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Density functional computations (BP86/ECP1 and B3LYP/II level) have revealed that the phenyl group in [Zr(n-
C;H;)(n-CsH,CR,C¢Hs)Me]" (R = H) is coordinated to the Zr atom via one of the phenyl carbon atoms, rather
than via an agostic Zr-H contact, as suggested previously. A stationary point with such an agostic interaction is
the transition structure for phenyl rotation with a barrier higher than 50 kJ mol™! (B3LYP/II level), consistent with
results from dynamic NMR spectroscopy for a closely related compound (R = Me). The structural assignments are
supported by the good accord between the computed (GIAO-B3LYP/II level) and experimental NMR chemical
shifts. A second dynamic process with a very similar activation barrier is indicated to involve dissociation of the
coordinated phenyl moiety from the Zr atom and inversion at the latter. The same structural motif (i.e. n'-bonded

aryl group) is also found for the [Zr(n-CsH,CH,CH,),]*" dication.

Introduction

Structure determination in solution is difficult, in particular
for reactive intermediates of fleeting existence. The only hope
in most cases is to revert to closely related model systems that
are stable enough to be characterised. One such example is
the solvated alkylzirconocene cation, [ZrCp,Me(solv)]™ (Cp =
cyclopentadienyl-type ligand), believed to be a key intermediate
in homogeneous olefin polymerisation with Kaminski-type
zirconocene catalysts.™? Since most of these polymerisations
are conducted in toluene or other aromatic solvents, it is of
interest to elucidate the nature of the interaction between the
zirconocene center and an arene. To this end, special
zirconocene derivatives with CMe,Ph groups tethered to the Cp
ring have recently been investigated.® Based on the 'H and *C
NMR spectra of [Zr(n-CsHs)(n-CsH,CMe,CsHs)Me]* 1 and
derivatives thereof, structures with an intramolecular agostic
interaction between the Zr atom and one of the phenyl hydro-
gen atoms in ortho position have been proposed (Scheme 1).}

1R =Me
2R=H

Scheme 1

Computational chemistry has contributed significantly to the
understanding of many aspects of homogeneous olefin poly-
merisation.* Suggested mechanisms and intermediates could be
corroborated by use of the modern tools of density-functional
theory (DFT). We now apply these well established methods® to
study the intramolecular Zr—phenyl coordination in [Zr(n-
CsH;)(n-CsH,CH,C,Hs)Me]™ 2, a slightly simplified model
for 1 which lacks the two methyl groups in the benzyl bridge.

1 Electronic supplementary information (ESI) available: cartesian
coordinates for complexes 2a, 2b, 4a—c, Sa,b and 6 and transition states
TS1, TS2 and TS3 in x, y, z format. See http://www.rsc.org/suppdata/
dt/b0/b007748h/

DOI: 10.1039/6007748h

Optimised structures are assessed by comparison of com-
puted chemical shifts with experimental ¢ values, a combined
approach that has evolved into a useful structural tool.® The
calculations reported here show that a stationary point with an
agostic Zr-H interaction can be excluded, and indicate that
an' coordination to a phenyl carbon atom is favored instead.

Computational details

Geometries have fully been optimised without symmetry con-
straints (except 4a and 4b for which C, symmetry was imposed)
at the BPS6/ECP1 level, i.e. employing the exchange and corre-
lation functionals of Becke” and Perdew,?® respectively, together
with a fine integration grid (75 radial shells with 302 angular
points per shell), relativistic MEFIT effective core potentials
with the corresponding valence basis sets for Zr® (contraction
scheme [6s5p3d]), and standard 6-31G* basis set'® for C and
H. Geometries are given as ESI{ in the form of cartesian
coordinates. The stationary points were characterised as min-
ima or transition states by analytical harmonic frequencies
(zero or one imaginary frequency, respectively), which were also
used without scaling for zero-point and thermal corrections.

