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Introduction

Many Lewis acids containing Group 13 elements have been
successfully used in the last decade as activators of the met-
allocene single-site catalysts for olefin polymerization.[1]

These acids act as cocatalysts, by removing an R� group
from the catalyst precursor (the metallocene) to give an ion
pair constituted by the coordinatively unsaturated cation
and the anionic adduct between the acid A and the R�

group [Eq. (1)]. The stability and the dynamics of these ion

pairs greatly influence the effectiveness of the catalyst and
the characteristics of the polymerization process.[1]

Cp2MR2þA Ð ½Cp2MR�þ � � � ½RA�� ð1Þ

Fluoroarylboranes, and in particular the progenitor tris(pen-
tafluorophenylborane) B(C6F5)3,

[2] are among the more com-
monly used and effective activators. They give contact ion
pairs, that have been isolated and even X-ray characterized
in the solid state,[3–6] showing that the anion occupies the
vacant coordination site of the metal (inner-sphere ion pair),
with the B-bound R group (actually a methyl) in bridging
position between B and Zr (its distance from the Zr atom
being significantly longer than that of the true methyl
ligand).

Even if the ion pair is relatively tight, thorough stud-
ies[3,6–8] established the occurrence in solution of two types
of dynamic processes involving the borane moiety, shown in
Scheme 1 for the prototypical zirconocenium/B(C6F5)3 cata-
lyst [(1,2-Me2Cp)ZrMe]+[MeBAr(C6F5)2]

� .[7] Both the proc-
esses lead to dynamic symmetrization of the ion pair by the
exchange of the anion from one side of the zirconocene to
the other (without cleavage of the Me�B bond) or by the
exchange of the borane between the two Me–Zr groups.
The two processes can be distinguished through 1H NMR
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Abstract: The two ion pairs [(4,7-
Me2indenyl)2ZrMe]+[MeB(C6F5)3]

�

(1 b) and [(indenyl)2ZrMe]+

[MeB(C6F5)3]
� (2 b) have been generat-

ed in situ by reaction of stoichiometric
B(C6F5)3 with the corresponding di-
methyl zirconocenes. It has been shown
that molecular mechanics computa-
tions, guided by experimental 1H/1H
NOE correlations, can provide infor-
mation on the conformers present in
solution. The dynamics of the ion pairs
has also been investigated, showing the

occurrence of both the processes previ-
ously characterized for this class of
compounds, namely the B(C6F5)3 mi-
gration between the two methyl groups
and dissociation–recombination of the
whole [MeB(C6F5)3]

� anion, the latter
process being much faster than the first
one (about three order of magnitude).

Moreover, it has been shown that in
certain conditions intermolecular pro-
cesses can occur, which mimic the
above-mentioned dissociative exchang-
es. In particular, the presence of spe-
cies containing loosely bound
[MeB(C6F5)3]

� anion fastens the ex-
change of this anion, while the pres-
ence of free B(C6F5)3 accelerates its ex-
change between the two methyl sites.Keywords: boranes · ion pairs ·

metallocenes · molecular modeling ·
NMR spectroscopy
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analysis, since the second one causes dynamic equalization
not only of the diastereotopic protons within the p ligands
(as the first one), but also of the two Me groups bonded to
the metal atom.

The abbreviation ips (ion-pair separation) has been pro-
posed for the first process and d–r (dissociation–recombina-
tion) for the second one,[7] since dissociative mechanisms
were suggested for both the processes by the experimental
results concerning a series of [(1,2-Me2Cp)MMe]+[Me-
BAr(C6F5)2]

� ion pairs, containing different Ar substituents
on boron and M = Zr or Hf.

By contrast, a successive study of the anion exchange ki-
netics in [L2ZrMe]+[MeB(C6F5)3]

� ion pairs, generated in
situ by reaction of B(C6F5)3 with various ansa-zirconocene
dimethyl complexes, suggested that anion exchange occur-
red by way of ionic aggregates (such as ion quadruples),
rather than via dissociation of solvent-separated ions.[6]

However, a very recent study, employing both cryoscopy
and pulsed field gradient spin-echo NMR diffusion measure-
ments, did not provide evidence of significant aggregation
for ion pairs containing the methyl borate anion in the inner
sphere (whilst a tendency to form higher aggregates was
found for metallocenium cations with outer sphere
anions).[9]

We have now investigated the dynamics in [D8]toluene of
the ion pairs formed in situ by interaction of B(C6F5)3 with
the bisindenyl dimethyl zirconium complexes of Figure 2
and we have got evidence that in particular conditions (pres-
ence of free borane or of “free” methylborate anion or of
adventitious impurities) intermolecular processes can occur,
that contribute to indenyl symmetrization and emulate the
d–r or ips processes.

Moreover we have shown that, in spite of the high mobili-
ty of these systems, information on their solution structures
can be obtained by combining NOE data and computational

analysis. These studies not only confirmed that such species
exist in solution as inner-sphere ion pairs, but also provided
a picture of the preferred rotational isomers present in so-
lution.

Results and Discussion

Solution structures of [(4,7-Me2indenyl)2ZrMe]+

[MeB(C6F5)3]
� (1b) and [(indenyl)2ZrMe]+[MeB(C6F5)3]

�

(2 b): The two zirconocene complexes [(4,7-Me2inde-
nyl)2ZrMe2] (1 a) and [(indenyl)2ZrMe2] (2 a)[10] exhibit in
solution an apparent C2v symmetry, higher than the C2 sym-
metry observed in the solid-state structure of 2 a.[11] This in-
dicates rapid rotation of the two indenyl ligands around the
Zr–indenyl vector, causing the dynamic averaging of differ-
ent conformations, in line with the very low torsional energy
barrier of [(indenyl)2MX2] bent metallocenes.[12]

Scheme 1. Two dynamic processes leading to symmetrization of the Cp-
like ligands: ion-pair separation (ips) or borane dissociation–recombina-
tion (d–r).

Figure 1. Variable temperature 1H NMR of a) 1 b (32 mm) and b) 2b
(46 mm); the asterisks mark the signals of the solvent (the intensities of
these signals increase at low temperature due to faster relaxation).
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The addition of one equivalent of B(C6F5)3 to toluene sol-
utions of 1 a or 2 a causes the instantaneous formation of ad-
ducts 1 b or 2 b. Their 1H (Figure 1) and 13C NMR spectra
still show the equivalence of the two indenyl moieties (appa-
rent Cs symmetry even at 190 K),[17] indicating that even in
the ion pairs the two indenyl rings enjoy a conformational
freedom sufficient to create a pseudo mirror plane.

