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Abstract
Unsubstituted bis-indenylchromium has been showheta dimer, G(Ind),, whereas the

monomeric sandwich-type structure, Cr(lnd)as been only observed for substituted relatives.
DFT calculations indicate that dimerization allowee building of a quadruple Cr-Cr bond
whereas it can still participate in five formal R&ron metal-ligand bonds. Despite of this appar-
ently favorable situation with respect to dimerbdtty, the energetic balance in favor of the di-
mer is computed not to be very large. Calculatioms series of related Cr, Mn, Fe and Co rela-
tives indicate that G¢ind), appears unique in terms of its stability relayved its monomer.
However, dimeric species such as(Cp)(Ind),, Cr(Cpk or Mny(Ind), appear to be not that

much unstable relatively to their monomer for bedbgerved under some specific circumstances.



I ntroduction

Indenylide, (GH-)", can be viewed as a substituted cyclopentadiemghaLewis structure
I in Scheme 1), although, as a ligand in organoetamplexes, it can induce properties which
can be quite different from those of their reguwelopentadienyl relatives [1], due to significant
contribution of Structurél which emphasizes the somewhat allylic charactehef5-fold ring.
From this point of view, the bis-indenyl complexadirst-row transition-metals have fairly dif-
ferent properties (including sometimes spin staassheir metallocene analogues [2-9]. The case
of chromium is even more puzzling since sandwigietybis-indenyl chromium complexes exist
only with substituted indenyl ligands [4,5], thesubstituted species being a dimer [10]. The
structure of Gi(Ind),, (Ind = indenyl) is sketched in Scheme 2 and shimwfigure 1, Because of
steric congestion, it has a somehow unsymmetrizattsire and exhibits twg>Ind and two
u.n®Ind ligands. From its compact nature, one can rstaed that the presence of substituents
on the indenyl ligands might disfavor dimerizati@onsidering the ligands as formally monoan-
ionic (indenylides), if>-Ind)” and 3Ind) are 6- and a 4-electron donors, respectivelysThu
this molecule, each Cr(Il) atom receives 6 electrfsom onen®*-indenylide and 2 electrons from
each of the two bridging®-indenylide it is bonded to. There is no mentiorihia original paper
of Jolly and coworkers about the magnetic behavider,(Ind), [10] but the comments of these
authors on an apparently normtaC NMR spectrum, suggest it is diamagnetic. Assunuliag
magnetism, a metal-metal quadruple bond can becteghd the 18-electron rule is satisfied, and
actually the value of the observed intermetallstatice (2.175(1) A)L0] does not contradict this
hypothesis [11].
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Scheme 1. Major Lewis structures of the indenybani

As noted by Jolly and coworkers [10], the struetaf Ce(n°-Ind)(u-n3Ind), is related
to that of Cg(n®>Ind)(u-Cl)(un>-Ind) [10] and Cs(n>Ind)x(-n-allyl), [12] (see Scheme 2 and
Figure 1). The cyclopentadienyl analog of the tatB(n>-Cp)(u n>-allyl),, exists also (Scheme
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2 and Figure 1). [12] In these three complexesptigging chloride or allyl anions are 4-electron
donor ligands, similarly to the pe-indenylide ligand in GInd),. Their Cr-Cr distance is equal
to 2.317(1) Al°2.171(1)/2.198(1) A [12,13] and 2.299(1) A [1&spectively.

Co4 60 Qo360
@ @

Cry(Ind), Cry(Ind);ClI

C@ @3@0 < >>C\f<<

Crz(lnd)z(allyl)z

Cra(Cp)q

sz(CP)z(a”yl)z
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Crz(allyl)4
§ 0

Cry(Cp)2(Ind)

Scheme 2. Planar sketches of the discussed chroooompounds. The metal-metal bond (quad-

ruple in the singlet state) is not represented.