Magnetic shieldings ¢ have been evaluated for the BP86/
ECP1 geometries using a recent implementation of the GIAO
(gauge-including atomic orbitals)-DFT method,! involving
the functional combinations according to Becke (hybrid)!? and
Lee, Yang, and Parr*® (denoted B3LYP), together with basis II,
i.e. a [12s9p5d] all-electron basis for Zr, contracted from the
(17s13p9d) set' and including two diffuse p and one diffuse
d function s (exponents 0.11323, 0.04108, and 0.0382), and the
recommended IGLO-basis II'* on C and H. This particular
combination of functionals and basis sets has proven quite
effective for chemical shift computations for transition-metal
complexes.’” 'H and *C chemical shifts have been calculated
relative to benzene as primary reference (absolute shieldings
o 24.3 and 45.5, respectively, at the same level) converted
into the TMS scale using the experimental J values of benzene
(7.3 and 128.5, respectively). *'Zr chemical shifts are reported
relative to [Zr(CsHs),Br,], with ¢=1720.3 at the same level.
All computations employed the GAUSSIAN 98 program
package,'® except for the topological analyses (Bader analyses) '
which were performed using MORPHY.?
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Fig. 1 Stationary points and schematic potential energy surface for phenyl rotation in cation 2; in parentheses, relative energies at the BPS6/ECP1

(top) and B3LYP/II levels (bottom), including zero-point corrections.

Energies are reported at the BP86/ECP1 and B3LYP/IL
levels, corrected for the BP96/ECP1 zero-point energies. For the
[Zr(n-CsHs),Me(C4Hg)]" complex the association energies have
been corrected for the basis-set superposition error by the
counterpoise method.!

Results and discussion

An initial optimisation of complex 2 starting from a con-
figuration as depicted in Scheme 1, i.e. with an agostic Zr-H
interaction, collapsed to a minimum devoid of such an inter-
action, but with a close contact between Zr and one ortho-
carbon atom of the phenyl ring (2b, Fig. 1, Zr—-C! 2.612 A). The
coordination mode of the phenyl moiety in 2b can be charac-
terised as n' since all other Zr—C(Ph) distances are much larger
than 3 A (also, the H atom attached to C! is bent away from
Zr, by ca. 15° out of the Ph plane).

Further exploration of the potential energy surface revealed
the presence of at least one other minimum wherein the Zr
atom is attached to the other ortho-carbon (2a, Zr—C' 2.629 A)
and which is slightly lower in energy (by ca. 3-5 kJ mol™!,
Fig. 1). A transition state connecting these two minima, TSI,
was located which is characterised by a loosely n3-coordinated
phenyl ring (the distances between Zr and C', C', and C® are
2.995, 2.840, and 3.246 A, respectively). As the resulting barrier
is only 19 kJ mol™, rapid equilibration between the two isomers
is to be expected on the NMR timescale.

A second transition state between complexes 2a and 2b, TS2,
is considerably higher in energy, ca. 50-62 kJ mol !, depending
on the DFT procedure (Fig. 1). This stationary point resembles
the Zr—H agostic intermediate proposed earlier (Scheme 1),
and has a Zr-H distance of 2.201 A. While the interconversion
via TS1 is a slippage of the Zr along one side of the phenyl ring,
the process via TS2 scrambles both sides of the latter. This
scrambling is in line with dynamic NMR spectra of 1 and its
derivatives where coalescence of the 0,0’ and m,m’ resonances
can be observed at higher temperatures (around —10°C). A
preliminary line-shape analysis afforded an estimate for the
free energy of activation of this process of around ca. 50(1) kJ
mol ™!, in good accord with the B3LYP value.” This analysis
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also afforded evidence for a second dynamic process (see
below).

Chemical shifts of these minima and transition structures are
summarised in Table 1, together with the experimental data
for complex 1. The ¢ value of the phenyl hydrogen in 1 position
is of particularly diagnostic value: this proton is computed to
be highly shielded in the H-agostic TS2, and much less so in the
other, n-bonded structures, which are thus in better accord
with experiment. Among the *C shifts, that of the Zr-bonded
methyl carbon is the most sensitive; again the largest deviation
from experiment is found for TS2. The latter also performs
significantly worse than 2a,2b or TSI in terms of the mean
absolute deviations from experiment (see |Ad| values in Table 1).
The presence of a purely agostic Zr—H interaction between the
metal and the phenyl ring as in TS2 can thus be refuted on the
basis of these NMR data.

