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Zirconium Bis(indenyl) Sandwich Complexes with an Unprecedented Indenyl
Coordination Mode and Their Role in the Reactivity of the Parent Bent-
Metallocenes: A Detailed DFT Mechanistic Study

Luis F. Veiros*!*!

Abstract: The mechanisms of three

dination modes of the two indenyl li-

one crucial step, followed by a smooth
transition of the Zr intermediate to the

closely related reactions were studied
in detail by means of DFT/B3LYP cal-
culations with a VDZP basis set. Those
reactions correspond to 1) the reduc-
tive elimination of methane from [Zr-
(n*-Ind),(CHL)(H)] (Ind=CoH,", in-
denyl), 2) the formation of the THF
adduct, [Zr(n’-Ind)(n’-Ind)(thf)] and 3)
the interconversion between the two
indenyl ligands in the Zr sandwich
complex, [Zr(n*-Ind)(n’-Ind)], which
forms the link between the two former
reactions. An analysis of the electronic
structure of this species indicates a sat-
urated 18-electron complex. A full un-
derstanding of the indenyl interchange
process required the characterisation of
several isomers of the Zr-bis(indenyl)

gands (W’/n’, W'/’ and n°/’), and three
conformations for each isomer (syn,
anti, and gauche). The fluxionality ob-
served was found to occur in a mecha-
nism involving bis(n’-Ind) intermedi-
ates, and the calculated activation
energy (11-14 kcalmol ™) compares
very well with the experimental values.
Two alternative mechanisms were ex-
plored for the reductive elimination of
methane from the methyl/hydride com-
plex. In the more favourable one, the
initial complex, [Zr(n>-Ind),(CH3)(H)],
yields [Zr(n>-Ind),] and methane in
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more stable n’/n’-species. The overall
activation energy calculated (E,=
29 kcalmol™") compares well with ex-
perimental values for related species.
The formation of the THF adduct fol-
lows a one step mechanism from the
appropriate conformer of the [Zr(n’-
Ind)(n’-Ind)] complex, producing easily
(E,=6.5 kcalmol™') the known prod-
uct, [Zr(n>-Ind)(n>Ind)(thf)], a species
previously characterised by X-ray crys-
tallography. This complex was found to
be trapped in a potential well that pre-
vents it from evolving to the
3.4 kcalmol ! more stable isomer, [Zr-
(n’-Ind),(thf)], with both indenyl li-
gands in a n’-coordination mode and a

species, corresponding to different spin
states (S=0 and S=1), different coor-

zirconium

Introduction

Transition-metal sandwich complexes play a major role in
modern organometallic chemistry, since its boom with the
discovery of ferrocene.!!' A general interest in Group 4
metal sandwich compounds exists, given their participation
in important reactions, such as catalytic processes,” small
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. 1) Complemen-
tary data on the mechanism (Figures S1 to S4), and 2) atomic coordi-
nates for all the optimised species.

Chem. Eur. J. 2005, 11, 2505-2518 DOI: 10.1002/chem.200401235

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

spin-triplet state (S=1).

molecule activation® and organic coupling reactions.**
However, few examples of fully characterised sandwich
compounds of low-valent Group 4 metals are known, given
their high reactivity that can activate cyclopentadienyl C—H
bondsP! or even inert molecules such as dinitrogen.’*® In
fact, the only examples published until the present are tita-
nium compounds of cyclopentadienyl ligands with bulky
substituents (CsMe,R™)."*! Analogous species with zirconi-
um and hafnium have been more elusive and their attempt-
ed synthesis unsuccessful, probably due to the known ten-
dency of those metals to attain their highest oxidation states
and, thus, the relative instability of the corresponding low-
valent complexes. Nevertheless, the presence of zirconocene
intermediates, [ZrCp’,] (Cp’ =substituted cyclopentadienyl),
has been hinted by a number of studies, including its role in
catalytic processes”” and trapping with donor ligands or
even dinitrogen.*'?
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Indenyl (Ind=CyH;") is a versatile ligand that can coordi-
nate a metal centre in diverse modes,”¥ corresponding to
the formation of a different number of M—C bonds. This is
named the hapticity and is usually de-
noted by the symbol 7. The most
common coordination mode of that
ligand is n’>-Ind, corresponding to the
presence of five bonds between the
metal and the carbon atoms of the C;
ring, similar to what happens in a n’-
cyclopentadienyl (Cp=CsHs") com-
plex. Indenyl has been widely used in
the place of cyclopentadienyl, opening many new and, in
some cases, surprising routes in metallocene chemistry. The
ability of indenyl to change its coordination mode, adjusting
to the metal electronic needs, confers the corresponding
complexes an enhanced reactivity towards ligand substitu-
tion reactions giving rise to the expression “indenyl
effect”.14]

In a very recent work, Chirik et al. identified and charac-
terised in solution a [Zr(Ind’),] sandwich complex,[' corre-
sponding to the intermediate in the sequence of reactions
represented in Scheme 1. In the first reaction there is a re-
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Scheme 1.

ductive elimination of an alkane from an alkyl/hydride com-
plex, and, in the second, the formation of a THF adduct. So-
lution molecular-weight determination and NMR data al-
lowed the identification of the intermediate as the species
represented in Scheme 1. This species, with two nonequiva-
lent indenyl ligands, was formulated as [Zr(n’-Ind")(n’-Ind’)]
given the shift on the coordination mode of one of the in-
denyl ligands from the n’-mode, existing in the parent alkyl/
hydride complex, to n’-Ind coordinated by the benzene ring
in the final THF adduct. The bonding geometry of the Ind
ligands in the THF adduct was clearly established by the de-
termination of the corresponding X-ray structure. This ex-
traordinary result prompted the work described here.

In this work, DFT calculations'® are used to perform a
twofold goal. On the one hand, the thorough investigation
of the nature of the [Zr(Ind),] species, and the mechanism
for the interconversion between the two differently coordi-
nated ligands in this species and on the other, the elucida-
tion of the mechanisms of the two reactions represented in
Scheme 1.
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Results and Discussion

The zirconium sandwich complex, [Zr(Ind),]: The optimisa-
tion of the geometry of a [Zr(Ind),] complex was accom-
plished by means of B3LYP calculations!"""! with a VDZP
basis set (see Computational Methods). In the obtained
molecule (Figure 1) one of the indenyl ligands is coordinat-

dz.c=2.28-2.87 A(Wi=0.16-0.57)

dz.c=248-262 A(WI=0.13-0.29)

Figure 1. Optimised geometry (B3LYP/VDZP) of a [Zr(n’-Ind)(n’-Ind)]
complex. The range of Zr—C bond lengths (A) and the corresponding
Wiberg indices (W1, italics) are indicated.

ed in the usual n>-mode, while the second ligand is severely
bent over the central C.—C_ bond so that all its nine carbon
atoms approach the metal in an unprecedented n’-coordina-
tion mode (see above for the labelling of the indenyl carbon
atoms).

It should be noted that during the course of the work
here described, structures of [Zr(n’-Ind)(n’-Ind’)] com-
plexes with indenyl ligands substituted in the C, and C,, po-
sitions have been experimentally determined by X-ray crys-
tallography in an independent work developed in Paul Chir-
ik’s group.?”! Besides the structural data, the results report-
ed include a kinetic study of the fluxional process corre-
sponding to the interconversion between the two Ind ligands
with determination of the activation parameters, its depen-
dence on the Ind substituents and the reactivity of the [Zr-
(Ind),] complexes with unsaturated organic molecules.

