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The hybrid quantum/molecular mechanics methodology is used to examine the interplay between metal-metal
bonding and steric effects in a series of isostructural redox-related ruthenium dimers. Potential energy surfaces

for the various electronic states arising from (d°d®) (1+), (d°d®) (2+) and (d*d®) (3+) configurations are explored.
Somewhat counterintuitively, the bulky groups on the phosphine ligands are found to have most effect when the
Ru—Ru bonding is strongest. The origin of this trend has been traced to the nature of the steric interactions, which
are largely between the bridging halides and the substituents on the phosphine. As the Ru—Ru bond contracts,

a concertina-like motion displaces the halides away from the trigonal axis and towards the phosphine substituents.
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The resulting competition between Ru—Ru bonding and steric repulsions means that varying the bulk of the
phosphine provides an efficient mechanism for tuning or even completely eliminating the metal-metal bond.

Introduction

The emergence of density functional theory over the past ten
years has revolutionised the way in which the electronic struc-
ture of transition metal systems is treated. Most significantly,
the realistic treatment of the total energy within DFT affords
accurate equilibrium structures and reaction pathways. The size
of the system amenable to calculation is, in principle, limited
only by the computational resources available, and the rapid
development of hardware during the same period means that
rather large systems containing several metal ions can now be
tackled.! The effective treatment of substituents on ligands,
however, remains a considerable problem, due to the large
number of such groups typically present in a molecule, and also
to their high degree of conformational flexibility. As a result, it
has been common practice to reduce ligands to their simplest
model forms, a typical example being the replacement of any
phosphine, PR;, with the parent PH;. Whilst this procedure is
computationally expedient, it is clear that any of the subtle (and
often not so subtle) changes in chemistry associated with a
change in phosphine will be beyond the scope of the compu-
tational experiment. Very recently, hybrid quantum mechanics/
molecular mechanics (QM/MM) techniques? have emerged as a
viable means of addressing this problem. The basis of the tech-
nique lies in retaining an accurate quantum mechanical descrip-
tion of the core of the molecule (typically the metal centres and
first coordination sphere), while treating the peripheral sub-
stituents (the R groups in the above example) with less expen-
sive molecular mechanics-based protocols. It is important to
emphasise that only the steric influence of the substituents is
incorporated in this way — inductive effects are not transmitted
across the boundary between the QM and MM regions. Never-
theless, hybrid QM/MM has proved to be a powerful technique,
particularly in cases where the steric influence of the substitu-
ents is of similar magnitude, in energetic terms, to important
electronic interactions within the core. In such circumstances,
the incorporation of the full ligand can cause dramatic changes
in structure and properties.®
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In recent years, we have been interested in describing the
interactions between transition metal ions in clusters, with a
particular emphasis on systems that lie on or near the border-
line between weak magnetic coupling and strong covalent bond-
ing.** In certain cases, it is possible to isolate a single molecule
in two distinct forms, differing only in the nature of the inter-
action between the metal ions.””® More generally, however, it is
likely that such borderline examples will have very flat potential
energy surfaces, and hence structures that depend strongly on
the environment of the molecule. The [Mo,Cl]*~ anion is just
such an example, where the potential energy surface is very
flat in the region 2.5 A < Mo-Mo < 2.9 A, despite the fact that
the 5, components of the Mo—Mo triple bond are effectively
eliminated at larger separations.* It is not surprising, in such
circumstances, that the size of the cation, A, in A;Mo,Cl, salts
has a substantial effect on the Mo—Mo bond length as well as
the magnetic properties of the anion.” These solid-state studies
illustrate the impact of intermolecular forces on the nature of
the metal-metal bond, but it is possible that intramolecular
forces may play a similar role. In this paper, we explore this
possibility by examining the influence of phosphine ligand on
the electronic structure and geometry of a series of bimetallic
systems, [Ru,(u-Cl);(PR;)s*". The qualitative features of the
bonding in these face-shared bioctahedral systems are well
established (Scheme 1).** The t,-based orbitals of the parent
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Scheme 1 Schematic MO diagram for a face-sharing bioctahedron.
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Table 1 Crystallographic data for [Ru,(u-Cl);(PR;)]" cations