The indenyl protonic resonances have been assigned
through their low temperature mutual dipolar correlations
(1 b, Figure 3) and through their scalar correlations (2 b,
Figure S1 of Supporting Information). In both the adducts,
the two high-field signals of the Zr-bound and B-bound
methyl groups (hereafter Me–Zr, and Me–B, respectively)
were straightforwardly assigned, due to the broadening of
the latter signal for the coupling with the quadrupolar boron
isotopes.

The NOESY experiments also provided information
about the torsional isomers present in solution, based on the
correlations between the indenyl protons and the Me–Zr
and Me–B groups. In particular, in 1 b (Figure 3) Me–Zr ex-
hibits NOE correlations with the methyl group in position 7
(Me9) and with H1, whilst Me–B correlates with the methyl
in position 4 (Me8) and with H3. Such correlations imply
that the two indenyl rings do not enjoy complete rotational
freedom around the Zr–indenyl axis (since this would pro-
vide correlations of the same intensity with the protons on

both the ring sides), but rather oscillate between limit con-
formations. Moreover, the presence of specific H1/H3 (not
shown) and H2/Me8 dipolar cross peaks (Figure 3) lays
down some constraints on the mutual orientation of the p li-
gands, since these correlations can arise from inter-ring in-
teractions only.

In the case of the ion pair 2 b, the NOE data (Figure 4
and S2, Supporting Information) suggest again the presence
of one or more preferred rotamers: Me–Zr correlates
mainly with H2 and H3, and, to a minor extent, with H4
(and H1) while Me–B has correlations with H3, H4, and H1.
As far as inter-ring interactions are concerned, dipolar cross-
peaks are observed between H1/H3 and H2/H7 (Fig-
ure S2).[18]

In order to extract conformational information from the
observed pattern of NOE intensities a molecular mechanics
study has been undertaken, employing a force field parame-
terized on purpose to describe the geometry of the ion pair
(see Experimental Section).[19]

Structural analysis of small to medium-sized species are
usually faced by a preliminary search of the low energy iso-
mers (or conformations) of the molecule and by a subse-
quent check of their agreement with the observed NOE pat-
tern.[19] In the case of large-sized molecules, NOE intensities
are instead turned into a set of restraints to be used in dis-
tance geometry or molecular dynamics calculations.

Due to the paucity of experimental energy data available
for this class of compounds, our force field has been para-
meterized to reproduce geometries only and a direct search
of the more stable rotamers for the two complexes is not
viable. Moreover, for our system an important dependence
of the molecular conformation on the solvent can be antici-
pated and the comparison of the outcomes of a conforma-
tional analysis in vacuo with experimental data in solution
can be questionable. At the same time, distance geometry or
restrained molecular dynamics are difficult to apply to our
system since, due to the dynamic processes that lead to an
apparent Cs symmetry of the ion pairs and to the possible
presence of more than one rotamer in fast interconversion,
the observed intensities cannot be directly changed into a
suitable set of interproton distances.[19]

Figure 2.

Figure 3. Selected regions of a 1H NOESY experiment on 1b (211 K,
RD= 3 s, tm = 0.2 s, 12.5 mm). The asterisk marks a toluene resonance.

Figure 4. Selected regions of a 1H NOESY experiment on 2b (11 T,
215 K, RD =3 s, tm =0.25 s, 29 mm).
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However, assuming the B(C6F5)3 moiety adopts the usual
chiral disposition of the three aryl substituents, conforma-
tions of 1 b and 2 b can be completely described by just two
torsional angles involving the Zr–cp axes, namely cp’-Zr-cp-
C2 (t1) and cp-Zr-cp’-C2’ (t2) (cp refers to the centroid of
the indenyl five-membered ring; normal and primed atoms
refer to the “upper” and “lower” rings as depicted in Fig-
ures 5 and 6).

We decided to tackle the conformational problem by opti-
mizing a large set of possible structures for each ion pair,
constraining the t1 and t2 torsional angles at fixed values
from �180 to +1808 in steps of 188. For each generated
structure a set of effective distances dij,effective has been com-
puted taking into account the two processes implied in the
averaging of the interproton vectors, namely the fast rota-
tion of the methyl groups and the enantiomerization process
that lead to a dynamic Cs symmetry (see Experimental Sec-
tion for averaging details).[20]

The effective distances dij,effective obtained by NOE have
been subsequently employed to interpolate the experimental
intensities Iij. Due to the expected rotational freedom of the
systems under study, we decided to verify the hypothesis
that more than one rotamer are contributing to the determi-
nation of the observed NOE pattern according to the rela-
tionship

I ij / ninj

Xk

l¼ 1

wlðdij,effectiveÞ�6
l

in which ni and nj are the multiplicities of signals i and j, re-
spectively, wl is the relative weight of conformation l, and k
is the number of conformations considered.[21]

The usual determination coefficient r can not be used to
assess the effectiveness of adding more conformations to the
interpolation process because it always increases as the
number of independent parameters in the model increases.
Instead, two different criteria can be employed: the increase
in the adjusted determination coefficient radj,

[22] and the sig-
nificance of the contribution of the different rotamers.[23]

For both ion pairs 1 b and 2 b, we found the best description
requires two rotamers only: indeed, adding a third one, its
contribution resulted to be statistically negligible, and the
correspondent value of radj lowered.

In order to better describe the conformation of the rotam-
ers, a subsequent interpolation has been done employing a
finer grid in the vicinity of the previously found optimal
structures.[24]

Figures 5 and 6 depict the rotamers proposed for 1 b and
2 b, respectively; while a complete list of averaged interpro-
ton distances dij,effective along with the observed NOE intensi-
ties Iij are reported in Tables 1 and 2.

The two rotamers proposed for 1 b (hereafter 1 b-A and
1 b-B) correspond to the (t1 =�16, t2 =228) and (t1 =�56,
t2 =�788) conformations, respectively. They are present in a
ratio of 0.58(7) to 0.42(6), leading to a radj of 0.925. Rota-
mer A accounts for the majority of the Me–Zr and Me–B
interactions while rotamers B mainly explains the inter-ring
crosspeaks and contributes to the Me–Zr/H1 and Me–B/H3
correlations.