The geometry calculated for [Zr(n’-Ind)(n’-Ind)], and
represented in Figure 1, compares well with the experimen-
tal structure, especially considering that in the latter the two
indenyl ligands have isopropyl groups attached to C, and
C,™ (see Table 1). The experimental d,_ distances range
from 2.48 to 2.54 A for the five-coordinate atoms in n’-Ind,
and from 227 to 2.78 A for the n’-coordinate ligand. The
corresponding optimised range of values are represented in
Figure 1. The calculated angles are also in good agreement
with the experimental values. For example, the practically
linear arrangement, ct(n’)-Zr-ct(n’), experimentally verified
(174°) is well reproduced by the calculations (175°). The pa-
rameters ct(n*) will be used throughout the text to denote
the “coordination midpoint” of the Ind ligand in the differ-
ent modes, corresponding to the centroid of the C; ring for
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Table 1. Experimental® (in parenthesis) and calculated Zr—C coordina-
tion distances [A] for the [Zr(n>-Ind)(n’-Ind)] complex.

Zr—C 7’-Ind n’-Ind

C, 2.501 (2.517) 2.869 (2.784)
G 2,516 (2.536) 2,666 (2.574)
Cy 2.481 (2.485) 2.637 (2.626)
C. 2.624 (2.539) 2293 (2.255)
C. 2,606 (2.528) 2280 (2.267)
c, - 2412 (2.334)
C, - 2.391 (2.386)
C - 2.552 (2.487)
C. - 2.543 (2.501)

[a] In the experimental structure the two indenyl ligands have isopropyl
groups attached to C, and C,,.

a n>-Ind ligand, the centroid of the benzene ring for a n°co-
ordination, and the midpoint of the C.—C, bond for a n’-ge-
ometry. The rotational angle between two indenyl ligands in
a bis(indenyl) species, with one 1*-Ind and one 1’-Ind, may
be defined as the torsional angle (C.—C,)-ct(n")-ct(n*)-(C.—
C.), in which (C.—C,) is the midpoint of the C.—C, bond in
each ligand. In the [Zr(n’-Ind)(n’-Ind)] molecule this angle
(B, see Scheme 2) reflects a gauche-conformation of the mol-

ecule; its calculated value (89°) compares well with the ex-
perimental value (85°). The most striking geometrical fea-
ture of the Ind coordinated in a m’-mode is, perhaps, the
fold angle (o) observed between the plane of the Cs ring
and the plane of the benzene ring. This can be define as the
angle C,-ct(n’)-(C.—C.), and
the agreement between the op-
timised value (146°) and the
experimental one (142°) is also
good.

If the Ind coordinated in a
n’-fashion is fully engaged in
the bonding to the metal, then
the species [Zr(n’>-Ind)(n’-Ind)]
corresponds to a saturated 18-

Scheme 2.

a) c-C

electron complex. This some- T

how surprising result, taking
into account that it is a com-
plex with a Group 4 metal and
only two indenyl ligands, is
confirmed by a deeper analysis
of the electronic structure of
the molecule. The d,,  distan-
ces obtained for the n’-Ind
ligand are within the bonding
range, although some are on

the long side, and are compa-  Scheme 3.
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rable to the ones optimised for the “normal” n’-ligand (see
Figure 1). The longer Zr—C distances correspond to C, and
Cy, 2.64 and 2.67 A, and C,, 2.87 A all the bond lengths to
the benzene ring are within 2.55 A (Zr—C,,). The values of
the previous distances could suggest the absence of signifi-
cant bonds between the metal and the three allylic carbons
of the Cs ring, but some caution should be taken on a geo-
metrical analysis based only in distances. In fact, the use of
an electronic parameter such as the Wiberg index (WI),*" a
well-known bond-strength indicator, changes the previous
picture in a substantial manner. Although Zr—C, corre-
sponds to the longest bond length in the molecule, its
Wiberg index (0.16) indicates the existence of a bond and is,
in fact, higher than those found for the two bridgehead car-
bons (C, and C.) in the indenyl group coordinated in the
usual 1’-mode (W, _=0.13), despite the shorter Zr—C,
bond lengths (2.61, 2.62 A).

The coordination geometry of the n’-Ind in the complex
of Figurel is reminiscent of Group4 pentalene com-
pounds.”? Pentalene (CgH*") is formed by two Cs rings
fused by one C—C bond. However, the differences in sym-
metry between pentalene and indenyl and, consequently, the
corresponding differences on the orbital characteristics of
the two ligands,® make them different ligands. For exam-
ple, pentalene was found to be only a 9-electron donor in
[Ti(n*-CsHg),] ¥ since the highest occupied molecular orbi-
tal (HOMO) of the ligands finds no symmetry match among
the metal orbitals. Should the complex in Figure 1 be an 18-
electron species, then the n’-Ind must be a 10-electron
donor. More interesting is the comparison between [Zr(n’-
Ind)(n’-Ind)] and the bent zirconocene butadiene complex,
[ZrCp,(2,3-dimethylbutadiene)],” or its ansa analogues.”
The bond lengths and Wiberg indices (italics) relevant for
the comparison are present in Scheme 3a, for the bis-
(indenyl) complex.

2.39 A (Wi = 0.51)

142 A (Wi =1.26) \

141 AW =1.37)

L N) 254A W= 027)
/25-5"A(W/=025)

142 A (Wi = 126)Qgl 241 A (W= 0.48)
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The overall coordination geometry of the benzo portion
of the n’-Ind (Cyq and C,,) in [Zr(n’*-Ind)(n’-Ind)] is similar
to what is found in the butadiene complexes. Nevertheless, a
few subtle differences exist. In the butadiene species the co-
ordination of this ligand approaches a metallocyclopen-
tene,?! with the establishment of two Zr—C o bonds to
the outer butadiene atoms and some C=C double-bond
character between two inner ones. This tendency is attenuat-
ed in the bis(indenyl) complex, in which the coordination of
the benzo portion the n’-ligand is close to what would be a
n'-butadiene. This is better analysed by looking at the C—C
bond lengths, since the Zr—C distances are affected by steric
constraints absent in an “independent” butadiene, but pres-
ent in the indenyl ligand, in which the benzo portion is at-
tached to the Cs ring. A clear tendency towards a bond al-
ternation exists in [Zr{Me,C(CsH,),}(butadiene)] with the
butadiene C—C inner distance 0.07 A shorter than the outer
ones, while in [Zr(n’-Ind)(n’-Ind)] the corresponding differ-
ence is only 0.01 A. In addition, the establishment of four
Zr—C bonds between the metal and the benzo carbons of
n’-Ind is confirmed by values of the corresponding Wiberg
indices, indicative of strong interactions (WI>0.25). In con-
clusion, the [Zr(n’-Ind)(n’-Ind)] complex can be described
as intermediate between a Zr" d* species and a Zr" d’ mole-
cule (Scheme 3b). In the former case, the benzo part of the
n’-Ind is equivalent to a neutral n*butadiene, while in the
latter it corresponds to a dialkyl, a formally dianionic
ligand.