Ru-Ruw/A Ru-ClVA Ru-P/A Ref.
[Ru,(1-Cl)5(PMe,) ] 3.37 2.50 2.26 8a, 13

3.27 2.48 2.25 8b
[Ru,(p-Cl);(PMe,Ph) ] 3.39 2.49 2.29 9
[Ru,(1-Cl)5(PEt,Ph) ] 3.44 2.48 232 10
[Ru,(p-Cl);(PBus,)]* 3.39 2.49 2.30 11
[Ru,(u-Cl)s(MeC(CH,PPh,),),]* 3.46 2.49 231 12

octahedra combine to form bonding and antibonding combin-
ations with local ¢ and §, symmetry, while the orbitals derived
from the octahedral e, set have local n; symmetry. The phos-
phine capped systems are isolated as the monocations, where
the closed shell configuration (d®) of the Ru™ ions precludes any
net bonding interaction, leading to rather large Ru—Ru separ-
ations (3.2-3.5 A, see Table 1).# In a series of detailed
spectroelectrochemical experiments, Heath and co-workers
have reversibly oxidised these complexes,®? first to [Ru,(u-Cl),-
(PR;)¢]** and then to [Ru,(u-Cl);(PR;)4*". Successive oxidation
generates vacancies in the t,, subshell, and can give rise, at least
in principle, to a Ru—Ru hemibond (z = 2) and ultimately to a
full covalent single bond where z = 3. Whilst no crystallographic
data are available for either of the oxidised forms, the structures
of the isoelectronic species [Ru,(u-Cl);(NH,),** (d°d®)™* and
[Ru,(u-C1);Cle*~ (d°d%),' are known, with Ru—Ru separations
of 2.753(4) A and 2.725(3) A, respectively. Spectroscopic results
suggest that [Ru,(u-Cl);(PMe,)s*" is rather similar to the
ammine-capped analogue (ruthenium ‘blue’),’* with a charac-
teristic intense band in the visible region assigned to the c—c*
transition (Scheme 1). However, the c—0c* band appears at
significantly lower energy in the phosphine-capped species and
is further red-shifted when PMe; is replaced by PEt;, suggesting
that the bulkier phosphine weakens the Ru—Ru bond. In separ-
ate contributions, Yeomans et al.'® and Clucas et al.'® have
debated the nature of the bonding in these complexes, and
independently concluded that steric interactions between the
Ru(u-Cl);Ru core and the terminal ligands may be responsible
for this destabilisation of the Ru—Ru bond (Scheme 2). In this

Scheme 2 Steric repulsions between bridging halides and the terminal
ligands.

paper, we employ the hybrid QM/MM method to explore this
proposal in the context of the series [Ru,(u-Cl);(PR,) ' 23+,
As noted above, the influence of the substituents on the phos-
phine will clearly be most dramatic when steric interactions are
of similar magnitude to electronic interactions within the core.
Given that successive oxidation causes an increase in Ru—-Ru
bond order from 0 to 0.5 to 1, it is likely that the substituents
will have a very different influence on structure in the different
oxidation states.
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Computational details

All calculations described in this paper were performed using
the Amsterdam Density Functional (ADF) program,
ADF2000.02,"7 developed by Baerends and co-workers. A
double-{ Slater-type basis set, extended with a single polaris-
ation function, was used to describe the hydrogen, nitrogen,
phosphorus and chlorine atoms, while ruthenium was modeled
with a triple-{ basis set. Electrons in orbitals up to and includ-
ing Is {N}, 2p{P, Cl} and 4p{Ru} were considered part of the
core and treated in accordance with the frozen core approx-
imation. The local density approximation (LDA) was employed
in all cases,'® along with the local exchange-correlation poten-
tial of Vosko, Wilk and Nusair.” Where gradient corrections
to exchange and correlation were employed, they were
those proposed by Becke?® and Perdew (BP86).2! All structures
were optimised using the gradient algorithm of Versluis and
Ziegler.” In the hybrid quantum mechanics/molecular mechan-
ics calculations, the [Ru,(u-Cl);(PH;)4*" core was treated using
DFT as described above, while the molecular mechanics parti-
tion included the alkyl or aryl groups on the phosphines.
Parameters were taken from the Sybyl force field,”® with the
exception of van der Waals parameters for Ru, which were
taken from the UFF force field.** Potential energy curves were
generated by fixing the Ru—Ru distance and allowing all other
parameters to vary within the constraints of the appropriate
point group.