Figure 5. Front and top views of the two proposed rotamers for the ion
pair 1b. For clarity, hydrogen atoms of the indenyl moieties have been
omitted in the top view.

Figure 6. Front and top views of the two proposed rotamers for the ion
pair 2b. For clarity, hydrogen atoms of the indenyl moieties have been
omitted in the top view.
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The two rotamers for 2 b (hereafter 2 b-A and 2 b-B) cor-
respond to the (t1 =�56, t2 =�848) and (t1 =22, t2 =�1328)
conformations, respectively. They are present in a ratio of
0.59(6) to 0.41(6), leading to a radj of 0.939. The major ro-
tamer A accounts for both the majority of the Me–Zr and
Me–B interactions and the inter-ring cross peaks, while ro-
tamer B mainly accounts for the Me-Zr/H4 and Me-B/H3
correlations.

A survey of the Cambridge Structural Database[25] shows
that the different conformations found for 1 b and 2 b are
indeed quite common among (indenyl)2MX2 substituted de-
rivatives. The almost Cs symmetric structure of 1 b-A, in
which both the indenyl rings are directed toward the front
of the molecule, has been found in a variety of meso ansa-
bridged metallocenes, in particular in [1,1’-C2H4(4,7-Me2in-
denyl)2]ZrMe2.

[10] The conformation of the almost identical
rotamers 1 b-B and 2 b-A,[26] in which an open arrangement
of the indenyl moieties embraces the methyl borate anion,
has been found instead amongst a great number of racemic
ansa-bridged metallocene derivatives.

The markedly asymmetric structure of rotamer 2 b-B, in
which one of the indenyl ligands eclipses the Zr-Me-B inter-

action while the other points toward the back of the mole-
cule, might appear unusual. However, it has been previously
reported for some unbridged (or bridged by long chains) in-
denyl derivatives[27] and, more interestingly, for the ion pair
[(1,2-Me2Cp)2ZrMe]+[MeB(C6F5)3]

� , which can be straightly
related to 1 b assuming the two methyl groups substitute for
the benzo-condensed ring.[3b]

Dynamic behavior in solution of 1 b and 2 b : two main con-
formational processes are operative within ion pairs 1 b and
2 b : The above-discussed oscillation of the two indenyl
groups in the cationic moiety, and the fast rotation of the
C6F5 rings within the [MeB(C6F5)3]

� anion.[28] Neither of
these motions could be frozen, even at the lowest attainable
temperature.

On increasing the temperature, both the 1H (Figure 1)
and 13C NMR (for 1 b see Figure S5b of Supporting Informa-
tion) variable temperature spectra provided evidence of the
onset of other dynamic processes.

For 1 b, at first (T �254 K) a fluxional process that ex-
changes all the couples of signals of the indenyl ligand (H1/
H3, Me8/Me9, H5/H6, C1/C3, C8/C9, C4/C7, C5/C6, and
C3a/C7a) was detected, both by 2D 1H EXSY experiments
at 254 and 274 K and band-shape analysis. This is attributa-

Table 1. Experimental NOE intensities Iij for the ion pair 1 b and inter-
proton distances [�] for the two proposed rotamers.[a]

Iij
[b] Rotamer 1b-A Rotamer 1 b-B

I II I II

Me-Zr···H1 0.26 4.14 4.38 5.15 3.07
Me-Zr···H2 0.07 5.65 5.73 5.88 3.48
Me-Zr···H3 [c] 5.70 5.56 5.01 5.22
Me-Zr···Me8 [c] 6.18 5.78 4.57 7.42
Me-Zr···H5 0.04 4.90 4.58 3.99 7.72
Me-Zr···H6 0.14 4.05 3.98 4.05 7.10
Me-Zr···Me9 0.88 3.73 3.85 4.64 5.23
Me-B···H1 0.16 5.49 5.54 5.40 4.03
Me-B···H2 0.24 4.98 4.89 4.08 5.31
Me-B···H3 0.82 3.38 3.42 3.00 5.36
Me-B···Me8 0.98 3.91 3.88 4.40 5.73
Me-B···H5 [c] 4.77 5.00 5.84 5.06
Me-B···H6 [c] 5.55 5.93 6.71 4.46
Me-B···Me9 0.13 6.35 6.58 6.95 3.99
H1···H3’ 1.00 5.73 5.47 2.34 6.42
H1···Me8’ 0.06 7.95 7.90 3.85 7.40
H1···H5’ [c] 7.84 8.08 6.30 7.18
H1···H6’ [c] 6.88 7.26 7.45 6.73
H2···Me8’ 0.29 7.22 6.92 3.13 7.52
H2···H5’ [c] 8.17 8.13 4.69 6.62
H2···H6’ [c] 7.93 8.11 6.10 5.37
H2···Me9’ [c] 6.36 6.83 7.21 3.52
H3···H5’ [c] 8.18 7.95 6.04 7.52
H3···H6’ [c] 8.54 8.41 6.65 6.47
H3···Me9’ [c] 7.81 7.93 7.14 4.10
Me8···H6’ [d] 9.70 9.28 8.90 8.88
Me8···Me9’ [c] 9.49 9.25 8.42 6.88
H5···Me9’ [d] 8.73 8.35 9.19 8.97

[a] Short interproton distances are in italics. I and II indicate atoms (I)
and primed atoms (II) as shown in Figure 5. [b] Obtained from volume
integration of the 2D NOESY cross peaks. [c] Not detectable in the pres-
ent conditions. For interpolation purpose the Iij value has been set equal
zero. [d] In the experimental conditions only J cross peaks are ob-
served.[54]

Table 2. Experimental NOE intensities Iij for the ion pair 2 b and inter-
proton distances for the two proposed rotamers.[a]