The analogy with the butadiene complexes may be used
to understand the saturated character of [Zr(n’-Ind)(n’-
Ind)] by an analysis of the occupied frontier orbitals of this
molecule. In fact, the orbitals represented in Figure 2 can be
viewed as resulting from the combination of the well-known
frontier orbitals of a bent metallocene fragment,”” with the
first three m orbitals of butadiene, similar to what has been
found for Zr-butadiene complexes.” Thus, the HOMO of
the bis(indenyl) complex results from the combination of
metallocene 3a; and butadiene m; orbitals, the HOMO-2
represents the mixture of metallocene 2b; and butadiene m,
orbitals and HOMO—4 derives from the combination of
metallocene 4a, orbital with the first butadiene st orbital, ;.
The three frontier orbitals of each fragment are involved in
occupied molecular orbitals that accommodate the corre-
sponding six electrons. The result is, formally, a pair of 2-
electron donations from the benzo ring of Ind to Zr and a 2-
electron backdonation from the metal to the ligand. This
electronic structure confirms the saturated character of the
molecule and, consequently, its description as an 18-electron
complex. Moreover, the participation of C, and C,, and thus
the n*-character of the coordination of the benzo part in 1’-
Ind, is verified in all orbitals of Figure 2, especially in
HOMO-—4. It should be noted that given the absence of
symmetry in the molecule, the interactions represented in
Figure 2 are, in fact, mixed with other interactions and par-
ticipate in other molecular orbitals. The occupied molecular
orbitals HOMO—1 and HOMO-3 also have bonding char-
acter between Zr and Ind, involving d orbitals of the metal
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Figure 2. Occupied molecular orbitals of Zr(n’-Ind)(n’-Ind)] that can be
viewed as formally resulting from the mixing of the frontier orbitals of a
bent metallocene fragment and a butadiene. The relative energy of the
orbitals (kcalmol™") is indicated.

and the & system of the ligands. Being not relevant to the
discussion above they are not represented in Figure 2 for
the sake of clarity.

The possible mechanisms for the Ind interconversion in
[Zr(n’-Ind)(n’-Ind)], a process known to occur in solution,?”
are depicted in Scheme 4. The basic motions on the original
1°/m’-complex (centre of Scheme 4) correspond the dissocia-
tion of the benzo part of n’-Ind (1), the dissociation the al-
lylic part of the Cs ring of the same ligand (2) and the coor-
dination of the benzo portion of the n’-Ind (3). The simplest
mechanism would be a concerted one with the simultaneous
dissociation of the benzo part of n’-Ind and coordination of
the equivalent atoms in the n*-ligand (1+3). This is mecha-
nism I in Scheme 4. All the other possibilities involve a
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e
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2‘/@\1*\ ) n Zr (la) M\Z/\ (Ilib) \er
f T oY f - Zr
<z, @9 = G (A
nm’ n’m’ n'm’
v @)

Scheme 4.
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mechanism that follows two or more steps. Mechanism II
corresponds to the dissociation of the benzo part of n’-Ind
leading to a bis(1’) species. This a symmetrical molecule, as
far as the Ind coordination mode is concerned, and by fol-
lowing the same mechanism on the other Ind ligand will
produce the n’m’-species with exchanged ligands. Mecha-
nisms III and IV involve the dissociation of C, and C,; on
the five-membered ring of the n’-Ind. In III this is compen-
sated by the coordination of the benzene ring of the ’-
ligand, yielding an n°n’-species, while in IV this does not
happen and an n’/n°-complex is produced. These intermedi-
ates (n°m’ or n’/m°) would, then, suffer the interconversion
process in a second step and, finally, a third step, similar to
the first one but involving the other ligand, produces the
1’ /m’-species with interchanged ligands.

Numerous attempts were made to obtain a transition
state corresponding to a concerted mechanism (I) without
success, suggesting that this is not the mechanism for the
fluxional process observed. As previously noted,” this
would correspond to an associative mechanism in an elec-
tronically saturated 18-electron complex, and, thus, an un-
likely one. In fact, such a mechanism had to include a transi-
tion state with two symmetrically coordinated Ind, with a
coordination geometry intermediate between n* and n’. The
HOMO of a model with those characteristics is depicted in
Figure 3, showing the existence of antibonding interactions
between the metal and the C.. atoms in the two ligands,
and justifying why a concerted mechanism is unfavourable.

Figure 3. HOMO of a model with two symmetrically coordinated Ind
with a coordination geometry intermediate between 1’ and 1°.

The investigation of a mechanism occurring in two or
more steps must start by the identification of the intermedi-
ates involved. This was accomplished by a thorough search
of the appropriate potential-energy surfaces (PES) allowing
the optimisation of all the isomers in Scheme 4, with differ-
ent indenyl coordination modes, namely, W’/m’-, W’/n’-, n°’-
and 1’/°-[Zr(Ind),] complexes. It should be noted that two
isomers with n’/’-geometry were found; one with singlet
spin state (§=0) and one with a more stable spin triplet
(§=1). This and the relative stability of the different iso-
mers will be addressed below, when discussing the mecha-
nisms for the Ind interconversion. Three conformations
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were considered for each one of those isomers: syn, gauche
and anti (see Scheme 5).

0 & w0

gauche anti

Scheme 5.

Given the number of isomers and conformers involved,
an intuitive notation is used in which the first character de-
notes the conformation (S for syn, G for gauche and A for
anti), and the two following numbers represent the hapticity
of the two indenyl ligands. Thus, the n’/n’-complex in the
gauche-conformation, represented in Figure 1 and discussed
above, is G59. The three conformers for the 1’/n’-species, as
well as the energy profile for the indenyl rotation, are repre-
sented in Figure 4.

fi=34°

= 13g*
f=0" T -

—ai T{ TSSBg(; Jﬁ? TS5%a 5 1500
W7~ o ,gg?* -
.L‘é’&: 7 A59

550 25

Figure 4. Energy profile for the rotation of indenyl in the n’/n’-[Zr(Ind),]
complexes. The minima and the transition states were optimised
(B3LYP/VDZP) and the obtained structures are presented. The energies
(kcalmol ') are referred to the more stable conformer (gauche), and the
values in italics represent energy barriers. The rotating indenyl is shaded
and the rotation angle (/) is indicated for all the species.

The profile in Figure 4 indicates that the stability differ-
ence between the three conformers is minimal, within
2.5 kcalmol™. All the n’/n’-species are readily accessible,
since rotation occurs smoothly with a maximum activation
energy of 3.5 kcalmol . This corroborates the experimental
finding that the rotation does not stop, even after freezing
the interconversion process.’”! The rotation occurs minimiz-
ing the energy costs as the coordination geometry of each
ligand is maintained, and the transition states present rota-
tion angles intermediate between the values obtained for
the two corresponding minima. Interestingly, an X-ray struc-
ture has been determined for an anti-conformer of [Zr(n’-
Ind’)(n’-Ind’)] with indenyl ligands substituted at the Cyy,
atoms with SiMe,fBu. This shows that the small energy dif-
ferences between the conformers can easily be overtaken by
the stereochemical influence of indenyl substituents or by
crystal-packing effects. The calculated geometry for AS9
matches the experimental structure well, taking into consid-
eration the differences between the ligands, with mean and
maximum absolute deviations of 0.03 and 0.13 A, respective-
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ly, for the Zr—C bonds, and 2-3° differences for the relevant
angles: o, B and ct(n’)-Zr-ct(n’). The energy profiles for the
indenyl rotation in the other isomers, n°/n’ (S=0 and S=1),
and n%n’ are presented in Figure S1 in the Supporting Infor-
mation. The energy barriers for the rotation increase as the
isomer becomes less stable, the highest calculated value
being 6.8 kcalmol™! for the n®n’-species. The species with
1’/m’-coordination, a spin triplet (S=1), was not considered,
since it corresponds to the less stable isomer that is too de-
stabilised with respect to G359 to participate in the intercon-
version mechanism. The energy difference between the
1°/m’-species and G59 is 13.7-14.4 kcalmol !, for the three
conformers, $56, G56 and AS6.