Results and discussion

Optimised structures of [Ru,(u-Cl);CL,J*~, [Ru,(u-Cl);(NH,)J**:
calibration of theory with experiment

The electronic structure of face-shared bioctahedra such
as [Ru,(u-Cl);Cl*~ and [Ruy(u-Cl);(NH;)s** is well docu-
mented,*® and is not the primary focus of this paper. Neverthe-
less, these two complexes provide an opportunity to assess the
ability of a pure QM calculation to accurately model structural
properties, particularly the Ru—Ru separation, in the absence of
complicating steric factors. Optimised structural parameters
(LDA and BPS86) for both complexes are summarised in Table
2, along with the available crystallographic data. The calculated
Ru-Ru separation is longer in the NH;-capped species, consist-
ent with the decrease in Ru—Ru bond order from 1.0 to 0.5, and
the agreement between experiment and theory, at least at the
LDA level, is striking. Optimised Ru-Ru bond lengths are
within 0.04 A of experiment, while the error in metal-ligand
bonds (terminal and bridging) is not more than 0.03 A in any
case. The inclusion of gradient corrections in the model Hamil-
tonian results in a significantly poorer agreement, both in terms
of metal-metal and metal-ligand distance. The relatively poor
performance of gradient corrections in describing metal-metal
bonds has been noted previously.*

Optimised structures of [Ru,(u-Cl);(PR;),]*, R = H, Me and Et:
evaluation of the hybrid QM/MM methodology

In this section, we assess the steric influence of substituents
on the phosphine ligands (incorporated through the hybrid
QM/MM methodology) on the structure of the inner {Ru-



Table 2 Comparison of computed and crystallographic data for [Ru,(u-Cl);(NH;)s]*" and [Ru,(u-C1);Cl*~

Ru-Rw/A Ru-p-Cl/A Ru-CI/N/A Ref.
[Ru,(u-Cl);(NH,) > Expt. 2.753(4) 2.395 2.111 14
LDA 2.79 2.43 2.11
BP86 2.91 248 2.17
[Ru,(u-C1),Cl ] Expt. 2.725(3) 2.391 2.332 15
LDA 2.75 241 2.39
BPS6 2.88 2.48 2.46

Table 3 QM/MM optimised structural parameters for [Ru,(u-Cl);-
(PR3)]"

Ru-Ru/A Ru-ClVA Ru-P/A
[Ru,(u-Cl)5(PH,)e] 3.17 2.48 2.26
[Ru,(u-Cl);(PMe,) ] * 3.21 2.48 227
[Ru,(u-Cl)4(PEty)(]* 3.33 2.44 2.33

(u-Cl);Ru} core. The discussion at this stage is restricted to
the monocations, for which structural data are available, and
where the (d®d®) electronic configuration precludes direct
Ru-Ru bonding. These closed-shell systems allow us to assess
the steric influence of the ligands in isolation, thus providing a
benchmark for subsequent studies of the oxidised species,
where the steric factors are in direct competition with metal—
metal bonding. Optimised structures of [Ru,(u-Cl);(PH,)4]",
[Ru,(u-Cl);(PMe;)s] " and [Ruy(u-Cl);(PEt;)s]" are summarised
in Table 3.

The optimised Ru—Ru separation is, for all phosphines, con-
siderably longer than in either [Ru,(u-Cl);Cls]* or [Ru,(u-Cl),-
(NH,)¢]*", consistent with the absence of any net bond.
However, the value of 3.17 A for the simplest model phosphine,
PH;, is shorter than the shortest distance observed in any of the
crystallographically characterised complexes, suggesting that
the substituents do play a significant role in determining the
structure of the {Ru(u-Cl);Ru) core. Replacing the terminal
hydrogen atoms with methyl groups presents an immediate
problem, in that the number of possible conformations of the
18 methyl groups is extremely large, and identifying the global
minimum is far from trivial. In such circumstances, it is com-
mon practice to be guided by crystallographic data, and our
initial starting orientation, illustrated in Scheme 3, is taken from
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Scheme 3 Orientation of the Me groups in the crystal structure of
[Ru,(u-Cl)3(PMes)g] ™.

