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Density functional calculations have been carried out on the structures and pathway for hydrogen exchange of the
tungsten trihydride cations, [W(n-CsHs),H;]1%, I, [W{(n-CsH,),SiH,}H,]", II, and [W{(n-CsH,),CH,}H;]*, III,
as models for the characterised trihydride cations [W(n-CsHs),H;]1 ", 1, [W{(n-CsH,),SiMe,}H;]", 2, and
[W{(n-CsH,),CMe,}H;]%, 3. The most significant difference found for the ground state structures is the increase
in inter-ring angle in the order I < II < III. The barrier to pairwise exchange of the central and a lateral hydride is
found to decrease in the order I > II > III. Also the ease of the in-plane bending motion decreases in the same
order. For III, a dihydrogen hydride structure is found as an intermediate on the bending pathway. The exchange

energy barriers for IT and ITI of 63 and 51 kJ mol ! are consistent with the large temperature dependent H-H
coupling constants previously reported for cations 2 and 3, which have been attributed to quantum mechanical
exchange coupling. The barrier calculated for I, of 96 kJ mol 1, lies outside the range wherein such unusual
coupling is expected and 1 is reported to have a small temperature independent coupling constant. The relative ease
of approach calculated for the two hydrogens is also consistent with the view that the quantum mechanical
exchange is facilitated by a short tunnelling path. The underlying reasons for the differences found for the series
I-III are twofold. As the inter-ring angle increases the rings become more tightly bound and the hydrides less
tightly bound. The exchange pathway involves reduction of the metal from a d° to a d? configuration, and the d

orbital involved becomes more stable on bending the rings.

A number of transition metal polyhydride systems have been
identified for which the 'H NMR spectra, of an AB, spin
system, show large temperature dependent H,~Hy coupling
constants.!~> This phenomenon has been explained by the
ability of the hydride ligands to undergo quantum mechanical
exchange coupling.®—°

Various models for the potential energy surface of the
exchange between the hydride ligands, and the temperature
dependence of the couplings, have been proposed.!®~1° The
current understanding of the phenomenon has been well sum-
marised by Sabo-Etienne and Chaudret in their recent
review.® (a) There is a low energy MH, bending vibration that
allows close approach of the two exchanging hydrogens.!® (b)
There is a chemical pathway to exchange initiated by this
vibration. In some cases, a coordinated dihydrogen ligand
may exist as an energy minimum along this path; however,
this is not necessarily the case. (c) The barrier to the chemical
or classical exchange must lie in the region of 35-70 kJ mol !
for the phenomenon to be detectable by 'H NMR. If the
barrier is too high, the quantum exchange couplings are too
small to be observed, whereas if the barrier is too small clas-
sical exchange leads to signal coalescence. (d) There is rota-
tional tunnelling through the barrier. (¢) The observed
temperature dependence of J,, is a consequence of thermal
population of excited vibrational states, which inevitably have
lower potential energy barriers for tunnelling. Experimental
evidence for non-zero values of J,, at 0° K rules out the pos-
tulate of the barrier just being a rotational one for a dihydro-
gen complex, thermally accessible from a ground state hydride
structure.'®

Complexes displaying quantum mechanical exchange coup-
lings include biscyclopentadienyl metal trihydride systems,

[Cp,MH;]"" [Cp=(CsHs_,R); M=Nb, Ta, n=0;
M = Mo, W, n = 1],3:29724 and the closely related dihydrides,

[Cp,MH,L] (M =Nb, Ta; L=PR;, CO, CNR,527
cyclopentadienyl metal trihydride phosphine systems
[COMH,L]"* M =Ru, n=0; M=Ir, n=1; L=

PR,)*#7:18.28-31 and the isoelectronic osmium trihydrides
[(C4H4)OsH,(PR;),]%,32 and octahedral polyhydrides such
as OsH;X(PRj;), (X = Cl, Br, I, 2,2-biimidazole, dienes).333%

The values of J, vary by several orders of magnitude;
however, it is generally found in a series of related compounds
that the magnitude of the exchange coupling increases as the
barrier to the classical thermally activated rearrangement be-
tween the A and B hydrides decreases.!® However, this is not
the only criteria as comparison of AG* with Jy shows.® The
length of the exchange path also pays an important role in
determining the magnitude of quantum mechanical exchange.