Iij Rotamer 2b-A Rotamer 2 b-B
I II I II

Me-Zr···H1 0.25 5.04 5.08 5.84 3.77
Me-Zr···H2 0.74 5.88 3.36 4.75 3.00
Me-Zr···H3 0.70 5.10 3.10 3.17 4.40
Me-Zr···H4 0.48 3.96 5.33 3.34 6.51
Me-Zr···H5 [b] 4.03 7.23 5.21 7.89
Me-Zr···H6 [b] 3.98 7.79 6.44 7.72
Me-Zr···H7 [b] 3.91 6.78 6.34 6.07
Me-B···H1 0.38 3.09 5.39 4.46 5.39
Me-B···H2 [b] 4.09 5.20 5.47 4.23
Me-B···H3 0.67 5.37 3.81 5.05 2.89
Me-B···H4 0.46 6.20 3.21 4.29 4.06
Me-B···H5 [b] 6.63 4.45 4.38 5.67
Me-B···H6 [b] 5.74 5.13 4.22 6.58
Me-B···H7 [b] 4.06 5.10 3.66 6.21
H1···H3’ 1.00 6.33 2.38 5.64 4.01
H1···H4’ [b] 6.21 4.20 4.47 6.36
H1···H5’ [b] 6.33 6.39 3.82 8.14
H1···H6’ [b] 5.83 7.48 3.24 8.42
H2···H4’ [b] 6.05 4.02 5.96 6.40
H2···H5’ [b] 5.73 5.50 5.66 7.85
H2···H6’ [b] 4.33 6.68 4.20 8.26
H2···H7’ 0.49 2.96 6.69 2.58 7.37
H3···H5’ [b] 7.25 6.93 7.62 7.61
H3···H6’ [b] 6.02 7.25 6.70 7.30
H3···H7’ [b] 3.83 6.75 5.03 6.26
H4···H6’ [b] 8.55 8.87 8.51 6.85
H4···H7’ [b] 6.53 7.56 7.40 5.11
H5···H7’ [b] 8.52 8.46 8.75 5.13

[a] Short interproton distances are in italics. I and II indicate atoms (I)
and primed atoms (II) as shown in Figure 6. [b] Not detectable in the
present conditions. For interpolation purpose the Iij value has been set
equal zero.
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ble to the exchange of the anion position (ips in Scheme 1),
since the resonance of the Me–Zr group did not show any
broadening on increasing the temperature up to 300 K.
Moreover at 274 K the EXSY map still showed NOE (and
not exchange) cross peak between the Me–B and Me–Zr
groups.[29]

Only at temperatures higher than 300 K evidence of the
occurrence of the d–r process (exchange of the borane posi-
tion, Scheme 1) was obtained. The rate of the latter process
(k �0.02 s�1 at 300 K) was much smaller (about three
orders of magnitude) than that of anion exchange at the
same temperature, in agreement with previous results ob-
tained on other B(C6F5)3–metallocene adducts.[30] Indeed the
strong Lewis acidity of B(C6F5)3 strengthens the Me�
B(C6F5)3 bond and weakens the Zr+ ···[MeB(C6F5)3]

� interac-
tion, with respect to what observed with other weaker Lewis
acids.[30]

The behavior of 2 b was completely analogous (see Exper-
imental Section).

Kinetic constants for the exchange processes in the ad-
ducts 1 b and 2 b have been evaluated at different tempera-
tures (ips 254–347 K for 1 b, 274–325 K for 2 b ; d–r 328–
356 K for 1 b, 318–367 K for 2 b). The Arrhenius (Supporting
Information, Figure S6) and Eyring plots were satisfactorily
linear, and allowed the evaluation of the activation parame-
ters reported in Table 3.

The kinetic parameters estimated for 2 b correspond to
DG � values of 15.3 kcal mol�1 for the ips and 18.4 kcal mol�1

for the d–r processes, at 300 K, in fair agreement with the
values of 15.8(2) and 18.1(2) kcal mol�1, reported in a previ-
ous investigation for the same ion pair.[8]

However, the above-reported values of the activation pa-
rameters (in particular the activation entropy close to zero)
are not consistent with the dissociative nature inherent to
the ips and the d–r mechanisms. Indeed, as discussed in the
following paragraph, intermolecular processes can contrib-
ute to the observed exchange rate. Therefore the activation
parameters of Table 3 must be considered apparent, and do
not correspond to the true activation parameters for the ips
or d–r processes.

Intermolecular exchanges emulating ips or d–r processes :
We have got clear evidence that intermolecular
[MeB(C6F5)3]

� or B(C6F5)3 exchange processes can occur,
that mimic the effects of the above described ips or d–r
mechanisms.

It has already been observed[6] that the addition of Li+

[MeB(C6F5)3]
� (acting as a source of “free” [MeB(C6F5)3]

�

anion) to C6D6 solutions of ansa-zirconocene contact ion
pairs significantly increased the rate of indenyl symmetriza-
tion by associative attack of [MeB(C6F5)3]

� to the Zr
center.[31]

We have now found that the presence of “free”
[MeB(C6F5)3]

� anion has an analogous effect in the case of
our bisindenyl ion pairs. This has been ascertained by exam-
ining samples obtained by treating [D8]toluene solutions of
1 a with an amount of B(C6F5)3 smaller than one equivalent.
In these conditions, mixtures of 1 b and of the dinuclear
methyl bridged ion pair [{(4,7-Me2indenyl)2ZrMe}2(m-Me)]+

[MeB(C6F5)3]
� (3, Figure 7) were formed (Figure S7).

Similar dinuclear species have been previously reported
for related zirconocene complexes,[5,32,33] and it was pointed
out that they (at least in sufficiently diluted solutions)[5]

exist as solvent-separated ion pairs, rather than as contact
ion pairs.[34] In the room temperature 1H NMR spectra of
the above mixtures containing 1 b and 3, all the signals of 1 b
(but that of Me–Zr) were broadened with respect to what
observed in the same conditions in the absence of 3
(Figure 8). The fact that the Me–Zr resonance of 1 b re-
mained sharp indicates that the broadening of the other res-
onances cannot arise from any exchange process involving
the whole 1 b ion pair, nor from the exchange between the
zirconocene units of 1 b and 3 (which does exist, but has a
much longer time scale).[35] The observed broadening there-
fore must arise from an intermolecular contribution to the
anion exchange process: indeed 2D EXSY maps (above
233 K) showed exchange between the [MeB(C6F5)3]

� anion
of ion pair 1 b and that of 3. Addition of B(C6F5)3 to the
above mixtures destroyed the dimeric species 3, according
to Reaction (2), and caused the sharpening of all the previ-
ously broadened resonances (Figure 8), including that of
Me–B (better observed in 11B-decoupled spectra). The last
observation confirms that the increase of the rate of indenyl
symmetrization in the presence of 3 is due to an intermolec-
ular exchange involving the [MeB(C6F5)3]

� anion (the
simple exchange of the anion position according to the ips
mechanism obviously would not cause any broadening of
the Me-B signal).