Thus, in these dimers, the existence of a quadropiel between two 18-electron Cr(Il)
centers cannot be ruled out, although the metafinseparations in the former and latter are more
consistent with the existence of a lower bond ofdéi. On the other hand, &n>-allyl),(u-n>
allyl), exists also [14] and has a related structure (Sehind Figure 1) with a Cr-Cr distance of
1.97(6) A. [14b]Since the allyl anion is a 4-electron donory(&ltyl)4 bears 4 electron less than
Cry(Ind), and cannot satisfy the 18-electron rule, evenrmassy a metal-metal quadruple bond.
Nevertheless, quadruply bonded 16-electron dinuadeaplexes are not scarce [11]. Among all
these complexes more or less related tg(nnd)(i-n3-Ind),;, only Ce(n>-Cp)(un-allyl)s

[12,15] is described as paramagnetic, with a magmnedment of 4.1 g determined under experi-
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mental conditions which do not exclude the presesfcenagnetic impurities [12]. All the other
above-mentioned dichromium complexes are likelggaliamagnetic.

In order to understand the dimeric nature of Cndrahd to get a better insight in its spin
state and bonding situation, as well as in theedlaompounds mentioned above, we have under-
taken a density functional theory (DFT) investigaton the above-mentioned dimers. We also in-
vestigated the possibility for other M(Indomplexes to dimerize, as well as that of simpétain
locenes.

Cro(Cp)2(allyl)z \érz(lnd)zﬁ

Figure 1. Molecular structures of the four expentadly characterized dimers. [10,12]

Computational Details
The quantum chemical description of the metal-migt@raction in multiply bonded dinu-
clear chromium complexes is not always straightbodrvand it is known that the best approach for
such systems is by using a multiconfigurational hodt [16]. However, the use of such time-
consuming approaches is restricted to complexeatloér small size and cannot be applied to series
of transition-metal complexes. On the other harithoagh density functional theory (DFT) has
limitations related to its monodeterminantal natuezent calculations have proven to be able to
provide a description of Cr-Cr bonding at a reabbnhigh level of accuracy [17]. This is why we
have chosen this method for carrying out our ingasibn. All the calculations were performed
with the 2010.01 version of the Amsterdam Densiipdtional (ADF) program developed by Baer-
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ends and co-workers [18]. Assuming the Vosko-Wilkslir parametrization for the local density
approximation. [19] Because several spin stateg Vilegly to compete in the computed complexes,
we have first tested three different non-local ections, namely the GGA BP86 functional [20],
which is known for its tendency for overestimatihg low-spin state stability, the B3LYP hybrid
functional [21], which usually overestimates thgHispin state stability, and the related B3LYP*
functional [22]. This latter functional containss$eHartree-Fock contribution than B3LYP and
therefore is in principle better suited for prowvigicorrect spin-state orderings. A systematic struc
tural discrepancy was found between the resultspabad with these three functionals and the X-
ray structures of the compounds containing termindényl ligands. Whereas the experimental
structures exhibit a typical unsymmetricgtind coordination mode with three shorter (~ 2.2-2.
A) and two longer (~ 2.4-2.5 A) Cr-C bonds, theresponding optimized values of the longer
bonds were found somewhat overestimated (~ 2.8R.Dwing to the compactness of the investi-
gated molecules, an overestimation of steric caiges/as suspected so that it was decided to take
into account dispersion forces by using the Grimengirical corrections [23] through the use of
the BP86-D and B3LYP-D functionals which are impésrted in the ADF code. It was found that
employing these functionals almost cancelled thevebmentioned discrepancy with the experi-
mental structures found with the non-corrected fionals. In summary, the five above-mentioned
functionals were used to carry out full geometryirozations of different spin states of the consid-
ered chromium complexes.

The standard ADF TZP basis set was uged,a triple€ Slater-type orbital basis set for the
valence shells, augmented with singleelarization functions (2p for H, 3d for C, 4p fire first-
row metals) [18]. The BP86 and BP86-D calculatisrese performed assuming the frozen-core
approximation18] up to 1s for C and 3p for the first-row metaBpin-unrestricted calculations
were performed for all the open-shell systems. dm@ytical gradient method developed by Ver-
sluis and Ziegler [25] was used in the calculatidiben X-ray structures were available, they were
used as starting geometries in the optimizationsgsses. The Cp) and Cp(Cp)(Ind), starting
geometries were derived from the X-ray structure Gig(Ind);, Only the Cs(allyl), and
Cry(Cp)k(allyl), dimers were found to possess a symmetry elemerd, mirror plane connecting
the two Cr atomsCs symmetry). All the other investigated compoundseMeund to be slightly
unsymmetrical. Vibrational frequency calculatio@6][were performed on all the optimized geom-

etries which were ascertained as energy minimdaéybn-existence of imaginary frequencies. All
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the energy values reported in this paper include-peint energy (ZPE) correction. Dissociation
energies have been corrected from basis set sugpopcerror (BSSE) with the counterpoise meth-
od. The relative enthalpy valueAQ) are computed for room temperature. They showlaim
trends as their ZPE-corrected total energy couatessfAE) which are provided as supplementary
information (SI) material. Representations of thieitals and of the molecular structures were done
by using the ADF-GU|18] and the MOLEKEL4.1 [27] programs, respectivelye natural popu-
lation-based and Wiberg bond indices (NPAI and WB$pectively) [28] were obtained from cal-
culations implemented in the NBO 6.0 program [29].