By studying related compounds, J., has been shown to
decrease with increased basicity of the co-ligands, increase
with charge on an isoelectronic pair and decrease between the
second and third transition series.'® Recently, Jy,, was found
to vary significantly within a series of compounds where none
of these factors were changing.?>** The biscyclopentadienyl
tungsten trihydride cation, [W(n-CsHs),H;]*, 1, shows
normal Jy,y, values of 8.5 Hz at all temperatures. When the
rings are ansa-bridged by SiMe, , [W{(n-CsH,),SiMe,}H;]",
2, and CMe,, [W{(n-CsH,),CMe,}H;]", 3, the values are
significantly different. 2 has Jy,y, varying from 8 Hz at
—140°C to 75 Hz at 0 °C while 3 shows more extreme behav-
iour with Jy,y, varying from 2900 Hz at —130°C to 16 000
Hz at —70°C. The principal change in this series is the inter-
ring angle, which increases as the bridge becomes more steri-
cally constraining.
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We are concerned with an ongoing investigation of the
effect of ansa-bridges on the electronic structure of metallo-
cenes.3% In particular we have studied hydrogen exchange and
methane elimination in biscyclopentadienyl tungsten methyl
hydrides, with and without ansa-bridges, by density functional
methods.3” Camanyes et al. have modelled hydrogen ex-
change coupling in metallocene trihydride systems.>® They
carried out density functional calculations to obtain a poten-
tial energy profile for the reaction pathway and then applied a
dynamic tunnelling model to calculate values for the exchange
coupling constants. A similar approach had been taken pre-
viously in estimating the barrier in the CpIrH;L systems,3-4°
and subsequently applied to the Cp,MH,L system*' and
Cp,NbH, - AlH,.#? This success encouraged us to see
whether density functional calculations could illuminate the
trends in the barrier to chemical exchange that are indicated
by the relative magnitudes of the quantum mechanical
exchange couplings found for 1-3. Our aim in this study is to
see to what extent the variation of J,, in the series 1-3 can be
understood in terms of the changes in electronic structure
brought about by the ansa-bridges.

Computational methods

All calculations were carried out using the Amsterdam
Density Functional (ADF) program system, version 2.3.* The
electronic configurations of the molecular systems were
described by an uncontracted triple-{ basis set of Slater-type
orbitals (STO). Hydrogen, carbon and silicon were given an
extra polarisation function: 2p on H, 3d on C and 4d on Si.
The cores of the atoms were frozen: C up to 1s, Si up to 2p
and W up to 5p. First-order relativistic corrections were made
to the cores of all atoms using the Pauli formalism. Energies
were calculated using Vosko, Wilk and Nusair’s local
exchange correlation potentials** with non-local exchange
corrections by the method of Becke**> and non-local corre-
lation corrections by that of Perdew.*®47

Methodology

Given the relatively large size of the molecules under consider-
ation, we adopted a relatively simple approach to estimate the
classical barrier to intra-molecular hydrogen exchange in 1-3,
similar to, but not identical with, that of Camanyes et al.3®
The methyl groups on the ansa-bridges were replaced by
hydrogens to save computational time, so calculations were
carried out on the cations I, I and IIl. The geometries of
molecular ion ground state structures, a (Fig. 1), were opti-
mised, with an initial assumption of C,, symmetry, with the
hydrides lying in the xz plane. For I, there are two alternative
C,, structures; they differ in the orientations of the cyclo-
pentadienyl rings. That with the rings oriented so that two
carbons approach each other on bending was found to be the
more stable by 18 kJ mol™! and was taken to be the

minimum energy structure.
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The mid-point of the exchange was assumed to be an
n*-H, structure with the H-H axis perpendicular to the xz
plane, ¢ (Fig. 1). If the rings are assumed to be eclipsed, this
structure possesses a mirror plane, so the minimum energy
was found by a full optimisation with the constraint of C,
symmetry. The energy difference between a and c gives an esti-
mate of the height of the barrier to H exchange.

Q
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Fig. 1 Structures and symmetries assumed for the metallocene tri-
hydride cations in the calculations of a, the ground states, b, the WH,
bend, and ¢, the mid-point of the H,~H, exchange.