Table 3. Apparent activation parameters for the dynamic processes in-
volving ion pairs 1b and 2b.

DH � DS �

[kJ mol�1] [JK�1 mol�1]

1b ips 66(1) �3(2)
d–r 80(2) 8(7)

2b ips 57(1) �23(4)
d–r 75(1) �7(4)

Figure 7.
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½fð4,7-Me2indenylÞ2ZrMeg2ðm-MeÞ�þ ½MeBðC6F5Þ3��

þBðC6F5Þ3 ! 2 ½ð4,7-Me2indenylÞ2ZrMe�þ ½MeBðC6F5Þ3��

ð2Þ

Intermolecular exchange processes played a role even in
samples generated in situ from “exact” zirconocene/
B(C6F5)3 stoichiometry (as judged by the absence of spectro-
scopically detectable amounts both of the dimeric species 3
and of free borane). Indeed dilution experiments on 1 b
samples at 300 K showed a progressive sharpening of the
resonances of the indenyl protons and of Me–B (the latter
effect better detected in 1H{11B} spectra). The kinetic con-
stants for indenyl symmetrization (evaluated from the band-
width of Me8 and Me9 signals) decreased linearly with the
concentration, in the range from 40 to 6 mm, with non-zero
intercept (Figure 9). This indicates that both monomolecular
and bimolecular processes contribute to the observed ex-
change rate.

The monomolecular process should correspond to the
true ips mechanism and its rate at 300 K has been estimated
from the intercept of the straight lines fitting the kobs/con-
centration data (k=12.1(1) s�1, notably constant in different
dilution experiments, even though kobs values lie on lines
with different slopes, see Experimental Section).

The bimolecular mechanism might involve the aggrega-
tion of two 1 b ion pairs in a transition state which should re-
semble the ion quadruples described by Brintzinger
et al.[6,36] However, this would not explain the observed var-
iation of the bandwidth of the Me–B signal, which can arise
only from the presence of an exchange partner, that is, a dif-
ferent ion pair containing a [MeB(C6F5)3]

� anion. Such part-
ner has been detected by 2D EXSY experiments at 300 K

(Figure S9, Supporting Information), that showed an ex-
change crosspeak between Me–B of 1 b and a very weak
and broad resonance, undetectable in the normal 1D spec-
trum; the d value shifted from 0.84 to �1.10 ppm on de-
creasing the concentration. This resonance can be attributed
to a loosely bound [MeB(C6F5)3]

� anion,[37] in some uniden-
tified ion pair,[38 ,39] We think that such ion pair was a by-
product, rather than an inherent constituent of the zircono-
cene/B(C6F5)3 system, because of some variability of the ki-
netic constants for indenyl symmetrization evaluated in dif-
ferent experiments at comparable concentration (see
Figure 9).

The variation of the bandwidth of the Me–B signal of 1 b,
in 1H{11B} spectra at different concentrations (Figure 10a),
allowed the estimate of the rate constants for this intermo-
lecular anion exchange. The constants well corresponded to
twice the intermolecular contribution to indenyl symmetri-
zation (Figure 10b), in line with an associative symmetric
transition state, containing two equivalent [MeB(C6F5)3]

�

anions.[40]

The observed anion exchange rates result therefore from
two contributions: the true ips mechanism and the intermo-
lecular exchange with loosely bound [MeB(C6F5)3]

� anions
of other ion pairs (such as the dimeric species 3 or some un-
identified impurity).

An analogous behavior was observed for 2 b : the rate of
exchange of the [MeB(C6F5)3]

� site was affected by the dilu-
tion (Figure S10, Supporting Information) and by the pres-
ence of the “free” [MeB(C6F5)3]

� anion (as counterion of
the dimeric cation formed in situ by treating 2 a with less
than one equivalent of borane).

As expected, the presence of an excess of B(C6F5)3, with
respect to the 1:1 stoichiometry, did not affect the rate of ex-
change of the [MeB(C6F5)3]

� anion (i.e., the ips process),
both for 1 b and 2 b.

Figure 8. Selected regions of 1H NMR spectra of 1b at 300 K: a) in the
presence of the dimeric species 3 (58 mm); b) after destruction of 3, by
further B(C6F5)3 addition (66 mm). The asterisks mark some impurities,
while S indicates the toluene signal.

Figure 9. Plot of the rate constants for indenyl symmetrization in 1b
(evaluated from the Me8–Me9 bandwidths) vs 1b concentration (300 K).
The symbols ~, * and & indicate data from three dilution experiments,
while the other points (^, + , *, and *) refer to different samples.
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As to the d–r mechanism, dilution experiments performed
at 347 K on [D8]toluene solutions of both ion pairs 1 b and
2 b, generated in situ by using exactly one equivalent of
B(C6F5)3, did not cause any significant variation of the band-
width of the Me–Zr signal. Therefore in these conditions in-
termolecular processes do not contribute significantly to the
exchange of B(C6F5)3 between the two methyl groups.

However, the rate of the latter process was increased by
the presence of B(C6F5)3 in excess. This has been unambigu-
ously ascertained by a series of 2D 1H EXSY measurements,
performed at 320 K on a [D8]toluene solution of 1 b treated
with increasing amounts of B(C6F5)3: the kinetic constants
describing the Me-Zr/Me-B exchange (kobs) increased linear-
ly with B(C6F5)3 concentration (Figure 11), according to a
classical kobs =k1 + k2 [B(C6F5)3] relationship, with k1 =

1.5(2) s�1 and k2 =52(3) s�1
m
�1.

The accelerating effect of free B(C6F5)3 can be explained
by assuming that the Lewis acid is able to attack the Me–Zr
group of the adduct 1 b, resulting in the formation of an ion
pair in which two [MeB(C6F5)3]

� anions strongly interact

with the [(indenyl)2Zr]2+ cation.[41] The lifetime of this high
energy species (possibly just a transition state) is expected
to be short and its rate determining formation should be fol-
lowed by fast elimination of one of the B(C6F5)3 molecules,
leading eventually to a result analogous to that of the d–r
exchange.