The stability differences of the isomers, with differing co-
ordination of the two indenyl ligands, is better addressed in
the context of the mechanisms obtained for the interconver-
sion process, in which the isomers appear naturally as inter-
mediates. The less stable isomer of [Zr(Ind),] present in the
calculated mechanisms is the n°%n’-species (G69), the inter-
mediate of mechanism III in Scheme 4. The calculated
energy for G69 is 13.4 kcalmol ' above G59. The difference
between the two complexes is the presence of an indenyl co-
ordinated in a n’-mode in one molecule, and a n°-Ind in the
other; the second ligand is in both cases n’-Ind. The reason
for the stability difference may be found by an analysis the
Zr—Ind bonds in both complexes (see Scheme 6). An n’-co-

Wi=014-0.25
~ Weaker
Cn-Ind) = -0.60 l donation
|

c@zn=119 Zr
,% \ l Weaker
< =/ y backdonation
<
Cln'*Ind) = -o.sgw

Wl=016-043

Wi=013-0.29
Cf-indy=-049 < po | Stronger
‘ donation

czn=1.21 7r

{ \ Stronger
Ny :
Clf-Ind) = -0.73 & /// backdonation

Wi=0.16-0.51

Scheme 6.

ordinate Ind ligand establishes weaker bonds with the metal
than n’-Ind ligands, as suggested by the Zr—C Wiberg indi-
ces (WI=0.14-0.25 for G69, and 0.13-0.29 for G59), and by
the charges of the two ligands, obtained by means of a natu-
ral population analysis (NPA).?® The n’-Ind ligand in G69 is
more negative (—0.60) than the w’-Ind ligand in G59
(—0.49), showing that the ligand acts as a better donor in
the latter case, and justifying a stronger bond to the metal.
A synergetic effect occurs and the Zr—(n’-Ind) bond is also
stronger in the n’/n’-species (GS59), since the n’-Ind pushes
more electronic density to the metal and, thus, reinforces
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the backdonation from Zr to n’-Ind moitey, as shown by the
charges and WI in Scheme 6. The result is an overall gain in
stability for the [Zr(n>-Ind)(n’-Ind)] isomer. The n’/n’-spe-
cies have intermediate stability between the more stable
[Zr(v’-Ind)(n’-Ind)] complexes and the 1°n’-isomers.

The indenyl interconversion mechanisms obtained for the
gauche-conformers are represented in Figure 5. The corre-
sponding energy profiles for the syn- and anti-conformers
are presented in Figures S2 and S3 in the Supporting Infor-
mation.

The energy profile for mechanism III (top of Figure 5)
shows a mechanism in three steps. In the first, there is a si-
multaneous slippage of one ligand from 1’ to n® and of the
other indenyl from 1’ to ’, going from G59 to the corre-
sponding n°/n’-isomer, G69. In the second step the coordina-
tion mode of the two indenyl ligands in exchanged in G69,
and in a final step, equivalent to first, the more stable form
(G59) with interconverted coordination modes of the two
indenyl ligands is produced. In the first transition state,
TS¢s6.gee» the dissociation of the allylic part of the n’-Ind in
the reactant GS59 is complete, as shown by a practically
planar ligand with a long Zr—C, distance (4.02 A). However,
the second motion is far from finished, that is, the coordina-
tion of the benzo part of the originally n’-coordinated Ind in
G359 (shaded in Figure 5) is only incipient, with long Zr—C,
distances (3.15, 3.19 A) and corresponding weak interactions
(WI=0.08, 0.10). This indicates a dissociative nature for the
mechanism, as expected for an 18-electron complex (see
above). The second step, the interchange between the two li-
gands in G69, occurs through a transition state, TSgg, With
two indenyl ligands symmetrically coordinated in n’-mode.
Again, both ligands are essentially planar in TSge showing
the dissociative nature of this step, as the bonds between the
metal and the allylic part of the n’-Ind in G69 are broken
prior to the formation of the equivalent bonds in the ligand
changing from n® to v’. The [Zr(n’-Ind)(n’-Ind)] with ex-
changed ligands is formed in a final step, equivalent to the
first one. The overall activation energy for the mechanism is
20.8 kcalmol ' Interestingly, the dissociative nature of the
mechanism allows the maintenance of the bonding character
of the HOMO of the involved species, in contrast to what
would happen in a concerted mechanism (see Figure 3 and
its discussion above). The corresponding orbitals are pre-
sented in Figure S4 in the Supporting Information.

The mechanism corresponding to the profile in the
bottom of Figure 5 involves 1°/n*-intermediates, being mech-
anism II in Scheme 4. Two such intermediates were found,
*G55 and 'GS55, were the superscript denotes the spin multi-
plicity, given by 2S+1, S being the total spin of the mole-
cule. Although the two n’/y’-species are geometrically
equivalent, with Zr-C distances within 0.02 A and a differ-
ence of 1° between the ct(n®)-Zr-ct(n’) angles, the spin-trip-
let isomer, G55, is more stable than its singlet analogue by
2.7 kcalmol™, as expected for a d* metallocene.””) A reac-
tion path from GS59 to the more stable of the n’/n’-inter-
mediates, G55, is in fact a “spin forbidden” one and has to
go through a minimum-energy crossing point (MECP) of
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Figure 5. Energy profiles for the interconversion mechanisms of the two indenyl ligands in [Zr(n’-Ind)(n’-Ind)]
in the gauche-conformation. Mechanism II (bottom) involves n’/n’-intermediates, and mechanism III (top)
goes through the n°xn’-isomer. The relevant points were optimised (B3LYP/VDZP) and the obtained struc-
tures are presented. The energies (kcalmol™) are referred to the more stable conformer (G59), and the values
in italics represent energy barriers. One indenyl is shaded and the fold angle (a) is indicated for all the species.
The plain curves correspond to the spin-singlet (S=0) PES and the dashed curve to the spin-triplet (S=1)

PES.

the two potential-energy surfaces (PES), that is, the spin sin-
glet and the triplet surfaces. This corresponds to the lowest
energy point at which the geometry and the energy of the
molecule in the two surfaces are the same. Once that point
is reached, the system has a given probability of changing its
spin state and hops from one surface to the other, giving
rise to the corresponding “non-adiabatic” or “spin-forbid-
den” reaction.” This is illustrated on the right part of the
bottom profile in Figure 5 for the reaction that converts di-
rectly G59 in *G55. In the corresponding MECP, MECP s
Gs9» the slipping indenyl has a fold angle (163°) intermediate
between the one found in the n’-Ind existing in G59 and the
flat n’-ligand of *G55. Another possibility is the participa-
tion of the singlet n’/n’-species 'G55 in the mechanism. This
process corresponds a slippage of one ligand in the reactant
(G59) from n’- to n’-coordination, with the reaction occur-
ring in the spin-singlet PES. The 'GS55 intermediate is
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reached through a transition
state TSgso_gss, in Which the un-
folding ligand has a coordina-
tion mode in between 1’ and
1° (a=164°), and an activation
energy of 12.3 kcalmol !, being
significantly smaller than the
one involved in a direct trans-
formation from G359 in G55
(20.9 kcalmol™).  Thus, the
most favourable process to
reach a bis(’) complex from
the n’/n’-molecule involves the
singlet intermediate 'G55. This
is also the first step of the
mechanism for the Ind inter-
conversion in [Zr(n>-Ind)(n’-
Ind)] with lower activation
energy. In fact, an interconver-
sion mechanism for the two li-

TSgsa-ces

-.-'*’