Another experimental observable is in line with such an
assignment, namely the 'J.y coupling constant between Ph
C! and H!, recorded for a derivative of complex 1 bearing
an additional Me group at the phenyl ring in 5 position. The
value of 148 Hz is somewhat reduced with respect to the
other phenylic CH-coupling constants of the same molecule
(163-174 Hz),® but much smaller 'J.y values of the order of
100 Hz are observed when the corresponding hydrogen atom
is involved in a strong agostic bond to the metal.?

No unambiguous decision can be made between the three
n-bonded structures on the basis of the mean absolute deviations.
Owing to the low barrier via TS1, the system is fluxional on
the NMR timescale in the region between 2a and 2b. We note,
however, that the best accord with experiment is obtained for
the lowest minimum, 2a. The slightly higher-lying isomer 2b
is disfavored by the large discrepancy encountered for the
chemical shift of Ph H', |Ad| > 3 ppm (first entry in Table 1).
Despite the much longer Zr—C(phenyl) distances in TSI as
compared to 2a, the chemical shifts computed for these two
structures do not differ much. We are quite confident that the
potential energy surface is correctly described, at least in a
qualitative sense, at the DFT level employed, i.e. that 2a should
be the equilibrium structure. Very likely, 2a is a good represen-
tation of the geometry of 1 and derivatives in solution. It



Table 1 GIAO-B3LYP chemical shifts of structures TS1, TS2 and 2a,2b

Nucleus TS2 TS1 2b 2a expt. (1)¢
'H

Ph H' -1.2 6.3 3.1 5.6 6.3
Ph H? 6.8 7.6 8.0 7.6 7.8
Ph H? 7.4 6.3 7.3 7.2 7.3
Ph H* 7.6 7.7 8.1 8.0 8.1
Ph H® 7.4 7.4 7.4 7.7 7.7
Cp’ H! 5.8 5.9 6.0 6.0 6.2°
Cp’ H? 7.4 5.8 5.8 6.5 6.4°
Cp’' H? 6.9 5.8 5.9 5.7 5.9%
Cp’ H* 7.2 6.7 6.5 6.7 7.0°
Cp H(av.) 6.6 6.0 6.4 5.7 5.8
CH; (av.) 2.2 1.0 0.3 1.3 0.7
|Ad|max (av.)® 7.5(1.30) 1.0(0.34) 3.2(0.54) 0.9 (0.25)

13C

Ph C! 144.3 125.1 143.8 128.2 —

Ph C! 123.5 118.7 114.8 113.0 114.1
Ph C? 129.6 138.5 136.9 141.4 139.4
Ph C? 131.6 130.4 128.6 133.1 128.2
Ph C* 135.2 141.5 146.9 144.1 140.9
Ph C? 131.2 131.5 129.2 129.8 128.8
Cp' C 147.1 121.1 123.2 119.6 —
Cp' C! 107.1 115.1 111.7 112.2 111.9°
Cp' C? 129.1 114.7 115.7 119.3 117.8*
Cp' C? 114.7 102.7 106.5 103.5 102.1°
Cp’' C* 122.9 122.0 123.4 118.3 114.5°
Cp C(av.) 118.7 116.3 115.2 115.9 115.1
CH, 66.0 47.0 53.2 49.3 46.2
|Admax (av.)© 19.8 (8.3) 7.5(2.5) 89(3.0) 49(2.1)

NZr 646 290 317 328 —

“ From reference 3. ® Assignment according to the derivative bearing a Me group at Ph C°. ¢ Largest absolute deviation from experiment (in

parentheses: mean absolute deviation).

cannot be excluded, however, that solvent and temperature
effects could produce an averaged structure closer to that
of TS1. The fluxionality described by TSI, if retained in
the real system 1, would add to the dynamics and lability* of
zirconocene cations with phenyl coordination.