Conclusion

Two main results have been provided by the present investi-
gation. From the point of view of the solution structure of
the species arising from the interaction of B(C6F5)3 with zir-
conocenes 1 a and 2 a of Figure 2, it has been confirmed that
at low temperature they are present as contact ion pairs, in
which the [MeB(C6F5)3]

� anion occupies a specific position
in the coordination sphere of the [(indenyl)2ZrMe]+ cation.
The observation of selected NOE correlations between the
methyl ligands and some indenyl protons demonstrated that
in solution a few preferred rotamers are present; their enan-
tiomerization, fast even at the lowest temperatures, creates
the apparent Cs symmetry that equalizes the two indenyl
moieties. Most significantly, it has been shown that molecu-
lar mechanics computations, guided by the experimentally
observed NOE correlations, can provide reliable informa-
tion on the solution conformers even for a system with a flat
potential energy surface, such as that constituted by a zirco-
nocene with relatively unhindered cyclopentadienyl-like
substituents. To the best of our knowledge, this is the first
time that such analysis has been applied to a zirconocene
ion pair without ansa-bridge or bulky substituents; however,
a similar approach has been previously reported for other
types of zirconium complexes.[19]

From the point of view of the dynamics, both the ex-
change processes previously described[6–8] for this type of ion
pairs have been observed, the exchange of the coordination
sites between the methyl and the [MeB(C6F5)3]

� anions (the
ips process) being much faster (about three orders of magni-
tude) than B(C6F5)3 transfer between the two methyl groups

Figure 10. a) Plot of the bandwidth w of the Me–B signal of 1b, measured
in 1H{11B} spectra, at different concentrations, at 300 K (^), and of the
corresponding kw (&), evaluated as kw =p(w�w 0), where w 0 is the inter-
cept of the w/[1 b] plot; b) comparison of kw/2 (~) to the intermolecular
contribution to indenyl symmetrization (*), obtained by subtracting kips

(the intercept of Figure 7, 12.1 s�1) to the kinetic constants for indenyl
symmetrization evaluated in the same experiment (represented by * in
Figure 7).

Figure 11. Plot of the rate constants concerning borane exchange in 1 b vs
equivalents of B(C6F5)3, measured at 320 K.
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(the d–r process). This is in line with previous findings con-
cerning ion pairs involving the strong Lewis acid B(C6F5)3.

[7]

However, we have also shown that when the ion pairs are
generated in situ, by B(C6F5)3 addition to the zirconocene
complexes, intermolecular exchange processes may occur,
that can mimic the effects of the ips or d–r mechanisms. Our
data suggest that such intermolecular processes are not in-
herent to the zirconocene–B(C6F5)3 system, but rather arise
from inexact stoichiometry or adventitious impurities.
Therefore the contradiction between the Marks and Brint-
zinger reports might arise mainly from differences in the ex-
perimental methodologies: in the Marks work the ion pairs
are isolated and purified, while in the Brintzinger work the
ion pair are generated in situ, as in the present investiga-
tion.

The accelerating effect of B(C6F5)3 excess on the Me–B/
Me–Zr exchange is of interest, since it implies the forma-
tion, at least as a transition state, of a dicationic bis-methyl-
borate adduct. Such kinetic effect was previously observed
in some ansa-zirconocenes ion pairs,[6] whilst for a number
of non-ansa biscyclopentadnienyl dimethyl metal com-
plexes[3,42] it had been shown that an excess of B(C6F5)3 not
only does not effect the removal of the second methyl group
(as in the present case),[41] but also does not affect the rate
of the d–r process. Most likely, B(C6F5)3 attack on the Zr–
Me site of the ion pair is affected not only by the steric hin-
drance,[43] but also by electronic factors: in particular, the
electrophilic attack on the [(indenyl)2ZrMe]+ cations might
be a consequence of the softer nature of these species with
respect to [(cyclopentadienyl)2ZrMe]+ , due to the higher
donor power of the indenyl groups.

Experimental Section

General procedures : All the manipulations were performed under nitro-
gen using oven dried Schlenk-type glassware. B(C6F5)3 (Boulder Scientif-
ic) was purified by continuos extractions with refluxing n-pentane (final
water content ca. 0.15 % w/w, as determined by Karl-Fischer analysis).
All the experiments have been performed in deuterated toluene (C.I.L.,
Isotec Inc. or Sigma-Aldrich) dried on activated molecular sieves 4 �).
The NMR spectra were acquired on a Bruker AVANCE DRX-300,
AMX-500 or AC-200 spectrometers. The figures in the paper and in the
Supporting Information generally show experiments performed at 7.1 T
except when otherwise specified. 19F NMR spectra were referenced to ex-
ternal CFCl3 (d=0 ppm) and 11B NMR spectra to external Et2O·BF3 (d=

0 ppm). The temperature was calibrated with a standard CH3OH/CD3OD
solution for the range 188–300 K, and with a standard ethylene glycol/
[D6]DMSO solution for the range 300–350 K.

The samples of the [(indenyl)2ZrMe]+[MeB(C6F5)3]
� ion pairs were pre-

pared in situ, according to the following typical procedure: equimolar
amounts of B(C6F5)3 and zirconocene (ca. 20 mg) were separately weight-
ed under N2 in two NMR tubes and dissolved in weighted amounts of
dried [D8]toluene; then the solution of B(C6F5)3 was added to that of the
zirconocene.

For quantitative analysis of the cross peak volumes of the 2D EXSY/
NOESY experiments, the employed relaxation delays were about three
times the longest T1.

In order to obtain the values of the rate constants for the various fluxio-
nal processes by band-shape analysis, when necessary all the scalar cou-
pling constants for the observed nuclei have been determined (using the

software WINDAISY), before the simulation of dynamic NMR spectra
(using the software WINDYNAMICS). The chemical shifts at high tem-
perature were established through the temperature dependence of the d

values measured in a temperature range where the system was static on
the NMR time scale.