Energetic and structural results of the chromium complexes

The experimentally characterized complexesg(alyl)s, Cro(Cpk(allyl)2, Cr(Ind)x(allyl),
and Cgp(Ind), have been computed, together with the hypotheticaipounds G(Cp)(Ind), and
the dimer of chromocene, namely,(@p),. In the case of G{Cp)(Ind),, only the significantly
more stable isomer, namely 071°-Cp)(1-n>-Ind),, is considered in this paper. Their major ener-
getic results (are reported in Table 1 (relative=fenergiesAG) and Table S1 (relative energies,
AE) for all the functionals and spin states congideiTheAG andAE values relatively to the corre-
sponding monomeric species in their lowest spitestge also reported. All the comput®@ and
AE series follow the same trends. One can see @BiaYB and B3LYP-D calculations found all the
complexes to have a triplet ground state. The spimestate ordering is found with B3LYP* but, as
expected the corresponding energy difference isaedl The BP86 and BP86-D results favour sin-
glet ground states except for(&2p)(allyl), for which a triplet ground state is slightly prefs. If
one assumes that all the experimentally charaetgompounds are likely to be diamagnetic, ex-
cept for Cg(Cpk(allyl), (see above), one reaches the conclusion that, thenenergetic point of
view, the GGA results appear more reliable for agicular series of compounds.

Crx(Ind) is found to be stable with respect to dissociatioriwo chromium bis-indenyl
monomers, in full agreement with experiment (Tablg10]. On the other hand, the hypothetical
Cr(n°-Cp)(u n>-allyl), and CsCps dimers are found to be unstable with respect $sadiation.
From the structural point of view, the Cr-Cr distas computed for the triplet states are closer to
the X-ray values than the singlet state ones (T2blelowever, it is known that DFT tends to over-

estimate the distance between multiply bonded chueonatoms [16a]. A somewhat better overall
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agreement with X-ray is also found for the Cr-Ctalices computed for the triplet state, but it is

difficult to conclude owing to the large dispersiamd low accuracy of the experimental values.

Table 1. Computed singlet/triplet free energyeatighces (in kcal/mol) of the investigated dinuclear
chromium complexes and their free dissociation gnéformation of monomers; BSSE consid-
ered).

Cry(allyl)s | Cro(Cp)(allyl)z | Crax(Ind)(allyl)2 Cry(Ind)s Cr(Cpk(Ind) Cr(Cph
Exgérrg%?onretic diamagneti | paramagnetit | diamagneti€ | diamagneti¢
AGsr” AGsr AGsrr AGsyr | AGoiss | AGsit | AGoiss | AGsr | AGoiss
B3LYP +6.1 +26.3 +17.9 +8.4§ +6.0 +9.4:. -59 +17.1 0B
B3LYP* +1.4 +15.6 +10.4 +8.3§ +4.1 +6.4§ -3.6| +12.8 16.5
B3LYP-D +9.6 +22.1 +15.3 +7.9: +9.2 +8.é -6.4 +16.8 -6.7
BP86 -16.2 +4.2 -7.4 -8.7? +5.6 -7..‘&. 4.1 +1.3 -20
BP86-D -7.6 +1.0 -8.7 -8.25 +8.9 -3.2:‘ -7.0 +1.7 18,

 Presumed magnetic behavior (from refs 10, 12 anstettext).
® AGgr = G(singlet) - Gtriplet) (in kcal/mol). A negatiwalue means singlet ground state.

¢ AGpiss = 2 X G(monomer ground state) — G(dimer ground si@telkcal/mol). A negative value means that the eom
pound is more stable in its monomer form.