The ease of approach of the exchanging hydrogens within
the xz plane was modelled by a linear transit run in which C;
symmetry was assumed with all three hydrogens lying in the
xz plane, b (Fig. 1). The H,-W-H, angle was fixed to suc-
cessive values and the rest of the structure optimised within
the C, symmetry constraint. This gave an estimate of the ease
of the initial WH, bending vibration, and an impression of the
shape of the barrier, which has been shown to be important in
the magnitude of the coupling.

Frequency calculations were carried out to test some of the
key minima and transition states.

Results
Ground state optimisations

Structural parameters calculated for the minimum energy
structures, a, of I-1III are given in Table 1. Where structural
data is available for 1-3 (see Table 1), there is good agreement
between the calculated and experimental values. The calcu-
lated values for the W-H distances of I are similar to those
calculated by Camanyes et al.;*® our values were 0.02 A
longer. In their calculation local fivefold symmetry was
assumed for the C;H; rings, but in our calculations the ring
geometry was allowed to optimise under the C,, symmetry
constraint. The Cp,.,W-Cp,... angles found for I-III were
close to those found in related C and Si ansa-bridged metallo-
cenes, which lie around 128° and 138°, respectively.?%23

A frequency calculation on the ground state structure found
for Il gave an imaginary frequency of 120i cm~! of b, sym-
metry. This corresponded to a movement of the central hydro-
gen, in the xz plane, to the side of the W-bridging C vector.

Table 1 Selected calculated structural parameters® (;& and °) for I, II,
and III (when available, experimental data is given in parentheses)

Ia® Ila IIa°¢
W-H, 1.712 1.734 1.739
W-H, , 1.700 1.707 1.715
H,--H,, 1.699 1.602 1.650
w-C,, 2.354(2.261) 2.353 2.349
W-Cp,.., 2021 2021 2.014(1.963)
C-C (av) 1417 1421 1.420
H,-W-H,, 58.7 55.5 57.1
o 29(31.8) 48 62
Cpoor-W-Cp,.., 150 137 125(127.08)
B 1 23 19

“q is the inter-ring angle; B is the angle between the ring plane and
the ipso-carbon substituent vector; Cp,.,, denotes the centroid of a C,
ring. ® Ref. 48. ¢ Ref. 22.




Table 2 Calculated structural parameters (A and °) for the WH;; unit of I, I, and III for the ground states a, with an H,~W-H, angle of 31°, for

b and for the mid-point of the exchange reaction, ¢

Ia IIa IIIa Ib ITb IIIb Ic Ilc IIIc
W-H; 1.712 1.734 1.739 1.820 1.819 1.837 1.934 1.956 1.978
W-H, 1.700 1.707 1.715 1.804 1.792 1.806 1.934 1.956 1.978
W-H, 1.700 1.707 1.715 1.701 1.715 1.725 1.708 1.711 1.730
H,---H, 1.699 1.602 1.650 0.969 0.965 0.974 0.836 0.829 0.822
H;---H; 1.699 1.602 1.650 2.034 1.939 1.946 2.346 2.367 2.397
H,-W-H, 60 55 56 31 31 31 25 25 24
o 29 48 62 36 49 63 40 49 63

The structure was re-optimised with no symmetry constraint,
and the structure found had an angle of 172° between the
W-H, vector and the W-bridging carbon vector. The new
structure was of the same energy to within 0.01 eV and, apart
from the angle mentioned the distances and angles were the
same.

The initial impression from inspection of the trends in dis-
tance along the series is that there is little variation in the
geometry of the WH; unit. Close examination suggests that,
as the inter-ring angle increases, the metal becomes more
closely bound to the ring and possibly less closely bound to
the hydrides; however, the calculated variation of distance in
the latter case is small.

Mid-point optimisation

Optimisation of the presumed mid-point of the exchange with
H,-H, perpendicular to the xz plane gave structural data for
the WH; units shown in Table 2 and energies above the
ground state given in Table 3. Variations were found in the
metallocene fragment. These were minor except in the case of
Ic where the inter-ring angle, «, increased to 40° at the mid-
point. In the cases of II and III, the inter-ring angle at the
mid-point was similar to that calculated for the minimum
energy structure.