A
J-I-\' G59

e

-

0

MECPgss gss
a= 163"

a=178° gands in [Zr(n>-Ind)(n’-Ind)]
involving the n’n’-intermedi-

ates ('G55 and *GS55) is con-

G59 ceptually simple. Once these
_j:‘f_" i intermediates are reached, the

coordination mode of the two
ligands is equivalent and the
interchange may occur by fol-
lowing the same process with
the second ligand (Ila in
Scheme 4). From the singlet 1/
n’-species ('G55) the system
only has to overcome a
2.0 kcalmol ™ barrier to yield
the corresponding triplet ana-
logue *GS55. The geometrical
similarity between the two
molecules makes the corre-
sponding MECP (MECPs;s)
easy to reach and, in fact,
easier than TSgs_gss. However, even if 'G55 yields *G55
more easily than G359, at least in activation energy terms,
the mechanism for the interconversion has to follow the
same route back, going through MECPgss, given the high
energy of MECPgss gso- In the case of Figure 5 this corre-
sponds to the following sequence: G59 —TSgsy gss—'G55—
MECP ;5 —>G55 -MECP 355 —'G55 —TSgs0 gss—G59.  In-
terestingly, this is also a dissociative mechanism, since the
1’-Ind ligand dissociates its benzo portion from the metal,
while the second ligand remains n’-coordinate. In this proc-
ess the HOMO of G59 changes from a bonding orbital
(Figure 2) to a metal-centred nonbonding one, the known
3a, of a metallocene,””! avoiding the antibonding interaction
that would occur in a concerted mechanism (see Figure 3).
The HOMO of the more relevant species G359, TSgso_gss and
G55, are represented in Figure S4 in the Supporting Infor-
mation.
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Similar conclusions may be drawn from the energy pro-
files involving the two other conformations of the complex,
syn and anti (see Figures S2 and S3 in the Supporting Infor-
mation). In all cases the most favourable path for the Ind in-
terconversion in [Zr(n*-Ind)(n’-Ind)] is a mechanism with
the n’/’-complexes as intermediates. The calculated activa-
tion parameters for the process, all conformations consid-
ered (AH"=11.3-13.4 kcalmol ' and AG;,,=10.5-12.4 kcal
mol™"), compare very well with the experimental values de-
termined for [Zr(n>-Ind’)(n’-Ind’)] with indenyl substituted
in the C,, positions: AH*=14.5-20.4 kcalmol™' and
AG},,=13.8-16.9 kcalmol ")

Methane reductive elimination from [Zr(Ind),(Me)(H)]: A
[Zr(Ind'),] species such as the one discussed above was first
identified following the alkane reductive elimination of a
alkyl hydride complex, [Zr(Ind"),(X)(H)].'! In this work, a
model with nonsubstituted indenyl ligands and methyl as
the alkyl ligand, X, is used in order to study the mechanism
of this reaction. The optimised structure obtained for [Zr-
(Ind),(Me)(H)] can not be compared to published X-ray
data of an analogous species, that 1is, a Zr-bis-
(indenyl)alkylhydride complex, since a Cambridge Structur-
al Database (CSD)P” search on such complexes yielded no
results. However, the calculated structure is typical of a Zr'
complex of the type [Zr(Ind),X,] and may be compared, for
example, with the crystal structure of the dimethyl molecule
(X=Me).P! The optimised Zr—C distances are within
0.04 A of the experimental values for the indenyl carbon
atoms, and within 0.01 A for
the methyl ligand. For the
pseudo-tetrahedral angles
around the metal, X-Zr-X, the
differences are 4° in the calcu-
lated and experimental struc-
tures.

The first mechanism investi-
gated for the methane reduc-
tive elimination and the conse-
quent formation of [Zr(Ind),]
was one in which the structure
of this complex was such that
the two indenyl ligands have

= 134"
ZH=184 AWi=082 o
ZrC=226A(WI=073) _gldEF
CH=318 AW =001 “* W

cies with closest geometrical arrangement of the ligands is
the anti-conformer of the n’/n’-complex, AS9. The energy
profile obtained for this mechanism is represented in
Figure 6.

The mechanism in Figure 6 follows three steps. In the first
step the relative conformation of the two Ind ligands goes
from gauche in A to anti in A’, reaching the arrangement
that exists in the product, A59. In the second step the Ind
slips from a 1’ to a n° going through a transition state,
TS With the ligand coordinated in an intermediate geom-
etry, and producing intermediate B, a species with one 1’-
Ind and the other ligand coordinated by the benzene ring in
a n°-mode. The last step in Figure 6 mechanism corresponds
to the methane reductive elimination from B and yields the
final products, A59 and methane. It is interesting to note
that in the corresponding transition state, TSy s, the slip-
ping Ind is still rather planar and both the methyl carbon
atom and the hydride are still coordinated to the metal. The
system then evolves to the products by loosing methane and
forming AS59, with slippage of n°Ind to a n’-mode, compen-
sating the loss of the two ligands.

The overall activation energy for the mechanism repre-
sented in Figure 6 is rather high, 42.9 kcalmol ', and, there-
fore, an alternative process was investigated, in which the
methane elimination occurs in the bis(n’-Ind) molecule, A.
The corresponding energy profile is depicted in Figure 7.

The mechanism of Figure 7 includes two steps that con-
cern the spin-singlet PES. In the first step there is elimina-
tion of methane producing a n”>-C—H adduct, C, which then
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found in the THF adduct. This fi= 98" a2 £Y C-H=1.09 A (Wi =0.94)
is a consecutive but distinct re- M:ﬁ:_m 87
action known to occur after i

the alkane reductive elimina- o ')__‘ e S A A e

tion (see Scheme 1) and its -_‘__‘.-‘-r""" ZnGn 228 A (W= 0.73

product,  [Zr(n™-Ind)(n‘-Ind)- v o C-H=3.10 A (W1 = 0.07)

(thf)] was characterised by X- 7

ray crystallography.™® The rel-
ative orientation of the indenyl
ligands in this complex corre-
sponds to an anti-conformation
of the two ligands (5=177°)
and, thus, the [Zr(Ind),] spe-

(italics) are presented.
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Figure 6. Energy profile for a mechanism of methane reductive elimination from [Zr(n’-Ind),(CH,)(H)] (A)
producing the anti-conformer of the [Zr(n’*-Ind)(n’-Ind)] complex (A56). The minima and the transition states
were optimised (B3LYP/VDZP) and the obtained structures are presented. The moving indenyl is shaded
light grey and the hydride and the methyl groups, dark grey. The energies (kcalmol™') are referred to A, and
the values in italics represent energy barriers. The more relevant geometrical parameters and Wiberg indices
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Figure 7. Energy profile for a mechanism of methane reductive elimination from [Zr(n*-Ind),(CH;)(H)] (A)
producing the gauche-conformers of the [Zr(n’-Ind),] intermediate (G55). The relevant points were opti-
mised (B3LYP/VDZP) and the obtained structures are presented. The hydride and the methyl are shaded.
The energies (kcalmol ™) are referred to A, and the more relevant geometrical parameters and Wiberg indi-
ces (italics) are presented. The plain curve corresponds to the spin-singlet (S=0) PES and the dashed curve

to the spin-triplet (S=1) PES.