the crystal structure described by Heath ef .3 In the opti-
mised structure, the Ru-Ru separation of 3.21 A is 0.04 A
longer than in the PH;-capped species, and more consistent
with the values observed in the crystal structures. The incorpor-

ation of the methyl groups in their crystallographic orientation
poses one further problem, in that all symmetry elements are
eliminated. In addition to the significantly greater compu-
tational effort associated with calculations performed without
symmetry, it is no longer possible to distinguish orbitals of &
and 3, symmetry, a process that will prove invaluable to the
interpretation of the electronic structure. It would clearly be
favourable to symmetrise the methyl groups in such a way that
the Dj, point symmetry of the Ru,(u-Cl); core is restored, a
process that can be achieved by imposing a rotation of
approximately 40° about each Ru—P bond. This symmetrisation
causes a 50 kJ mol™! increase in the total energy but, signifi-
cantly, there is little change in the optimised structure of the
{Ru(u-Cl);Ru} core. In fact, potential energy curves (Fig. 1) for
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Fig. 1 Potential energy curves for non-symmetrised (*A) and
symmetrised (*A,’) states of [Ru,(u-Cl);(PMe;)s]*. The zero of energy is
arbitrary.

the Ru—Ru stretch for symmetrised (*A,’) and non-symmetrised
(*A) orientations of the Me groups in [Ru,(u-Cl);(PMe;)]" are
almost identical, other than a uniform upward shift of ~50 kJ
mol ™! (the absolute zero of energy in Fig. 1 is arbitrary). More-
over, the decomposition of the total energy into separate com-
ponents for the QM and MM regions indicates that the 50 kJ
mol ! destabilisation of the symmetrised structure is contained
almost entirely within the MM partition, while the energy of
the QM region changes by less than 5 kJ mol™!. Thus both
energetic and structural criteria suggest that symmetrisation
does not significantly perturb the halide-bridged diruthenium
core. In the context of this study this is an important observ-
ation, as it suggests that symmetrisation of the terminal ligands,
with its attendant advantages, both in terms of cost and the
control over the electronic state, does not significantly affect our
conclusions regarding the nature of the interaction between the
metal ions.

The PEt; ligands present a further degree of complexity, as
the number of possible conformers is increased dramatically by
the increase in length of the alkyl chain. Crystallographic data,
in this case taken from the known structure of [Os,(u-Cl);-
(PEt,)]",% again provide a logical starting point (Scheme 4).
The influence of the ethyl substituents on the bimetallic unit
is much more dramatic, and the Ru—Ru separation increases to
3.33 A. Whilst there are no structural data available for
[Ruy(u-Cl);(PEt;)]", it is clear that this increase is consistent
with the experimental trend towards longer separations for
bulkier substituents (Table 1). Analysis of the optimised struc-
ture clearly reveals the origin of this trend: the shortest non-
bonded contacts between the ethyl groups and the halide
bridges are only 2.62 A, significantly shorter than the corre-
sponding values of 2.88 A in the methyl-substituted system.
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Table 4 QM/MM optimised structural parameters for symmetrised
states of [Ru,(u-Cl);(PR,)s**

Ru-Rw/A E,o/kJ mol™!
[Ru,(u-Cl);(PHy)e]** A" 2.90 0
2E” 3.17 35
[Ruy(n-Cl)5(PMey)e** 2A," 3.05 0
2E” 3.26 17
[Ruy(p-CD3(PEt;)g]** 2A," 3.12 0
g 3.33 2
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Scheme 4 Orientation of the Et groups in the crystal structure of
[Os,(u-Cl)3(PEty)q] ™.

Thus these preliminary results seem to confirm the picture
suggested by Heath and Armstrong '*!¢ illustrated in Scheme 2,
where steric repulsions between the halide bridges and the
remote substituents are responsible for the elongation of the
Ru-Ru distance. Symmetrisation of the (PEt;); array to recover
D, symmetry again destabilises the system, this time by some
150 kJ mol™!, consistent with the greater congestion compared
to the PMe; analogue, but again does not dramatically alter
the optimised Ru-Ru separation. The partitioning of energy
into QM and MM regions also confirms that the destabilis-
ation is not associated with significant changes in the QM core,
and must therefore be caused largely by unfavourable inter-
actions between the ethyl groups. Thus, just as for the PMe,
ligands, the orientation of the substituents on the phosphine,
although critical in terms of absolute energies, does not play a
significant role in determining the properties of the Ru,(u-Cl),
core.