Bonding analysis of the chromium complexes

In the followings, the bonding in the singlet sgate first analysed. The results which are
commented below are taken from the BP86-D cala@nati In the case of the £n>-allyl),(u 0>
allyl),, the ligand environment of each Cr(ll) center barroughly approximated to square planar.
Thus, Cp(n*allyl)(un>-allyl), can be related for example to the family of g Cra(CO:R),
complexes in which the Cr(ll) atoms are bridgedfdayr carboxylate ligands and lying in a local
square planar Crdigand environment [11a]. Such complexes are knéavrexhibiting a quadru-
ple bond between the two 16-electron metals anaeidd this is also the case for,@r-
allyl)o(1 n®-allyl)2, the Kohn-Sham orbital diagram of which is showrFigure 2. It clearly exhib-
its four occupied metal-metal bonding orbitals whidespite of some/1/d mixing due to the low
molecular symmetry, can be identified as thet,, 1, andd components of the metal-metal bond.
Unsurprisingly, the LUMO is thé* orbital. It lies 1.65 eV below the LUMO+1, prevery the
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existence of a low-lying excited quintuplet stdtee BP86-D NPA Cr-Cr bond index (3.3, see Ta-
ble 2) is fully consistent with the existence ofj@druple bond, the corresponding Wiberg index
being, as expected, lower (2.5).

Ladby AT ed

‘1—
204 1 LA i '
1.65eV — el 0.90 eV
) Jat: = os
%3 ’Q{'ﬁ%ﬂ#— a(5) /ST&}\ J;r _ j"'}\

a'(a ' 1Ry ; L S
S0 A \'E‘ty .‘ f | .
| /1--1,~—«~ / & (;n:_) ! ._. | _:I-- ...'

Cry(allyl), Cry(Cplslallyl), Cr;(ind)(allyl), £ Cry(ind),
(c) () (C;) (C))

Energy (eV)

Figure 2. Kohn-Sham orbital diagrams obtained by®P calculations on the singlet states of

different dichromium complexes.

Going from Cg(n*allyl)2(un*allyl)sto Cr(n®Cp)(un’-allyl)z, Cra(n®>Ind):(un>-allyl),
or Cra(n°-Ind (11 n>Ind), consists in formally adding a supplementary tertr@aalectron ligand on
each metal. Therefore these three complexes caeldted to the family of th®4,Cr,(COR)4L 2
(L = terminal 2-electron ligandh which the Cr(ll) atoms reach the 18-electronrtdoy making a
quadruple bond between them [11a]. This is exemedliby their Kohn-Sham orbital diagrams
(Figure 2) and their computed NPA and Wiberg Cib@nd indices (Table 2). The lower computed
HOMO/LUMO gap of Cs(n>-Cp)(un>-allyl)zis consistent with the near degeneracy of its sing|

and triplet states at the BP86-D level. Its quitgtistate is found in a higher energy. The other
8



computed dimers, namely the hypotheticalGRx(Ind), and CpCps, have similar electronic struc-

ture (see Table 2 and Figure S1). In all the coegbdimers, the triplet state corresponds to the ex-

pected §)'(5*) * configuration and the Cr-Cr bond order decreasés t

Table 2. Experimental and computed Cr-Cr bondtlengBL, in A) of the chromium species
and corresponding computed NPA and Wiberg bondc@sd(NPAI and WI, respectively; see
Computational Details).

Cry(allyl)s | Cra(Cpk(allyl). | Cra(Ind)(allyl). Cry(Ind)s | Cr(Cp)(Ind), Cro(Cph
Exp. BL 1.97(6) [14b]|  2.299(1) [12] 2'171[512)'12']198(1) 2.175(1) [10]

Computed spinstatg S=0 S={1 S=0 S=31 S=0 =1S | S=0: S=1| S=0: Ss=1 S=D sS=
BL |1.860: 2.023| 2.038 | 2.197 | 1.941 : 2.123 | 1.910: 2.118| 1.880 : 1.936 | 1.901: 2.058

B3LYP | NPAI | 35 | 25 33 | 24 3.3 2.7 34 ! 25 33 | 28 36 | 2.2
Wi 27 | 18 2.3 1.4 2.7 1.3 26 | 15 2.7 2.1 25 | 18

BL | 1.861:2029| 2.049 | 2202 | 1.952 '@ 2124 |1.913:2.140| 1.878: 2.001 | 1.902: 2.069

B3LYP* | NPAI | 35 | 2.7 33 ! 24 35 | 25 33 ! 24 3.3 27 34 | 27
wi 26 ' 20 2.3 1.4 24 1.6 23 1 17 2.7 2.1 26 | 18