dissociates to the products: methane and [Zr(n>-Ind),],
1G55. However, given the existence of a more stable spin-
triplet isomer of this species, *G55 (see above), the S=1
PES with the methane in the proximity of the Zr complex
was searched, yielding the dashed curve in Figure 7, purely
repulsive towards the formation of a triplet adduct. It
should be noticed that the mechanism in Figure 7 is equiva-
lent, in its general features, to the one previously obtained
for the same reaction with M(Cp), fragments, with M being
a Group 6 metal.’ An analysis of the spin-singlet surface
(plain line in Figure 7) shows that the elimination step is
closely related to the equivalent one in the previously dis-
cussed case (step 3 of the mechanism in Figure 6). The for-
mation of the C—H bond occurs while both the hydride and
the methyl are still coordinated to the metal (TS,¢) yielding
a 1-C—H adduct (C), with very loosely bound methane. In
this species, the formation of the C—H bond is complete and
the CH, moiety has practically the structure of free meth-
ane. In the last step, C dissociates into the products going
through a very shallow transition state, TSc gss (E,=
0.1 kcalmol™), involving only minor structural changes.
Since the spin-triplet species G55 is more stable than its
singlet analogue (see profile on the bottom of Figure 5) and
the formation of a methane adduct with *G55 is unfavour-
able, with the corresponding PES being steadily repulsive as
methane approaches the complex, then the two PESs have
to cross. The MECP obtained (MECP,,,) presents a Zr—Me
distance intermediate between TS, and C, but with a struc-
ture very similar to C. In fact, the three species correspond-
ing to n>-C—H adducts in Figure 7, MECPy,, C and TSc_gss,
have very closely related geometries. The most important
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energy barrier and, thus, the
rate-limiting step of the mecha-
nism represented in Figure 7 is
well determined (TS,¢), but one
question is still open. What com-
plex is formed, G55 or 'G55?
Or, in other words, how does the
reaction occur, all the way
through the singlet PES, or once
the MECP,,, is reached does the
system cross to the more stable
triplet surface ending up in
3G55? It is not possible to have
a final answer based solely on
energy values, but some impor-
tant considerations may arise
from such analysis. On the one
hand, the crossing point
(MECPy,,) is easily attained
from the n-C—H adduct, C
(0.2 kcalmol ™), but on the other
hand C should have a very short
lifetime, given the small energy
barrier (0.1 kcalmol™) needed
to overcome to yield the singlet
products, 'G55 and methane.
Thus, although MECP),, is easy to reach, the system should
not be in its vicinity, from the geometrical point of view, for
enough time to make this a viable path for a reaction and,
therefore, it most probably follows the singlet PES all the
way to the dissociation products. It is important to refer that
whatever intermediate results from the methane elimina-
tion, G55 or G55, the end dissociation product, as far as
the metallic fragment is concerned, [Zr(Ind),], will be the
same. The profile in the bottom of Figure 5 will be followed
yielding the most stable [Zr(Ind),] isomer, that is, the n*/n’-
complex in the gauche-conformation, G59. This is, in fact,
the product of the reaction, experimentally identified™ and
fully characterised.?”! Besides, since the interconversion be-
tween the two n’/n’-species (*G55 and 'G55), going through
MECPs;, is easier than their isomerisation to G59, which
has to go through TSgsy gss (see the bottom profile of
Figure 5 and its discussion above), both *G55 and 'G55 will
be intermediates in the methane reductive elimination, no
matter which one will result directly from the Figure 7 pro-
file.

The overall activation energy for the methane elimination
following the mechanism represented in Figure7 is
28.7 kcalmol '. To the best of our knowledge, there are no
experimental values of activation parameters for this reac-
tion with [Zr(n’>-Ind),(Me)(H)], but the ones measured for
the corresponding reaction with related complexes, [WCp,-
(Me)(H)] (AH*=25kcalmol™!, AGj,,=26 kcalmol ")
and [ZrCp,(iBu)(H)] (AH =25 kcalmol™, AGJ,,=24 kcal
mol"),[¥! compare remarkably well with the values calcu-
lated for the reaction represented in Figure 7. AH' =
AG,=28 kcalmol .
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Formation of the THF adduct [Zr(n*-Ind)(n°-Ind)(thf)]: The
THF adduct [Zr(n>-Ind’)(nInd’)(thf)] was obtained by the
reaction of the [Zr(Ind),] complex with THF (C,HzO), and
was fully characterised by X-ray diffraction. This species in-
cludes indenyl ligands with SiMe; substituents at the C,,,
positions and played an important role for the understand-
ing of the nature of the Zr sandwich complex.™> The opti-
mised geometry of the corresponding model, [Zr(n’-Ind)(n’-
Ind)(thf)] (D in Figure 8), is in very good accordance with

a= 157"

——C Z-0=363A(WI=0.09)

-}tass
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€ -
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Figure 8. Energy profile for the mechanism of formation of the THF
adduct, [Zr(n’-Ind)(n®-Ind)(thf)] (D), from A59 and THF. The minima
and the transition state were optimised (B3LYP/VDZP) and the ob-
tained structures are presented. The energies (kcalmol™") are referred to
D, and the value in italics represents the energy barrier. THF is shaded
and the more relevant geometrical parameters and Wiberg indices (ital-
ics) are presented.

the experimental structure, given the differences between
the two molecules, with mean and maximum absolute devia-
tions of 0.04 and 0.10 A for the bond lengths around the
metal, and a 2° maximum difference for the relevant angles,
L-Zr-L. One indenyl is coordinated in the common n’-mode,
by means of the Cs ring, while the other is bonded through
the benzene ring in a n’-mode. The two ligands are aligned
and have opposite benzene rings, in what may be called an
anti-conformation, f=177°(exptl) and 180°(calcd). The dis-
position of the indenyl ligands in the THF complex makes
AS59, the anti-conformer of the n’/n’-species, the most suit-
able [Zr(Ind),] complex to react with one molecule of THF
and yield the final product. In fact, the two Ind ligands have
exactly the same relative orientation in A59 and in the prod-
uct, [Zr(n’-Ind)(m’-Ind)(thf)]. Complex A59 is readily acces-
sible from the more stable conformer, G59, given the low
activation energy involved in the rotation of the indenyl li-
gands of the bis(indenyl) species (see the energy profile in
Figure 4).

The mechanism calculated for the formation of the THF
adduct (Figure 8) is a very simple one, following just one
step from the reactants, A59 and THF, to the final product,
[Zr(’-Ind)(n’-Ind)(thf)] (D). The n’-Ind in A59 dissociates
the allylic part of the Cs ring, opening a coordination posi-
tion that will be occupied by the THF molecule. The transi-
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tion state (TS,s0.p) is an early one, closest to the reactants
than to the product, with a still significantly folded Ind
ligand and a very incipient Zr—O bond, as shown by the cor-
responding geometrical parameters and Wiberg indices in
Figure 8. The reaction is favourable, from a thermodynamic
point of view (AE=—7.1 kcalmol™!), indicating that despite
the saturated nature of the [Zr(Ind),] species AS59, the steric
constraints imposed by the n’-coordination geometry of one
ligand produce a reactive species, and the system gains
energy even by the formation of an adduct with a poor
ligand such as THF. The activation energy calculated for the
process (E,=6.5 kcalmol ) is easy to reach, in good accor-
dance with a room-temperature reaction.