NMR data for [(4,7-Me2indenyl)2ZrMe]+[MeB(C6F5)3]
� (1 b): The

1H NMR assignments (Table 1) have been performed through the 2D 1H
NOESY experiment shown in Figure 3 (211 K, tm = 0.2 s). The following
d data at 298 K have taken into account the observed temperature de-
pendence of the chemical shifts : d = 6.6–6.4 (br m, H5 and H6), 5.76 (br,
H3), 5.73 (pseudo t, H2), 5.67 (br, H1), 1.89 (br s, Me8), 1.84 (br s, Me9),
�0.24 (br, Me-B), �0.64 (s, Me-Zr), 3J(H1,H2)=3.6, 4J(H1,H3)=2.45,
3J(H2,H3)=3.46, 3J(H5,H6)= 7.16 Hz; the 13C NMR signals (Figure S5a)
have been assigned through standard 2D 1H/13C HMQC (203 K) and
HMBC (298 K) experiments): d = 103.0 (C1), 115.3 (C2), 102.8 (C3),
132.1 (C4), 127.4 (C5), 127.4 (C6), 132.9 (C7), 18.2 (C8), 18.4 (C9), 127.3
(C3a), 126.9 (C7a), 47.1 (Me–Zr), �20 (Me–B) (buried under the CD3

septuplet of [D8]toluene). The identification of the quaternary carbon
atoms comes from the previous observation that in aromatic systems
3J(C,H) > 2J(C,H).[44] At room temperature the signals of C1 and C3 co-
alesced, as well as those of Me8 and Me9, while the signals of C5 and C6
are hidden by the aromatic protons of the solvent (Figure S5); 19F NMR
(300 K): d = �132.9 (m, ortho), �159.4 (t, para) and �164.4 (m, meta);
11B NMR (300 K): d = �13.7 (Dn1=2

=22 Hz).

Dynamic behaviour of 1 b : The kinetic constants for the ips mechanism
have been obtained by: i) 1H band shape analysis of the AB spin system
due to H5 and H6 and of the singlets due to Me8 and Me9 in the temper-
ature range 284–347 K and ii) volume analysis of Me8/Me9 exchange
cross peaks in 2D 1H NOESY/EXSY spectra (254 and 274 K). The rate
constants for the d–r mechanism have been obtained from the bandwidth
of the Me-Zr signal in high temperature 1H spectra (328–356 K), and by
the exchange cross peak between Me–Zr and Me–B in a 2D 1H NOESY/
EXSY at 300 K.

Dilution experiments on 1b : Three different samples of 1 b (ca. 40mm)
were prepared, directly into the NMR tube, as above described. Their
1H NMR spectra were acquired and then the samples were progressively
diluted. In order to maintain constant the volume of the solution in the
NMR tube (to avoid changes of the bandwidth of the signals due to
changes in instrumental homogeneity), portions of the solutions in the
NMR tube were removed before addition of a corresponding amount of
fresh toluene (the amounts of removed solutions and those of added sol-
vent were measured by weighting). The kinetic constants for indenyl
symmetrization were evaluated by band-shape analysis of the Me8–Me9
resonances. Figure 9 shows the three data series, whose fitting gave the
following straight lines: (&) k=12.08(17)+0.130(8) [1b], (*) k=

12.12(10)+0.257(5) [1b], (~) k =12.03(9)+0.263(4) [1b]. In Figure 9 we
have reported also other kinetic constants (marked with ^, + , *, and *),
evaluated in spectra acquired during other experiments, different from
the dilution series here described: also, in these cases most of the data lie
on (or close to) the steeper lines, but one. The experiments, including the
dilution series, were performed by using reactants arising from different
preparations or purification procedures: however, no correlation was
found between the experimental data and the reactant origins, nor with
any other reaction condition or detectable impurity. In particular, we
checked that the presence of an excess of B(C6F5)3, up to 1 equiv, did not
cause any significant change of Me8 and Me9indenyl bandwidths at
300 K. The kinetic constants for the intermolecular exchange of
[MeB(C6F5)3]

� anion were evaluated from the linewidth of the Me–B
signal in 1H{11B} spectra, since the signal of the exchanging partner at
�1 ppm was too weak and broad to allow any reliable evaluation of the
kinetic constants from the 2D maps.

Influence of B(C6F5)3 concentration on the rate of the Me–B/Me–Zr ex-
change in 1 b : A 34 mm solution of 1 b in [D8]toluene was prepared di-
rectly in the NMR tube, as above described, and a 2D 1H EXSY was re-
corded at 320 K (tm =0.3 s). The absence of free B(C6F5)3 was checked,
then three different amounts of B(C6F5)3 were added in the NMR tube
and 2D 1H EXSY spectra were recorded after each addition, at the same
temperature. From the volume of the Me–B/Me–Zr crosspeak, the fol-
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lowing rate constants were computed: k /s�1 (in parenthesis the concen-
tration of free B(C6F5)3 /mm), 1.4 (0), 2.8 (24), 3.7 (38), 5.5 (78) (see
Figure 11). B(C6F5)3 additions caused also a slight but measurable in-
crease of Me–Zr linewidth: 1.90, 1.99, 2.22, and 2.95 Hz.

NMR data of [(indenyl)2Zr(Me)]+[MeB(C6F5)3]
� (2 b): The 1H NMR as-

signments have been performed through a 2D 1H COSY experiment
(248 K, 4.7 T); the results are shown in Figure S1 of Supporting Informa-
tion: 248 K: d = 6.84 (m, H7), 6.78 (m, H4), 6.69 (m, H5), 6.60 (m, H6),
5.68 (m, H3), 5.50 (pseudo t, H2), 5.18 (m, H1), �0.36 (br, Me-B), �0.48
(s, Me-Zr); following the variation with the temperature of the chemical
shifts, resonances have been attributed also at 300 K (C7D8, 7.1 T): d =

6.93 (m, H7), 6.83 (m, H4), 6.74 (m, H5 and H6), 5.74 (br m, H3), 5.61
(pseudo t, H2), 5.42 (br m, H1), �0.19 (br, Me-B), �0.54 (s, Me-Zr),
3J(H1,H2)=3.4, 4J(H1,H3)=2.1, 5J(H1,H4) =1.0, 6J(H1,H5)=�0.15,
3J(H2,H3)=3.4, 5J(H2,H4)=0.1, 3J(H4,H5)= 8.7, 4J(H4,H6)=1.3,
5J(H4,H7)=�1.5, 3J(H5,H6)=6.7 Hz; 13C NMR: the attributions have
been obtained through 2D HMQC and HMBC 1H/13C experiments
(300 K): d = 148.6 (m, 1J(C,F) =234 Hz, CF ortho or meta), 137.6 (m,
1J(C,F)=244 Hz, CF meta or ortho), 139.5 (m, 1J(C,F)=250 Hz, CF
para), 127.7 (C5, C6), 126.0 (C3a, C7a), 125.6 (C4), 125.4 (C7), 119.1
(C2), 103.4 (C3), 102.5 (C1), 47.9 (Me-Zr), �20 (Me-B, overlapped with
the CD3 multiplet of the deuterated solvent); 19F NMR (300 K): d =

�133.1 (m, ortho), �159.4 (pseudo t, para), �164.4 (m, meta); 11B NMR
(300 K): d = �13.9 ppm (Dn1=2

= 23 Hz).