BL | 1.860: 2.029| 2.028 | 2.157 | 1.947 2.110 | 1.895: 2.105| 1.872 | 2.998 | 1.998 2.077

B3LYP-D | NPAI | 34 @ 25 35 2.4 3.0 25 34 ! 26 34 2.7 33 27
wi 26 | 18 2.2 15 24 1.6 25 1 17 2.6 2.0 26 | 17

BL | 1.860: 2.011| 2.019 | 2221 | 1.866 2.134 | 1.880! 2.094| 1.861: 1.927 | 1.912: 2.075

BP86 NPAI | 35 : 23 3.2 2.8 3.3 2.7 35 1 25 3.6 2.7 34 1 26
wi 26 ¢ 18 2.2 2.0 25 15 27 | 16 2.8 2.1 24 | 1.7

BL | 1.896 2.037| 2.014 | 2.194 | 1.880 2.122 | 1.881: 2.092| 1.860 ' 1.966 | 1.872; 2.065

BP86-D | NPAI | 33 | 25 3.2 23 36 25 34 1 24 34 27 33 1 25
Wi 25 | 1.8 2.1 1.4 2.3 15 25 | 16 2.7 2.0 26 | 16

Investigation of the stability of related M x(Ind); and M ,(Cp), dimers.
Starting from the fact that gind), exists with a metal-metal quadruple bond, one may

wonder if other dimers with lower bond order midi¢ reasonably stable. This is why the
My(Ind), series, with M = Mn, Fe, Co, corresponding respetyi to triple, double and single
metal-metal bond order in the singlet state, han levestigated. For the sake of comparison the

My(Cp). series has also been investigated. The major catdpasults are provided in Tables 3, 4

and S2. Both series of compounds exhibit similands and from the data of Table 3, it is diffi-

cult to predict with certainty that a particulandir is isolable. On the other hand, the dimer of

ferrocene is predicted unlikely to be isolated what is the functional used. Analysis of the

electronic structures in their singlet states aomdi the expected metal-metal bond orders of 3, 2

and 1 for Mn, Fe and Co, respectively. However,atvputed bond indices indicate rather weak

bonds in the case of iron and cobalt.



Table 3. Computed singlet/triplet or singlet/quplet free energy differences of the(vid),
and My(Cp). (M = Mn, Fe, Co) dimers and their free dissociatenergy (formation of mono-

mers; BSSE considered).

Mn,(Ind), Fe(Ind), Coy(Ind),

AGst" | AGpiss’ | AGsyr | AGpiss | AGsyr | AGpiss
B3LYP -47 | +85 -16.0 1 +1.0 -15.61 -12.1
B3LYP* |-2.4 | +1.0 -175 1 -2.9 40 ' 9.0
B3LYP-D | -46 | -21.0 -16.8 1 -29.2 -11.6. -8.6
BP86 +8.1 | -19.3 -12.2¢7 -215 +27. 94
BP86-D +7.9 +6.2 -12.6: -8.2 +4.4. 5.4

Mny(Cpy Fe(Cp) Co(Cph

AGSICC i AGDiss AGS/T i AGDiss AGS/T i AGDiss
B3LYP +31.5 | +3.9 2137 -17.7 -13.3]  +4.3
B3LYP* | +24.6 | +9.3 -6.6 -11.7 81! -1.0
B3LYP-D | +36.6 . -19.9 9.1 -27.9 1130 9.9
BP86 +129 | -17.2 -8.2 | -22.0 +10.6 -25.1
BP86-D +8.6 -1.4 -9.7 -19.7 +59! +15

4 AGgr = G(singlet) - G(triplet) andGs /o = G(singlet) - G(quintuplet), (in kcal/mol). A native value means singlet

ground state.

P AGpiss = 2 X G(monomer ground state) — G( dimer ground st@tekcal/mol). A negative value means that the

compound is more stable in its monomer form.
° The lowest high-spin state computed for {@p), is a quintuplet.
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Table 4. Computed M-M bond lengths (BL, in A) the M(Ind) models (M = Mn, Fe, Co) and
corresponding computed NPA and Wiberg bond ind{dd#3Al and WI, respectively; see Com-
putational Details).