Structure and bonding in [Ru,(u-Cl);(PR,)J**

As noted in the introductory section, one-electron oxidation
generates a vacancy in the t,, manifold, and therefore opens up
the possibility of metal-metal bonding. In these circumstances,
the sterically induced elongation of the Ru-Ru separation dis-
cussed in the previous section will act in direct opposition to
Ru-Ru bonding, which necessarily causes a contraction. Poten-
tial energy curves (calculated in a Dy -symmetric structure) for
the parent PH,-capped structure, [Ru,(u-Cl);(PH,).J**, are
shown in Fig. 2a, and optimised Ru—Ru separations and relative
energies are collected in Table 4. The two curves correspond to
removal of an electron from an orbital of a,” (o) or ¢” (J,)
symmetry, generating states of *A,” and 2E” symmetry, respect-
ively. The global minimum is clearly the former, with a relatively
short Ru-Ru bond length of 2.90 A, rather similar to the dis-
tance observed in the ammine-capped analogue, [Ru,(u-Cl);-
(NH,)]**. In the *E” state, the singly occupied orbital has §_,
rather than o, symmetry, and the negligible 3, overlap affords a
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Fig. 2 Potential energy curves for non-symmetrised (*A) and
symmetrised (*A,” and *E") states of [Ru,(u-CI);(PR ;) *".

much longer Ru-Ru separation. The 35 kJ mol™' separation
between the minima in the *A,” and *E” states reflects a strong
electronic preference for the formation of a ¢ hemibonded
structure.

The introduction of methyl groups in their crystallographic
(non-symmetrised) orientation breaks the three-fold symmetry,
as a result of which both *A,” and *E” states correlate with a
single ?A state in the C, point group. However, the potential
energy curve for the *A ground state (Fig. 2b) exhibits very
similar features to those in Fig. 2a, except that an avoided cross-
ing permits a smooth transition from the o-hemibonded state at
short separations to its §, analogue at longer separations. As
for the PH;-capped species, the global minimum corresponds to
the o-hemibonded species, and, as was the case for the mono-
cations, the methyl substituents cause only a marginal increase
in the optimised Ru-Ru separation. Symmetrisation of the
PMe;, groups again increases the energy by approximately 50 kJ
mol~!, but, as was illustrated in the previous section, this is
almost entirely due to interactions between the Me groups
which are not of primary importance in the context of metal—
metal interactions. The advantage of symmetrisation becomes
clear at this point, as it allows us to locate separate minima for
the 2A,” and *E” states, also shown in Fig. 2b. The optimised
Ru—Ru separation of 3.05 A in the 2A,” state is somewhat
longer than in its non-symmetrised A counterpart, due to
increased repulsions with the bridge caused by the non-optimal
orientation of substituents. Nevertheless, it is clear that the
symmetrised and non-symmetrised structures afford an essen-
tially convergent picture of the bonding. Significantly, the ener-
getic separation between the *A,” and *E” states is reduced from
35 kJ mol™" in the PH;-capped species to only 17 kJ mol ™" for
the PMe; analogue, suggesting that the methyl groups destabil-
ise the more weakly bonded *E” state to a lesser extent than
2A,". Further increasing the bulk of the substituent (PEt,,
Fig. 2c) induces changes that are entirely consistent with the
previous discussion. With the non-symmetric crystallographic
ligand orientation, the global minimum is found at Ru-Ru =
3.09 A, although a second, higher lying local minimum
emerges at approximately 3.35 A. Symmetrisation of the ligand
framework reveals ?A,” (Ru-Ru = 3.12 A) and *E” (Ru-Ru =
3.33 A) states that are separated by only 2 kJ mol™', and this
near degeneracy leads to the emergence of the double minimum
on the potential energy surface for the non-symmetrised
species.



Table 5 Correlation between structural and spectroscopic parameters for (d°d®) species

Ru-Ru“/A Calculated o-c* separation“/cm ™ Observed 6-c* energy/cm ™!
[Ru,(u-Cl);(NH;)6* 2.79 14160 171001
[Ru,(u-Cl);(PMe;)e** 3.05 8930 93501
[Ru,(u-Cl);(PEt;)e*" 3.12 5460 74601

“In the ?A," ground state in each case.