Dynamic behavior of 2 b : A 2D 1H EXSY experiment at 300 K showed a
strong cross peak between the indenyl protons H1 and H3 (the signals of
the four aromatic protons H4–H7 were too close to allow unambiguous
detection of their crosspeaks), whilst the correlation between Me–B and
Me–Zr (diagnostic of the d–r mechanism) was much weaker than the H1/
H3 one. An analogous EXSY experiment at 253 K showed the H1/H3
correlation only (k= 0.72 s�1), that was detectable even at a temperature
as low as 234 K. The kinetic constants for the ips mechanism have been
estimated by band shape analysis of the resonances of H1 and H3 in the
temperature range 274–325 K, and those for the d–r process (318–367 K)
have been obtained from band shape analysis of the Me–Zr signal, the
broadening of which became detectable only at temperatures higher than
300 K. The effect of 2 b concentration on the rate of the ips process has
been checked by a dilution experiment, performed as described for 1b
(Supporting Information, Figure S10).

[{(4,7-Me2indenyl)2ZrMe}2(m-Me)]+[MeB(C6F5)3]
� (3): The 1H NMR res-

onances of 3 have been identified from a low temperature (233 K) 2D 1H
NOESY experiment performed on a sample containing both 1b and 3
([D8]toluene, tm = 0.25 s). The two high-field signals at d �2.40 and
�1.13 ppm (ratio 1:2) are due to the bridging and terminal Zr-bound
methyl groups, respectively. The 1H NMR resonance of the
[MeB(C6F5)3]

� anion (d 1.54 at 233 K, 1.38 at 300 K) has been easily
identified from its exchange cross peak with Me–B of 1 b (observed even
at 233 K), and its d is in full agreement with literature data.[5] The indenyl
resonances of 3 have been identified from their NOE crosspeaks with the
two Zr-bound methyl groups; their attributions followed straightforward-
ly, based, as usual, on arbitrarily labelling as H1 the highest field signal
of the H1/H3 couple (at 233 K the signals of Me8 and Me9, as well as
those of H5 and H6 are accidentally overlapped): d (233 K) = 2.04
(pseudo s, Me8 and Me9), 5.67 (m, H1), 5.80 (m, H2), 5.89 (m, H3), 6.66
(pseudo s, H5 and H6); 13C NMR (300 K): d = 148.6 (m, 1J(C,F)=

243 Hz, CF ortho or meta), 137.6 (m, 1J(C,F) =251 Hz, CF meta or
ortho), 139.5 (m, 1J(C,F)=249 Hz, CF para), 101.30 (C1), 114.22 (C2),
102.29 (C3), 126.45 (C5/C6), 126.71 (C6/C5), 18.57 (C8/C9), 19.04 (C9/
C8), 44.53 (Me-Zr), 21.39 (m-Me). The signals of Me-B and of the quater-
nary carbons have not been identified. 19F NMR (300 K): d = �131.8
(ortho), �164.4 (para), �166.6 (meta).

NMR data of [(indenyl)2Hf(Me)]+[MeB(C6F5)3]
� : 1H NMR (278 K,

4.7 T): d = 6.86 (m, H7), 6.81 (m, H4), 6.71 (m, H5), 6.61 (m, H6), 5.50
(pseudo t, H2), 5.46 (m, H3), 5.20 (m, H1), �0.016 (br, Me-B), �0.71 (s,
Me-Zr); 13C NMR (300 K): d = 148.6 (1J(C,F)=238, CF ortho or meta),
137.6 (1J(C,F) =249, CF meta or ortho), 139.5 (1J(C,F)= 256, CF para),
127.7 (C5 and C6), 125.6 (C4), 125.2 (C7), 119.0 (C2), 101.4 (C3), 100.3
(C1), 45.4 (Me-Zr), 18.1 (Me-B).

Computational study : All the molecular mechanics computations have
been performed with TINKER,[45] employing the MM3 functional
form.[46] The description of the bisindenyldimethylzirconium moiety has
been taken from the force field developed by Erker and co-workers.[47]

Some new atom types have been introduced to describe the carbon
atoms of the indenyl moiety and the methyl group bridging the boron
and the zirconium atoms. The force field has been parameterized in
order to reproduce the molecular geometry of a set of seven ion pairs;[48]

the coordinates have been obtained from the Cambridge Crystallographic
Data Centre.[25] Some of the force constants have been estimated by HF/
3-21G(*) computations[51] on [MeB(C6F5)3]

� and [Cp2ZrMe]+

[MeB(C6F5)3]
� . At the and of the parameterization process, the mean ab-

solute errors on a set of 56 bond distances, 91 bond angles, and 77 tor-
sional angles were 0.009 �, 1.638, and 6.38, respectively. A more detailed
description of the force field accuracy with respect to different type of
geometrical parameters, together with a complete description of the
force field employed, can be found in the Supporting Information.

Effective distances dij,effective employed in the interpolation of the observed
NOE intensities have been computed in two steps. First of all, the methyl
groups rotation, assumed to be faster then the overall tumbling, has been
taken into account following the Tropp�s equation:[52]

rTropp ¼
�

1
2N

XN

m¼ 1

XN

n¼ 1

3ðrm � rnÞ� r 2
mr 2

n

r 5
mr 5

n

�
�1=6

in which N is the number of interproton vectors r to be averaged (N =3
for the interaction of a single proton with a methyl group, and N=9 for
the interaction between two methyl groups).

Subsequently, distances involving normal and primed atoms (see Fig-
ures 5 and 6) have to be averaged due to the enantiomerization process
that leads to an apparent Cs symmetry of the ion pair. This process, re-
quiring the rotation of the indenyl groups around the Zr–cp axis and the
inversion of the chiral conformation of the B(C6F5)3 moiety, is expected
to be slower than the overall molecular correlation time, therefore the
r�6 averaging limit equation applies:[53]

deffective ¼
�

1
M

XM

l¼ 1

r�6
l

�
�1=6

in which M is the number of distances to be averaged; M =2 for interac-
tions involving Me–Zr or Me–B, for instance r(Me-Zr···H1) and r(Me-
Zr···H1’); M= 4 for interactions involving the indenyl resonances only,
for instance r(H1···H3), r(H1···H3’), r(H1’···H3), and r(H1’···H3’).[54]
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