The search for an analogue of D with the two indenyl li-
gands coordinated in a n’-mode yielded a spin-triplet spe-
cies, [Zr(n’-Ind),(thf)] (F), 3.4 kcalmol ' more stable than
its n’/m’isomer D. The reasons for this stability difference
are related to the Zr—Ind bond strength for the two indenyl
coordination geometries, n° and 1°. As previously discussed
for the [Zr(Ind),] species, a n°-Ind coordination mode nor-
mally results in a weaker Zr—Ind bond than a n>-Ind ligand
and, consequently, in a less stable complex. The difference
in the spin state of the two isomers is also easily explained
(see Figure 9). A spin-triplet species is what would be ex-
pected for a d? bent metallocene with one donor ligand L.
The frontier orbitals of such a molecule consist of two
nearly degenerate nonbonding orbitals, 3a; and 2b;, centred
on the metal. The third frontier orbital for a bent metallo-
cene, 4a;, will be involved in the bonding to the ligand L,
THF in this case. The two metal electrons will be accommo-
dated in two degenerate (or nearly so) orbitals and the
result is a spin-triplet molecule. The nature of the orbital in-

_\ 5=0
(’" — LUMO
—o 54 keal mol™'
Q/Q 7 o
F S=1
Q‘; 3a,
Zr—O 4 2 keal mor™! 3a,

Cf;»/ 20,

X

2b,

,y

Figure 9. Frontier orbitals and energy splitting for [Zr(n’-Ind)(n’-Ind)-
(thf)] (D, top) and [Zr(n’-Ind),(thf)] (F, bottom).
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teractions between the metal and the benzene ring of a n’-
Ind justifies the spin-singlet state of D. The establishment of
a O interaction between 3a; and the coordinated benzene
ring breaks the degeneracy of the frontier orbitals and
yields a spin-singlet molecule. The resulting molecular orbi-
tal (HOMO) is similar to what is found for the [Zr(n’-Ind)-
(n’*-Ind)] species (see Figure 2).

Since the bis(n’-Ind) isomer F is more stable than the 1/
n’-complex D, a final question remains to be answered: why
is D the experimentally obtained product? The answer is
provided by the energy profile of Figure 10.

There are two limiting paths for the conversion of [Zr(n’-
Ind)(n’-Ind)(thf)] (D) into is n’/n’-triplet isomer, F. One is
to cross from the singlet PES to the triplet surface directly
from D. This is represented in the right side of Figure 10
and in the first step D has to reach the MECPp overcoming
a 20.6 kcalmol™" barrier and yielding the triplet complex E.
In this step the n’-Ind slips to a n’-coordination, maintaining
the relative orientation of the two Ind ligands as the system
moves from the singlet to the triplet surfaces. At the cross-
ing point, MECPy,, the slipping ligand is slightly folded and
its coordination is practically n’; the Zr—C, bond is almost
formed (2.81 A), while the Zr—C,,; and the Zr—C,,. bonds
are already broken (2.90 and 3.41 A, respectively). Once the
triplet intermediate E is reached the rotation of the indenyl
occurs smoothly, through a transition state TSgp which is
practically isostructural with E and without significant acti-
vation energy, resulting in the product F. In the second path,
represented on the left side of Figure 10, the Ind slippage
and rotation occurs in the singlet surface, yielding a singlet
species H, with a geometry analogous to that in product F.
Then the system crosses to the triplet surface, producing F
in a final step. The Ind slippage from 1% to n’ has a
20.6 kcalmol™" barrier, corresponding to TSp¢ This transi-
tion state has a geometry very similar to MECPy,g, discussed
above, with a slightly folded ligand and the n’-coordination
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mode of the slipping ligand almost reached (Zr—C,=2.81 A,
Zr—Cyy=294A and Zr—C,.=3.44A). The complex
formed (G), a spin-singlet bis(n’-Ind) species, is only
0.9 kcalmol ™ less stable than D. The Ind ligand in G rotates
in order to attain the conformation present in the final prod-
uct. This rotation step occurs smoothly (E,=0.7 kcalmol ™)
and the corresponding transition state, TSqy, presents a ge-
ometry intermediate between G and the resulting complex,
H, a n’/n’-singlet molecule with a geometry very similar to
the one existing in F. Interestingly, H is 0.6 kcalmol™ more
stable than the original isomer, [Zr(n’-Ind)(n’-Ind)(thf)]
(D), both being singlet molecules. The final product, F, is
obtained by a hopping of the system from the singlet PES to
the triplet surface, via MECPgy, a crossing point with a ge-
ometry in between H and F. The small energy barrier in-
volved (0.4 kcalmol™) reflects the negligible structural ar-
rangements needed to obtain MECPgy from H.

The energy profile in Figure 10 indicates that D is en-
closed in a potential well, and the activation energy
(20.6 kcalmol ') needed to yield the more stable isomer F is
apparently out of reach under the experimental conditions.
The more stable spin-triplet species, [Zr(n’-Ind),(thf)] (F),
could, in principle, be obtained warming the reaction mix-
ture, through the mechanisms represented in Figure 10.
However, decomposition takes place upon heating the THF
adduct, and C—O bond cleavage is observed.[*!

It is important to recall here that, experimentally, the
methane elimination and the formation of the THF adduct
correspond to two separate reactions, and the [Zr(n’>-Ind)-
(n’*-Ind)] complex, equivalent to G359, was actually isolat-
ed™ and fully characterised.”™ Once G59 is formed, the
most favourable path to the formation of a THF adduct
leads to the singlet complex, D (right side of Figure 11).

Another possibility of obtaining F, at least from the theo-
retical point of view, would be to carry the alkane elimina-
tion in the presence of THF. Should that be the case and the
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Figure 10. Energy profile for the conversion of [Zr(n’-Ind)(n®-Ind)(thf)] (D) into [Zr(n’-Ind),(thf)] (F). The relevant points were optimised (B3LYP/
VDZP) and the obtained structures are presented. The energies (kcalmol™') are referred to D, and the values in italics represent energy barriers. The
moving indenyl is shaded and the relevant angles (a and f) are indicated. The plain curves correspond to the spin-singlet (S=0) PES and the dashed

curves to the spin-triplet (§=1) PES.
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Figure 11. Energy profile for the formation of the two THF adducts (D and F) from the [Zr(Ind),] complexes.
The minima and the transition states were optimised (B3LYP/VDZP) and the obtained structures are present-
ed. The energies (kcalmol™') are referred to G59, and the values in italics represent energy barriers. The plain
curve corresponds to the spin-singlet (S=0) PES and the dashed curve to the spin-triplet (S=1) PES.

W’/n’-intermediate resulting from the elimination, G55 or
3G55 (see Figure 7), may be trapped forming the more
stable triplet adduct F (left side of Figure 11). In fact, 'G55
converts more easily to its triplet analogue ‘G55 (E,=
2.0 kcalmol™) than to G59 (E,=4.0 kcalmol™"). In addition,
a thorough search of the PES for the reaction of *G55 with
THEF yielded a completely attractive curve towards the for-
mation of F, and no transition state could be located. Never-
theless, the small activation energy needed to reach the
more stable isomer G59 from 'G55 can make the trapping
of *G55 by THF a difficult task, from the experimental point
of view. On the other hand, the discussion above and the
corresponding conclusions should be taken with some cau-
tion given the small energy differences involved. The validi-
ty of the theoretical model used may be crucial, since the
electronic and steric influence of the substituents on the C,;;,
atoms of indenyl, present in the experimental study, may
change considerably the relative energies of the relevant
species, such as different isomers, transition states or MECP.
For example, in a recent work, Hanusa et al.? found that
SiMe; or tBu on those same positions of Ind change the pre-
ferred conformation of [Cr(Ind),], favouring a low spin
state.

Conclusion

The zirconium sandwich species [Zr(n’-Ind)(n’-Ind)] are sat-
urated 18-electron Zr" complexes with one indenyl ligand in
a n’-coordination mode, with participation of its entire
system in the bonding to the metal and becoming a 10-elec-
tron donor. The indenyl rotation in these molecules is easy,
but the interchange process of the two ligands requires
higher activation energies, following a path involving /-
intermediates with two symmetrically coordinated n’-Ind.
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The methane reductive elim-
ination in the alkylhydride
complexes occurs directly in
the bis(n’-Ind) species, [Zr(n’-
Ind),(CH;)(H)], producing a
[Zr(n>-Ind),] complex that
then evolves the more stable
n’/m’-isomer, following a mech-
anism in which the rate-limit-
ing step is the first one.