Thus, the rather different appearance of the potential energy
curves for the non-symmetrised PH;, PMe, and PEt; species
can be traced to a relative destabilisation of the %A, state,
where direct Ru—Ru ¢ bonding is present. The greater sensitiv-
ity of the A" state to steric effects can, in turn, be traced to the
non-bonded interactions between the substituents and the
bridging halides, which, as noted above, naturally lead to an
elongation of the Ru-Ru separation. As the Ru-Ru bond
becomes stronger, and therefore shorter, the concertina motion
of the Ru(u-Cl);Ru unit will force the bridging halide groups
into closer contact with the phosphine substituents, thereby
magnifying the steric repulsions. The 2A,” state, where the Ru—
Ru bond is shortest, is therefore inherently more sensitive to the
steric bulk of the ligands than ?E”, and the effects of metal—
metal bonding and steric repulsion are therefore in direct
competition.

Implications for the spectra of the mixed-valence species

As noted in the introduction, Yeomans et al. have reported
UV/visible spectra of mixed-valence [Ru,(u-Cl);(PR;)J**,
R = Me and Et."* The positions of the 6—c* transitions in
these two complexes are collected in Table 5, along with the
corresponding transition for the analogous ammine ‘blue’
[Ru,(u-Cl);(NH,)sJ**. Optimised Ru-Ru separations are also
summarised (*A,” ground state), along with the calculated sep-
aration of the ¢ and o* orbitals at the optimised geometry (this
has previously been shown to give a reliable estimate of the
observed transition energy)."® Crucially, the calculated Ru-Ru
bond lengths and o—c* separations show a strong correlation
with the observed spectroscopic transitions, suggesting that the
QM/MM calculations are modelling the critical features of
the system. It is important to emphasise that the properties
of the system are determined by the nature of the 2A,” ground
state. Thus, despite the presence of an additional low-lying local
minimum in the potential energy curve, the PEt; system appears
very similar to its PMe; analogue. The proximity of the *E”
state, however, is an indication that the bulky ethyl groups are
almost large enough to cause a complete switch in the nature of
the ground state. In the next section, we show that just such a
transition does occur for the trications.

Structure and bonding in [Ru,(n-Cl);(PR,)J]**

For the trication, [Ru,(u-Cl);(PR;)]**, the removal of two elec-
trons from the t,, manifold gives rise to three distinct states in
D, symmetry, depending on the location of the vacancies.
Removal of two electrons from a non-degenerate orbital of a,”
symmetry gives rise to a 'A,’ state. In contrast, removal of two
electrons from a degenerate €” orbital gives rise to a *A,’ state
(as well as excited 'E’ and 'A,’), while removal of one electron
from each orbital gives yields a ’E’ state. Potential energy
curves for all three states of the parent complex [Ru,(u-Cl);-
(PH,)¢]** are shown in Fig. 3a and optimised Ru-Ru separ-
ations and relative energies are summarised in Table 6. The
global minimum is clearly the 'A,’ state, with a short Ru-Ru
separation of 2.71 A, very similar to that in [Ru,(u-CI),ClLJ*",
and consistent with the presence of a covalent Ru-Ru ¢ bond.
The *A,’ state, where any Ru-Ru bonding is necessarily local-
ised within the weakly overlapping 6, orbitals, lies some 50 kJ
mol ! higher in energy, and the optimised Ru—Ru separation of
321 A confirms the absence of any significant interaction

Table 6 QM/MM optimised structural parameters for symmetrised
states of [Ru,(u-Cl);(PR;)4**

Ru-Ruw/A E,o/kJ mol™!
A,/ 2.71 0
[Ru,(u-Cl)5(PH;)** E’ 2.92 20
A, 3.21 50
A/ 2.80 0
[Ru,(u-Cl)5(PMey)** g 3.07 0.1
A, 3.27 13
A,/ 2.85 0
[Ru,(u-Cl)5(PEt;)¢]** E’ 3.15 —16
A, 3.35 17
160
a. [Ru,Cly(PH,)s]**
80
0
_ 160 ,
5 “JA2
E b. [Ru,Cly(PMe,)]**
< 80
>
o
2
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160
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0
25 27 29 31
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Fig. 3 Potential energy curves for symmetrised 'A,’ and *E’ and 3A,’
states of [Ru,(u-Cl);(PR;)¢]*".