No evidence for Zr-H interactions in complexes 2a and 2b
can be detected via topological analyses of the B3LYP/II total
electron densities: in either structure, a bond path extends from
Zr to the nearest ortho-carbon atom of the phenyl ring, not to
the proton attached to this carbon. The notable shielding of the
Ph H' resonance in 2b is not due to a specific interaction with
the Zr, but is most likely a consequence of paratropic current
loops around the metal. Such a mechanism has been shown to
be responsible for the negative “hydridic” shift in the proton
NMR spectra of transition-metal hydrides.*

For the Zr-H agostic transition structure TS2 very similar
BC chemical shifts between 6 130 and 135 are computed for
the resonances of the unsubstituted phenylic carbon atoms Ph
C2-C5 (Table 1). In contrast, a more pronounced alternation
of these values between J ca. 128 and 141 is observed experi-
mentally. Such a pattern could be indicative of noticeable
Wheland character for the cation (B in Scheme 2), similar

O D 2O
My M M]

A B o
Scheme 2

to suggestions forwarded for rhodium complexes with pincer
ligands.? For the latter, support for such an interpretation came
from an enhanced acidity of the complexes (¢f. C in Scheme 2).
However, our computations provide no evidence for a particu-
larly high acidity in 2a, as the corresponding deprotonated,
ortho-metallated species [Zr(n-CsHs)(n-CsH,CH,CH,)Me] is

found higher in energy by 1051 kJ mol™ (BP86/ECPI1 level
without zero-point correction; c¢f. 807 kJ mol™! for protonated
benzene at the same level). There is precedence for at least one
related ortho-metallated benzyl-Cp complex in the literature,
namely in the case of [Fe(CO),(n-CsMe,CH,CH,)].*

The same structural motif as in complexes 1, 2, and their
derivatives should also be present in the dication [Zr(n-CsH,-
CMe,CHs),]*" 3, the synthesis of which has recently been
reported.”” For the corresponding model compound [Zr(n-Cs-
H,CH,CH;),]*" two minima, 4a and 4b, with the same phenyl
bonding modes as in 2a and 2b could be located (C, symmetry
imposed, Fig. 2). Compared to the latter, the energy separation
between 4a and 4b is larger, ca. 14-18 kJ mol™'. The 'H
chemical shifts computed for 4a fit much better than those of
4b to the experimental data of 3 (Table 2), in particular the
Ph H' resonance.

Two proton assignments of the Cp ring probably need to be
reassigned: the exceptionally shielded resonance at J 3.9 has
been attributed to Cp’ H*, whereas for 4a such a low-frequency
shift is computed for Cp’ H? (Table 2). The original assignments
have been based on the assumption that anisotropy effects of
the Ph group would be most prominent for the Cp ring attached
to it. Inspection of the molecular geometry, however, reveals
that Cp’ H? is in close proximity to the phenyl ring of the
other ligand and well inside its shielding cone (this feature is not
immediately apparent from the orientation in Fig. 2). Thus, the
published assignments?” of Cp’ H* and H? need to be reversed.
In 2a one of the Cp H atoms experiences a similar shielding,
0 3.4, which is responsible for the 0.7 ppm low-frequency shift
of the averaged Cp H signal with respect to that of 2b (Table 1),
a situation reminiscent of the well known ASIS (aromatic
solvent induced shift) effect in "H NMR spectroscopy.?®

The computed 6(**C) values of structures 4a,4b compiled
in Table 2 are less conclusive. Both isomers show fairly large
maximum and average deviations, as compared to those of
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Fig. 2 Minima for dication 4 (C, symmetry, BP§6/ECP1 level).

Table 2 GIAO-B3LYP chemical shifts of structures 4a,4b

Nucleus 4b 4a expt. (3)°
'H

Ph H! 2.5 6.0 6.8
Ph H? 7.5 8.1 8.2
Ph H? 7.4 7.6 7.5
Ph H* 8.4 8.6 8.3
Ph H® 7.3 8.1 7.9
Cp’ H! 7.3 6.8 6.9
Cp’ H? 6.6 35 3.9°
Cp’ H? 6.7 6.3 6.3
Cp’ H* 6.4 6.6 6.6°
|Adlmax (av.)¢ 4.3 (1.06) 0.8 (0.22)

13C

Ph C 151.1 132.5 144.4
Ph C! 118.4 112.8 113.4
Ph C? 138.4 146.0 143.0
Ph C? 129.6 136.8 129.8
Ph C* 153.6 152.2 144.6
Ph C° 130.5 133.0 130.3
Cp C 135.6 124.2 134.1
Cp' C! 116.9 119.5 119.1
Cp' C? 123.6 133.3 127.6°
Cp' C? 115.2 111.8 109.0
Cp' C* 120.4 117.2 114.0*
|Ad|max. (av.)® 9.0 (4.2) 11.6 (4.9)

NZr 149 226 —

“ From reference 27. ® Assignment of positions 2 and 4 reversed (see
text). ¢ Largest absolute deviation from experiment (in parentheses:
mean absolute deviation).