Mn,(Ind), Fe(Ind), Coy(Ind),
Spin S=0!s=1| s=0 s=1 s=o s=h
State . \ |
BL 2.003: 2.134 | 2522 ; 3.161 | 2.588 | 3.364
B3LYP NPAI 23 124 1.0 :01 07 0.2
wi 1.7 1138 08 0.1 05 102
BL 2.015: 2.325 | 2.458 | 2.943 | 2.622 : 2.985
B3LYP* NPAI 24 111 1.0 0.1 1.0 08
wi 1.7 110 06 0.1 07 07
BL 1.987 | 2.126 | 2.321 | 3.027 | 2.532 | 3.008
B3LYP-D | NPAI 23 119 12 {07 1.0 {07
wi 1.6 16 08 04 |07 106
BL 2.0412.182 | 2.399 | 2.349 | 2.626 | 2.559
BP86 NPAI 25 128 1.2 109 |07 08
wi 1.7 118 08 0.8 05 0.6
BL 2.033: 2.170 | 2.309 : 2.293 | 2.553 ; 2.401
BP86-D NPAI 25 24 1.3 113 07 08
wi 1.7 118 0.7 0.8 05 0.6
Mny(Cpl Fe(Cp) Co(Cp)
Spin s=0!S=2| s=0 Ss=1 s=0 s=f
State h h h
BL 2216} 2.433 [ 2.522 : 3.161 | 2.603 : 2.869
B3LYP NPAI 28 109 1.0 1007 |12 08
wi 1.94 0.2 08 1006 |05 0.7
BL 2.037 1 2.797 | 2.458 1 2.943 | 2.558  2.611
B3LYP* NPAI 28 107 1.0 1006 |12 112
wi 20 01 06 0.1 07 0.9
BL 2.083 ! 2.660 | 2.321: 3.027 | 2.491 : 2.742
B3LYP-D NPAI 28 108 1.2 0.7 1.2 08
Wi 1.9 :03 08 :04 07 07
BL 2.03412.484 | 2399 2.349 | 2.551 ! 2.438
BP86 NPAI 25 1.0 1.2 0.9 1.2 115
wi 21 102 08 :08 08 1.0
BL 2.043 2.404 | 2.309 | 2.293 | 2.489 | 2.526
BP86-D NPAI 25 11.0 1.3 1.3 1.2 112
wi 21 102 07 108 08 1.0

Conclusion

The elusive electron-deficient @r¢Ind), sandwich monomer possesses six formal 2-
electron metal-ligand bonds. Its dimerization in(Gt-Ind),(u-n>-Ind), allows each metal center
to build four Cr-Cr bonds (in the singlet state)endmns it still participates in five formal 2-
electron metal-ligand bonds. Thus, in terms of hogdhe balance of dimerization appears very

positive at first sight. However, one has to coesithat in general a 2-electron metal-metal bond
11



is substantially weaker than a metal-ligand borspeeially in the case of first-row metals. One
has also to consider that the crowding of the liigaaround the two metal centers tends to desta-
bilize the dimer. The preference of aromatic 5-folds forn- rather tham?-coordination (even

in the case of indenyl, although less pronounced tor cyclopentadienyl) has also to be consid-
ered. It results that the energetic balance indawd the dimer is not very large. This is why
Cry(Ind), appears as unique in the series of the relateglexes that we have computed. In the
case of hypothetical cyclopentadienyl-containingnelis, one has to consider that metal-
cyclopentadienyl bonding is stronger than metaémd bonding and thus tends to weaken M-M
bonding, rendering dimerization less favourablevédtheless, dimers such as,@p)(Ind),,
Cry(Cp) (the dimer of chromocene) or Mind), appear to be not that much unstable relatively

to their monomer for being observed under someifspeacumstances.

Supporting I nfor mation

Kohn-Sham orbital diagram of &p(allyl), and CpCpu (Figure S1). Computed low-
spin/high-spin energy differences of the invesedadinuclear complexes and their free dissocia-
tion energy (Tables S1 and S2). A text file of tdptimized geometries in Mol format.
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- The existence of a Cr-Cr quadruple allows stabilizing bis-indenylchromium.
- The peculiar nature of the indenyl ligand favors dimerization.
- The dimer of chromocene is a not so high energy minimum.