The distance between the exchanging hydrogens at the mid-
point was found to range from 0.84 A for Ic to 0.82 A for INle.
This is significantly longer than the value of 0.783 A calcu-
lated in the previous work.>® The W-H, and W-H, distances
of 1.93 A found for I were, however, the same. A frequency
calculation was carried out on Ie, which confirmed the struc-
ture as a transition state, there being one imaginary frequency
of 854i cm™! corresponding to rotation of the dihydrogen
unit.

The difference in H-H distance calculated by Camanyes et
al®® and that reported here could be due to a number of
factors: difference in basis sets, functionals, core treatments, or
geometry constraints mentioned above. We have not carried
out a systematic investigation as to the origin of the discrep-
ancy as we are more concerned with the trend found for a
series of compounds when a consistent theoretical method-
ology is applied.

The W-H distances were found to increase from I to II to
III. This increase was associated with the small decrease in
H;-H, distance noted above. Thus, the differences in the
WH,; unit seem more pronounced at the mid-point than in the
minimum energy structures.

The energy differences between the minimum energy struc-
tures and the mid-points (Table 3) show a decrease from 96 kJ

Table 3 Calculated energies (kJ mol~!) of structures b (with 6 = 31°)
and c relative to a

I I I
b 30.2 15.0 6.8
c 95.5 62.5 513

mol~! for I to 63 kJ mol~*! for II to 51 kJ mol~?! for IIL
Camanyes et al. calculated a value of 119 kJ mol ~* (28.49 kcal
mol 1) for L.3® Thus, the exchange energy barriers for I and
III are calculated to lie in the 35-70 kJ mol~! region within
which quantum mechanical exhange coupling has been found
to occur, whereas that for I lies outside this range, and no
exhange coupling has been observed for this cation.

H,WH, bend

The energies of structures b relative to the minimum energy a
as the H,~W-H, angle, 0, is varied are given in Fig. 2. The
ease of distortion increases in the order I to III. Compound
IIT shows a minimum on the energy surface when the angle 6
is around 31°. The H;—H, value at this angle is 0.97 A. The
other two compounds show points of inflexion in the energy
curve at similar values. The structural details for the WH;
units at @ = 31° are given in Table 2 and the energies at this
point in Table 3.

We tested whether there was a true minimum on the energy
surface for III at this angle by optimising the structure with
no symmetry constraints with the starting parameters from
the linear transit run. The minimum found had a H,-W-H,
angle of 33°.

Discussion

The calculations are in excellent agreement with the model for
quantum mechanical exchange coupling outlined in the intro-
duction. The two key features are the ease of close approach
of the exchanging hydrogens so that the tunnelling distance is
small and the size of the barrier to classical exchange, which
should lie between 35 and 70 kJ mol~! for the phenomenon
to be observable by 'H NMR.

Our calculations on the models I, II and III suggest the
energy barrier is too high for 1 where no quantum mechanical
exchange coupling is observed, but that for both 2 and 3 the
barrier is in the correct range and that it is lower for 3 than 2.
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Fig. 2 Energies of the structure b relative to the ground state a as
the H,~W-H, angle, 0, is varied for I, II and III.
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Table 4 Selected atom-atom overlap populations and Mulliken
charges for Ia—IIla

Ia ITa IIIa
Atom-atom overlap population®
W-H, 0.045 —0.080 —0.137
W-H, 0.111 0.040 0.023
H,~H, 0.080 0.158 0.189
Mulliken charges
w 1.29 1.37 1.41
H, —0.11 —0.18 —0.23
H, —0.09 —0.14 —0.17

¢ Off-diagonal elements are not doubled.

As noted in the introduction, J, is considerably larger for 3
than 2.

Moreover, for the two exchanging hydrogens to approach
within 0.97 A of one another requires a decreasing amount of
energy in the order 1 to 3 so this factor is also consistent with
the experimental results. For III the dihydrogen intermediate
lies only 7 kJ mol~! above the minimum energy state.