2a, 2b in Table 1. For the more stable form 4a the largest errors
are found for both types of ipso-carbon atoms. Most remaining
resonances agree better with experiment than those of 4b,
provided the experimental assignments of Cp’ C?> and Cp’
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C* are switched (which would be consistent with the 'H data
as the *C resonances were assigned via CH correlation).
Unfortunately, no distinction between 4a and 4b can be made
on the basis of the *C NMR data. Also, it cannot be excluded
that other isomers may noticeably be populated under the
experimental conditions. Indeed, another minimum was located
(4c, not shown in Fig. 2) with one Ph ring oriented as in 2a
and the other as in 2b, which was found to be between 5.1
(BP86) and 3.1 kJ mol! (B3LYP) above 4a. Neither the
appropriately averaged chemical shifts of 4¢ nor those of
a 4:1 mixture between 4a and 4¢ (estimated from the B3LYP
value and a Boltzmann distribution at —10 °C) performed
significantly better than those of 4a in Table 2.

For completeness, the *'Zr chemical shifts are included in
Tables 1 and 2. Trends in 5(°'Zr) of zirconocenes have been
reproduced computationally at Hartree-Fock and DFT levels.”
A substantial deshielding of the Zr in TS2 is computed, J 649,
similar to the value predicted for the unsolvated [Zr(n-Cs-
H;),Me]™ 5 cation, J ca. 700.%* The electron deficiency of the
metal is considerably reduced in the n-bonded species TS1 and
2a, 2b, as judged by their lower 6(°*'Zr) values around 300 ppm
(Table 1), but appears to be larger than that in the [Zr(n-CsHs),-
Me(THF)]* adduct (THF = tetrahydrofuran), for which a value
of 6 115 has been reported.* Intermediate J(°'Zr) values of 149
and 226 are obtained for 4a, 4b (Table 2). Unfortunately, based
on the computed electric field gradients and the expected
enhanced molecular correlation times,?* 2b and 4b should have
much broader metal resonances than [Zr(n-CsHs),Me,], for
which Av,, is 2.5 kHz at room temperature.”® Thus, it appears
unlikely that the *’Zr NMR resonances of 2 and 4, much less
those of the larger 1 and 3, could be detected.

Finally it should be noted that the situation in the experi-
ments may actually be more complex than assumed in the
computations for the free cations. Attempts to produce cation 2
were thwarted by stability problems of the corresponding pre-
cursor, and no unambiguous evidence for phenyl coordination
was found in cations produced from potential precursors of 4.3
Apparently, the benzylic hydrogens in 2 and 4 can be involved
in undesired side reactions and need to be blocked, for instance
by methyl substitution. Nevertheless, the electronic and geo-
metric structures of the as yet unknown cations 2 and 4, and
in particular the nature of the Zr—phenyl interaction, should be
very similar to those of the observed and closely related species
1and 3.

Besides the phenyl rotation via TS2 in Fig. 1, which only
scrambles the 0,0’ and m,m’ phenyl resonances, a second
dynamic process can be detected in the temperature-
dependent NMR spectra of complex 1, namely scrambling
of the two methyl groups at the bridge between Cp and Ph.
The linewidths of these methyl signals can be analysed and
fitted reasonably well, affording a scrambling barrier of 53.0 kJ
mol™.?* This value is very similar to, albeit slightly higher than,
that of phenyl rotation, ca. 50 kJ mol~'. A plausible mechanism
for methyl scrambling involves dissociation of the phenyl group
from the metal, inversion at Zr, and coordination of the phenyl
group “from the other side” (see Scheme 3).

