation numbers indicate However, no significant influence on the general bonding
strong metat-Cot bonding interactions. A small difference can situation arises from population of this orbital pair, as we have
only be found in the metal contribution to the orbitals, which pointed out for the homonuclear species. But2jrthe shape
again points to a slightly stronger metahetal bonding of the orbitals of this pair has changed with respect &md3,
interaction in3. Consequently, the metaCot bonds ir8 should due to the lower symmetry of the system (Chart 2). One orbital
not be as strong as i which is, in fact, in agreement with the  is doubly occupied and completely localized at the chromium
IH NMR results, due to which the Cot-ligand is fixed inbut center. The second orbital contains one single electron and is
very fast rotating in3. localized at the vanadium center. Hence, concerning the elec-
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Chart 3 Table 6. CAS(8/9) Natural Orbital Occupation Numbers and
Character of the Active Orbitals for the Triplet Ground State of
Mg — — — — = = 4+ — (CpCr)(CpFe)-Cot (4)*
3do + + -H- -H- character
3do + + + _H_ _H_ _H_ _H_ 'H' NO occ. no. CpCrCot-CotFeCp
33d’ 0.03 ligand
504 0.05 4d-lig.r
Cp,V Cp,Cr Cp,Fe Cp,Co 304 0.05 Ad-lig.m
494 0.10 (Cotst — Cr-/Fe-3dr)*
Chart 4 314 1.00 3d
484 1.00 3
% OD Ch & o 304 1.92 3
¢ 474 1.92 Cotst — Cr-/Fe-3dt
464 1.92 3d
inactive (45§ 2.00 3d
inactive (449 2.00 3dr
204" 47" inactive (294) 2.00 Cotst — Cr-/Fe-3dt

) 2 The characters are referred to the position of the metal 3d orbitals
tronic structures ofl and3, the heteronuclear complex can be according to the ligands.

considered as a fusion of one-half of each of the homonuclear

systems.
The 32—34ve Complexesin the heterodinuclear complex
[(CpCr)CpFe)k-Cot (@), a metal-Cot*#* coordination mode

The CAS(8/9) calculations confirm that the ground state of
4 is a triplet. The calculated energy difference between the
ground state and the lowest singlet state is 50 kJ/mol. The natural

is realized (see Chart 1), ensuring the same ligand sphere fororbital population and the orbital characters for the ground state
both metal centersFormal electron counting leads to a simple are given in Table 6. Indeed, it has been found that for both
valence bond description, where, assuming a metatal single metal centers essentially the metallocene 3d occupation scheme
bond, 16 and 18 valence electrons are achieved for the chromiumis realized. Three electron pairs are localized at the iron center,
and the iron center, respectively. This is corroborated by the one in the inactive orbital 4443do), two in the active orbitals
intermetallic distance of 272 pm, which is in the range of a 464 (3dd) and 304 (3dd). As in chromocene, the two unpaired
Cr—Fe single bond. The molecular structure induced the electrons are localized at the chromium center. In contrast to
complex to be considered as a fused chromocene-ferrocene wittthe mononuclear compourdin 4, the unpaired electrons both
one carbon atom substituted by a metal atom in each metal-occupy orbitals of type 3%l (484 and 314), while the 3d
locene-like subunit. Therefore, it is suggested that the two orbital (454, inactive) is doubly occupied. This might be a
unpaired electrons are localized at the chromium center, in consequence of the slightly bent structure of the mononuclear
correspondence with the electronic structure of chromocene andsubunit or, more general, of the special situation in the dinuclear
ferrocene (see Chart 3, which shows the ground-state occupatiorsystem.

of the metal 3d orbitals of various metallocen&sy The orbital 294 (inactive) and 47arepresent the two highest

We start the discussion of the electronic structuret diy
subdividing the complex formally into the fragments£p
Cr2t, Fe*, and Cot. Since only very small EC bond
alteration has been found within the Cot rihthe shape of the
Cot~ x orbitals should be similar to the orbitals of the planar
aromatic dianion C8t. Considering the electronic structure of
the metallocenes, the two highest occupied?Cat orbitals

occupied Cat x orbitals. A detailed analysis of the orbitals
shows that orbital 29ais a pure M-Cot—M bridging orbital,
describing the donation of electrons into formally empty metal
3d orbitals of both metal centers (see Chart 4). In contrast, orbital
474 has not merely a pure bridging function. The ligand-to-
metal donation induces a weak, but not neglectible, direct
metal-metal bonding interaction. This interaction should mainly

should be of special importance. These two orbitals can overlapbe reponsible for the synfacial structure of the complex.