The formation of the THF
adduct,  [Zr(n’-Ind)(n’-Ind)-
(thf)] occurs in a one step
mechanism, from [Zr(n’-Ind)-
(n’-Ind)] with the two indenyl
ligands in the right conforma-
tion. The complex experimen-
tally obtained, [Zr(n>-Ind)(n’-
Ind)(thf)], has a more stable
isomer, the bis(n>-Ind) com-
plex with spin-triplet state. The
high activation energies involved on the isomerisation pre-
vents this process from occurring under experimental condi-
tions.

It is important to note that the participation of the benzo
portion of the indenyl ligand in bonding to a metal, produc-
ing a geometrical distortion similar to the n’-coordination
found in the bis(indenyl) complex, may be responsible for
the stabilisation of electron-deficient intermediates, explain-
ing the long known increased reactivity of indenyl com-
plexes, with respect to their cyclopentadienyl analogues,
even for reactions that follow dissociative pathways.®

Computational Methods

All calculations were performed by using the Gaussian 98 software pack-
age,”” and the B3LYP hybrid functional, without symmetry constraints.
That functional includes a mixture of Hartree-Fock"®! exchange with
DFT!" exchange correlation, given by Becke’s three-parameter function-
al'”! with the Lee, Yang and Parr correlation functional, which includes
both local and non-local terms.”®!'”) The LanL2DZ basis set®* aug-
mented with an f-polarisation function® was used for Zr, and a standard
6-31G(d,p)*! for the remaining elements. This basis set is denoted
VDZP. Transition-state optimisations were performed with the synchro-
nous transit-guided quasi-Newton method (STQN) developed by Schle-
gel et al.™¥! Frequency calculations were performed to confirm the nature
of the stationary points, yielding one imaginary frequency for the transi-
tion states and none for the minima. Each transition state was further
confirmed by following its vibrational mode downhill on both sides, and
obtaining the minima presented on the energy profiles. The energy
values presented on the reaction profiles were not zero-point corrected,
since, on the one hand the maximum deviation between the zero-point
corrected and the uncorrected energies was 1 kcalmol ™' for all the sta-
tionary points, and, on the other the MECP are not stationary points and
a standard frequency analysis is not applicable.*”) However, the enthal-
pies and free energies discussed along the text only involve stationary
points and were obtained, at 298.15 K and 1 atm, by conversion of the
zero-point-corrected electronic energies with the thermal energy correc-
tions based on the calculated structural and vibrational frequency data.
A natural population analysis (NPA)?! and the resulting Wiberg indi-
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ces!l were used for a detailed study of the electronic structure and bond-
ing of the optimised species. Spin contamination was carefully monitored
for all the unrestricted calculations performed for the triplet species and
the open shell singlets, that is, all the n’/n’-species with S=0, but a more
stable triplet state. The values of (S?) indicate minor spin contamination
and are presented in the Supporting Information. The minimum energy
crossing points (MECP) between the spin-singlet (S=0) and the spin-
triplet (S=1) potential energy surfaces (PES) were determined by using
a code developed by Harvey et al.*¥! This code consists of a set of shell
scripts and Fortran programs that uses the Gaussian results of energies
and gradients of both spin states to produce an effective gradient point-
ing towards the MECP. The orbital drawings were obtained using the
program MOLEKEL 4.0.!

The basis set convergence, in size, was tested through the optimisation of
selected examples of the studied species with a valence triple-zeta basis
set with added polarisation functions (VTZP), consisting of the Stuttgart/
Dresden ECP (SDD)! basis set with an extra f-polarisation functiont!!
for Zr, and a standard 6-311G(d,p)"*”! for the remaining elements. The
geometries obtained at this level are identical to the ones obtained with
the smaller basis set (B3LYP/VDZP), and the differences in the relative
energies calculated with the two theoretical models are accordingly
small, even when different spin states are compared. For example, the
energy difference between the spin-triplet W’/’-[Zr(Ind),] intermediate
(*G55) and its n°/m’-spin-singlet isomer (G69), both in the gauche-confor-
mation, is 7.8 kcalmol™' with the B3LYP/VDZP model and drops to
7.3 kcalmol ! for the molecules optimised with the VTZP basis set. This
difference of 0.5 kcalmol * is perfectly suitable for the discussion here in-
tended.

The most accurate functional to describe energy differences between
states of different spin in organo-transition-metal complexes is still a
matter of discussion. Although the hybrid functionals, such as B3LYP,
can be a good choice in many cases, their 20 % admixture of exact ex-
change has been shown to overestimate the stability of higher spin states
in some systems. Modified hybrid functionals with 15% exact exchange
have been proposed, yielding better results in what concerns the energy
splitting between different spin states, especially for first-row transition-
metal complexes.***! To test the dependence of the system here studied
on the amount of exact exchange used in the functional, some chosen ex-
amples of the complexes described were recalculated by using a modified
B3LYP functional with 15% admixture of exact exchange (B3LYP*).
The geometries optimised with the modified B3LYP* functional were
identical to those obtained with the “normal” B3LYP. The same hap-
pened with the energy splitting between species with the same spin state.
For example, the difference in the relative energies for [Zr(n’-Ind)(n’-
Ind)] (G59) and [Zr(n°’-Ind)(n’-Ind)] (G69), optimised with the two func-
tionals was only 0.1 kcalmol'. However, slightly larger differences were
found in the relative stability of molecules with different spin states. As
expected, ! B3LYP tends to favour spin triplets with respect to singlets,
when compared to B3LYP*. For example, the energy difference between
the gauche-conformers of [Zr(n’-Ind),] (*G55) and [Zr(n’>-Ind)(n’-Ind)]
(G59) increased from 5.6 kcalmol ™', for the B3LYP optimised complexes,
to 7.5 kcalmol ™! when B3LYP* was used. This represents a difference of
1.9 kcalmol ™! for the energy splitting between the two isomers, depend-
ing on the amount of exact exchange included in the functional. Similar
values were obtained for the THF adduct. In this case, B3LYP* single-
point calculations were carried on B3LYP optimised geometries. The sta-
bility differences between singlet [Zr(n’-Ind)(n*-Ind)(thf)] (D) and triplet
[Zr(W’-Ind),(thf)] (F) were 3.4 (B3LYP) and 1.8 kcalmol™ (B3LYP*).
Here, the triplet was the most stable species and, again, the tendency of
B3LYP to favour the triplet state was noted with a difference of
1.6 kecalmol ™" on the relative stability of the two complexes, depending
on the functional. Although the system studied reveals some dependence
on the amount of exact exchange included in the functional, the differ-
ence on the energy splitting is not too significant (<2 kcalmol™), and
the use of B3LYP/VDZP geometries and energies along the text seems
adequate for the semi-quantitative discussion presented. This conclusion
is reinforced by two reasons. The first is that even with the noted tenden-
cy of B3LYP to favour the spin-triplet species, in the end these were not
found to play an active part on the more favourable reaction mechanisms
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proposed. The second, and perhaps more strong argument, is the excel-
lent agreement between the calculated activation parameters and the ex-
perimental data available for the alkane reductive elimination and for
the interconversion process between the two indenyl ligands in the [Zr-
(Ind),] complex.
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