The process was not studied for complex 2 due to the mani-
fold of possible pathways (involving rotamers about the Zr-Cp
axis or the Cp-CMe,Ph bond), which would make an explicit
treatment of dynamics desirable. However, an upper limit for
this barrier can be estimated from model calculations for [Zr-
(n-CsHg),Me]™ 5 and its benzene adduct, [Zr(n-CsHs),Me-
(C¢Hy)]" 6. Optimisation of the latter afforded a n'-coordinated
adduct** similar to 2a, also when starting from a Zr-H agostic
structure. The computed binding energy of benzene in 6 is
substantial, between 68.8 and 55.2 kJ mol™! (BP86/ECP1 and
B3LYP/II levels, respectively, including counterpoise and zero-
point corrections). Cationic Group IV metal complexes with
three ligands in pyramidal orientation can easily invert via
a planar metal center when n-donating ligands are present.*®
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Scheme 3

Indeed, a very small barrier not exceeding 2 kJ mol™' is
obtained for zirconocene S (Fig. 3). Thus, the first step in the
sequence in Scheme 3 should be rate-determining, namely dis-
sociation of the coordinated aryl ring. The overall barrier for
the whole process should be of the same order of magnitude as
the binding energy of benzene in 6.3 Incidentally, the B3LYP
value for the latter, 55.2 kJ mol !, fits very well to the experi-
mental barrier of 53 kJ mol ™.

Are complexes 1 and 2 good structural models for the inter-
action of cationic zirconocenes with aromatic solvents? A
superposition of 2a and 6 is displayed in the upper part of
Fig. 4. Clearly, the coordination about Zr is very similar in
both cases, even though the Zr - - - C(benzene) separation in 6,

TS3

2.0
0.0) 0.9)
0.0) (-0.3) (1.9)

Fig. 3 Stationary points and schematic potential energy surface for
inversion at the metal in the parent zirconocene cation 5; in parentheses,
relative energies at the BPS6/ECP1 (top) and B3LYP/II levels (bottom),
including zero-point corrections.

Fig. 4 Stereoview of the superimposed BP86/ECP1 structures of
complex 2a (dark gray) and the benzene complex 6 (light gray).

2.698 A, is somewhat longer than the corresponding distance in
2a, 2.629 A. Apparently, the methylene bridge in 2a enforces
a somewhat shorter contact between Zr and the aryl moiety.
When an ethyl bridge is used instead, i.e. in [Zr(n-CsHs)(n-Cs-
H,CH,CH,C,H;)Me]* 7, the coordination geometry about Zr
approaches that in 6 (see the superposition in the lower half of
Fig. 4). Suitably substituted analogs of 7 would thus appear to
be promising synthetic targets.

Conclusion

We have applied a combination of DFT computations and
NMR chemical shifts to elucidate the structure of [Zr(n-CsHs)-
(n-CsH,CH,C(Hs)Me]" 2, an important model for the inter-
action between a cationic zirconocene center and an arene.
The phenyl moiety is not attached to the metal via an agostic
Zr-H interaction, as suggested previously, but is bound in
a m' fashion to one of the phenyl carbon atoms. However, a
loosely n-bonded transition structure TS1 is not much higher
in energy (ca. 19 kJ mol™") and cannot fully be excluded on the
basis of the computed NMR chemical shifts. TS1 describes
the slippage of the zirconocene moiety along the phenyl ring,
a hitherto undetected detail of the dynamics of zirconocene
complexes with arene coordination. Two distinct dynamic
processes are found experimentally and can be modeled
computationally. The first is essentially a rotation of the co-
ordinated phenyl group via Zr-H agostic transition structure
TS2; the second probably involves dissociation of the phenyl
ring from the Zr and inversion at the latter. In both processes
the bond between Zr and the phenyl carbon atom is cleaved,
consistent with the similar activation barriers derived from
dynamic NMR spectroscopy.

The same salient structural features as in the minima 2a, 2b,
in particular the n' coordination of the aryl group, are apparent
in the bis-coordinated analogue [Zr(n-CsH,CH,CHJ),]*" 4.
The results can be transferred to the experimentally accessible
derivatives 1 and 3, and should be of significance for the nature
of the bonding and the dynamic behavior in zirconocene—arene
adducts believed to be involved in homogeneous olefin poly-
merisation with Kaminski-type catalysts.
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