effectively with empty metal 3d orbitals (Chart 4). Thus, metal

For the complex [(CpCr)(CpCq)iCot (5) no structural data

Cot interactions can be expected similar to those found in orbital gre available. For that reason, we adopted for the calculations
subset b for the 2830ve systems. However, if the same metal the same molecular geometry as forThe same nine orbitals

3d orbital occupation schemes are realized as in the mononucleaiyere defined as active space. It turns out from the calculations

metallocenes, no electrons would remain to form a direct metal
metal bond.

that the general bonding situation is essentially the same in both
systems (see Table 7). Three electron pairs are localized at the

CASSCEF calculations should be able to clarify the situation. cobalt center (inactive orbital 44active orbitals 304and 468,
The definition of an appropriate active space for a proper one electron pair (4%pand two unpaired electrons are localized
description of4 is even more complicated than for the28 gt the chromium center. The additional electron, with respect
30ve systems. This is due to the fact that the number of activetg 4, is found to be localized at the cobalt center. As in
orbitals and electrons, which can be handled, are limited for cobaltocene, it occupies an orbital of/8dharacter. The shape
such large systems. The choice was based on experiences fromand the population of the orbitals 31and 324 point to a very
CASSCEF calculations for mononuclear metallocenes. In addi- weak interaction between this additional electron and one of
tion, a number of trial calculations with various active spaces the two unpaired electrons at the chromium center. This
was carried out fod. It turned out that the bonding situation is interaction has to be interpreted as a weak antiferromagnetic
appropriatly described by correlating eight electrons within an coupling. Thus, in agreement with the experimental results, one
active space of nine orbitals (%a’). unpaired electron remain in the complex, which is localized at
the chromium center (orbital 4§aAs in 1, the weak antifer-
romagnetic coupling is connected with a very small excitation
energy. For5, the calculated energy separation between the
doublet ground state and the lowest quartet state is even smaller

(21) Evans, S.; Green, M. L. H.; Jewitt, B.; Orchard, A. F.; Pygall, C. P.
J. Chem. Soc., Faraday Trans1D72 68, 1847.

(22) Evans, S.; Green, M. L. H.; Jewitt, B.; King, G. H.; Orchard, AJF.
Chem. Soc., Faraday Trans 1974 70, 356.
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Table 7. CAS(9/9) Natural Orbital Occupation Numbers and distances point to a similar coordination mode of the Cot ligand
Character of the Active Orbitals for the Doublet Ground State of at the metal centers as for the-280ve systems (Chart 1). At
(CpCr)(CpCop-Cot B)* a first view, it could be assumed that the positive charge is

character localized at the cobalt center, which would lead to a ferrocene-

NO occ. no. CpCrCot-CotCoCp like metal 3d occupation scheme for both subunits. However,
504 0.05 4Ad-lig.r in 6 the charge density at the cobalt center turns out to be the
334’ 0.05 4d-lig.w same as in cobaltocene. The resulting mulliken charges are
498 0.13 (Coter — Cr-/Fe-3dr)* +0.99 for both metal centers 6f This illustrates the function
iéz (l)'gg g?; Sdr of the ligand system as an effective ele_ctron reservoir. The loss
314’ 111 3 3dr of one electron at the cobalt center, with respect to the neutral
474 1.88 Cotszr — Cr-/Fe-3dr 35ve system [(CpFe)(CpCa)}Cot, is completely compensated
304’ 1.93 3d by donation of electrons from the ligand system. This behavior
46d 1.94 3d is comparable to the effect observed for mononuclear complexes
inactive (45§ 2.00 3d as CpFe or CpCo, for which the metal charges remain
inactive (449 2.00 3 . . .
inactive (294) 2.00 Cotst — Cr-/Fe-3dr essentially uneffected, if the systems are oxidiZZelks expected,

B ~adirect metatmetal interaction has not been found. It turned
aThe character_s are referred to the position of the metal 3d orbitals 4t that the electronic structure 6fagain, can be discussed in
according to the ligands. terms of metallocene-like subunits as well.