As noted above the most obvious difference between the
molecules in this series is the steric constraint on the inter-ring
angle introduced by the presence of an ansa-bridge. The opti-
mised structural distances for the ground state structures indi-
cate that the central hydrogen, H,, is the most loosely bound.
There is also some indication of a lengthening of the W-H
bonds as the inter-ring angle increases. An analysis of the
atom-atom overlap populations is revealing in this context.
These populations give an indication of covalent bond order;
they are given for the WH; unit in Table 4. The overlap popu-
lation between the metal and the central hydrogen, H;,
decreases from Ia to Illa; indeed, it is negative for Ila and
IIIa. That between the metal and the lateral hydrogens, H,
and H;, is larger, also decreases, but remains positive
throughout. That between the central and lateral hydrogens
increases from Ia to IIla. The Mulliken charges, also given in
Table 4, indicate an increase in the positive charge on the
metal and an increase in negative charge on the hydrogens in
the order Ia to IIla. This reinforces the picture, obtained from
the distance variations, of the central hydrogen being the most
weakly bound and the covalent bonding between the metal
and the hydrogens decreasing with increasing inter-ring angle.
It is also consistent with the slightly distorted minimum
energy structure found for IIL

The underlying reason for this is apparent from an orbital
analysis of the effect of bending of the metallocene unit on the
frontier orbitals.3® The frontier orbitals are represented in Fig.
3, superimposed on a plan of the trihydride structure. The
orbital best oriented to bind the central hydrogen is the 4a,
orbital, but this is the orbital that rises steeply in energy with
increasing inter-ring angle. The metal d(z> — y?) orbital
becomes involved in bonding to the cyclopentadienyl =
orbitals as the rings are bent. The 4a, orbital is the anti-
bonding counterpart of this bonding interaction. With a large
inter-ring angle it lies too high in energy to bond effectively.
The 2b, orbital rises in energy on bending for similar reasons,
but the rise is not so great. The 3a, orbital, d(x?) in character,
in contrast is effectively non-bonding with respect to the
cyclopentadienyl rings and drops in energy on bending.

Formation of the W(n?>-H,)H transition state, ¢, from the

H H L
H H y z
2by 3a;
Fig. 3 Frontier orbitals for a bent metallocene unit.
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WH,; ground state, a, constitutes a formal reduction of the
tungsten from vI to 1v with its configuration going from d° to
d2. The shift of charge occurs in the highest occupied orbital
(HOMO) for this series, which is based on the 3a; orbital.
Iso-surfaces for the HOMO of Ia and Ic are given in Fig. 4. In
the transition state, both the hydride and the o-bonded dihy-
drogen lie on the nodal plane of the d(x?)-like HOMO. The
increase in inter-ring angle along the exchange pathway found
for T can be understood in terms of the need to stabilise the
two electrons in the 3a, orbital. The increased ease of forming
the transition state with increase in inter-ring angle may also
be due in part to the increase in stability of this orbital on
bending.

Conclusions

The barrier width and height for hydrogen exchange in the
tungstenocene trihydride cations has been shown to decrease
with increase in inter-ring angle in a manner consistent with
the magnitude of quantum mechanical exchange coupling
found for these compounds. The origin of the effect can be
traced to the changes in the metallocene frontier orbitals on
bending the metallocene fragment. Two of the metal d orbitals
become more involved in metal-ring bonding and are less
available for binding the hydrogens. The binding to the
central hydrogen is particularly affected and is very weak. In
the carbon-bridged compound this leads to an (n?-H,)H
structure lying around 7 kJ mol~! above the ground state. A
third d orbital, which is non-bonding with respect to the
cyclopentadienyl rings, is stabilised on bending and its lower
energy favours formation of the d? transition state.

Finally, we wish to comment on an apparent paradox.
Elimination of methane from d? ansa-bridged systems is less
favoured than from unbridged systems,>” yet the studies
reported here show that in the ansa-bridged systems ligands
appear to be less strongly bound. The paradox may be resolv-
ed by recognising that different factors are responsible in each

Ic

Fig. 4 Iso-surfaces for the HOMO along the exchange pathway of Ia
and Ic, showing the shift of electron density to the metal along the
exchange pathway.



case. In an elimination reaction an intermediate is formed
with two more d electrons. These are most stable in a triplet,
parallel ring structure. The presence of the bridge prevents
access to such a geometry. Effective breaking of the metal
ligand bonds does not represent the maximum energy on the
reaction coordinate; rather it is the decomposition of an inter-
mediate o-complex and the loss of the product, such as
methane, which is the real barrier. Ansa-bridges are thus seen
to enable intramolecular exchange processes while simulta-
neously retaining ligands.
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