Conclusions

The Twinnocene Model.A so-called twinnocene model has
been introduced originally to predict the localization of the two
unpaired electrons at the chromium center in the heterodinuclear
complex [(CpCr)(CpFe)-Cot.” The present investigation shows
that such a twinnocene model can be applied in a much more

Q % general way to describe the properties of the whole class of
synfacially coordinated dinuclear first-row transition metal
M — M M complexes [(CpM)(CpN)]u-Cot, including hetero- as well as

é b homodinuclear systems. Each of the compounds can be con-

sidered as being composed of two mononuclear metallocene-

Figure 2. Orientation and qualitative shape of the metal 3d orbitals in like SUb_un'tS' It tumed ou_t that the_occupatlon Sch_emes a_nd even
the mononuclear metallocenes and in the dinuclear systems. the orbital shapes remain essentially the same in the dinuclear
complexes, compared to separate metallocenes. Most of the

than the singlettriplet separation inl. The M—Cot—M formally nonbonding 3d electrons of the subunits have been

interactions indicated by the orbitals 29@nactive) and 47a found to remain localized at their original metal centers. With
are similar to those found for compléx Again, 294 is a pure respect to the mononuclear metallocenes, no exchange of

M—Cot—M bridging orbital, whereas a weak direct metatetal electrons between the two metal centers of a dinuclear system
bonding interaction is descibed by orbital 47a takes place at all. Thus, electron counting rules, like the 18-
The results of the calculations confirm that compleas well electron rule, are not appropriate to describe the bonding

as complex5 can be considered as being composed of two schemes of the compounds under study. The metal 3d electrons
metallocene-like subunits. The electronic structure of the of the subunits interact or do not interact, respectively, in a very
mononuclear subunits is essentially the same as for chromocenspecific and characteristic way to form the dimetal moieties.
and ferrocene or cobaltocene, respectivelyl &md>5, only very Direct metat-metal bonds can be expected only in those cases,
weak direct metat metal bonding interactions occur. These are where both metal centers have unpaired electrons, i.e., in the
induced by electron donation from one Cat orbital into V-V, V—Cr, Cr—Cr, and Cr-Co systemsi—3, 5). Actually,
formally unoccupied metal orbitals and do not involve electrons only in the 28-30ve species one significant direstbonding
originating from the metal fragments. interaction appears between the two metal centers. On the other

In Figure 2 the change of the 3d orbitals is illustrated, going hand, in the Cr-Fe and Ct-Co systems4, 5), a weak metat
from the mononuclear metallocenes to the subunits of the metal bonding interaction is induced by electron donation from
dinuclear complex. The orbitals undergo merely a rotation by a strong donating Cat orbital into the in-phase combination
that amount, which put them into a similar position with respect of formally unoccupied metal 3d orbitals. The interactions
to the ligands as in the mononuclear species. It has to be pointechetween the remaining unpaired 3d electrons, being localized
out that the situation in the 280ve systems is very similar, at different metal centers, are very weak and have to be
despite only a slight deformation of the metahetalo-bonding interpreted as antiferromagnetic coupling. In theWand the
orbitals. Cr—Co system 1, 5), for which such an antiferromagnetic

We note here that, if, a doublet ground state will be realized coupling results from the CASSCF calculations, a very small
only for modest metatmetal distances, indicating an antifer- energy separation between different spin states can be predicted,
romagnetic coupling in this case. Trial calculations Sdnave which is known from the experiment for the divanadium system.
shown that, at longer intermetallic distances, no interactions existin addition, formally unpaired metal 3d electrons of the
between unpaired electrons localized at different metal centers.mononuclear metallocene subunits can be involved in metal
For the latter case, a quartet seems to be the ground state. Cot bonding interactions, particularly in the-280ve species.

In the cationic diamagnetic compound [(CpFe)(CpEGpt]*
(6), the distance of 286 pm between the two metal centers seemsp3) Aimist, J.; Faegri, K., Jr.; Schilling, B. E. R.; lthi, H. P. Chem.
to be out of the range of a direct metahetal bond. The M—C Phys. Lett.1984 106, 266.
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Finally, the spin density distribution and the magnetic behavior study. It should be applicable to other complexes of this type
can easily be deduced by using the twinnocene model. Theas well. The strategy followed in the course of the investigation
number of unpaired spins in the ground state of each dinuclearcan be generally recommended for the treatment of dinuclear
system is just the difference between the number of unpairedtransition metal complexes.

electrons at the two metal centers in the corresponding mono-
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