33 35

between the two metal centres. The ’E’ state with a single
vacancy in the ¢ manifold, is intermediate between 'A,’ and
3A,’, both in energetic and structural terms.

The introduction of methyl substituents in their crystallo-
graphically determined orientations again removes the sym-
metry-based distinction between the three states. The presence
of two vacancies in the t,, manifold results in considerable SCF
convergence problems, and so the full non-symmetrised poten-
tial energy curve is not reported. Nevertheless, a minimum for
[Ruy(u-Cl);(PMe,)4]** has been located (Table 6) with a Ru—Ru
separation of 2.76 A, similar to that in the 'A,’ ground state of
the parent phosphine, and the 0.05 A increase in Ru-Ru dis-
tance is typical of the changes induced by the methyl groups in
other oxidation states. Symmetrisation of the (PMe,); units
allows us to recover the symmetry-based distinction between
the three states, and confirms the 'A,’ state as the most stable of
the three, Fig. 3b. As might be anticipated on the basis of
previous sections, the symmetrised 'A,’ state lies approximately
50 kJ mol ! above the non-symmetrised ground state and has a
marginally longer Ru-Ru bond (2.80 A). Thus we conclude that
the ground state of [Ru,(u-Cl);(PMe;)]*" is remarkably similar
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to its PH,;-capped parent, with a strong covalent Ru-Ru o
bond. A closer examination of the relative energies of the
three states, 'A,’, *E’ and 3A,’ does, however, reveal significant
differences between the PH,; and PMe;-capped species. The fact
that non-bonded repulsions between the bridging halides and
the phosphine ligands are increased as the {Ru(u-Cl);Ru} core
is compressed has already been noted, and thus the influence of
the methyl substituents should increase in the order *A,’ <*E’ <
'A,". The relative energies of the three states confirm this
expectation: whilst the 'A,’ state was 20 kJ mol ™' more stable
than *E’ for the PH;-capped species, the corresponding differ-
ence is only 0.1 kJ mol ™! for PMe,. The separation between the
SE’ and A, states is affected in a similar fashion, a gap of 30 kJ
mol ! for PH, being reduced to only 13 kJ mol~! for PMe;. The
ethyl substituents further increase the non-bonded interactions
with the bridge, leading to additional steric destabilisation,
again in the order 'A,’ > 3E’ > 3A,’ (Fig. 3c). Critically, the
steric effects are now so large that they cause a reversal in the
energetic ordering of the three states, the most stable now being
3A," (Ru-Ru = 3.35 A) rather than 'A,’, as was the case for
PH;- and PMe;-capped species. Accordingly, the global ground
state of the non-symmetrised complex is a triplet state (*A)
rather than a singlet, with a Ru-Ru separation of 3.34 A,
almost 0.5 A longer than in the corresponding complex with
PMe; ligands.

Summary

In this paper, we have examined the competition between
covalent metal-metal bonding and steric repulsion in a series of
closely related bimetallic species. The ability of steric effects to
strongly perturb, and even eliminate, relatively weak bonds
(notably agostic interactions) is well established, but for them
to have a major impact on a covalent bond is rather more
unexpected. The systematic variation of the metal-metal bond
order from 0 to 1.0 in the redox-related ruthenium dimers
described here provides an ideal opportunity to examine the
interplay of these two factors. Somewhat surprisingly, steric
effects are found to have the greatest influence where the Ru—Ru
bond order is highest. Through an analysis of the relative ener-
gies of the various electronic states of the symmetrised mole-
cules, we have shown that this apparently counterintuitive
observation is a direct result of the nature of the steric inter-
actions. These occur primarily between the substituents on the
phosphines and the bridging halides, and, because enhanced
metal-metal bonding displaces the bridging halides towards the
alkyl substituents, states with short Ru—Ru bonds are necessar-
ily the most sensitive to steric bulk. In the (d°d®) systems (2+),
all three species (PH,;, PMe, and PEt,-capped) share a common
c-hemibonded ground state (*A,”), and changing the phosphine
induces only relatively minor changes in the Ru-Ru bond
length. In contrast, at the (d°d®) level the bulky ethyl groups
destabilise the ¢ bond to such an extent that the preferred
ground state of [Ru,(u-Cl);(PEt,)]** is in fact a triplet, with
minimal direct Ru—Ru bonding. This complete switch in ground
state is reflected in a dramatic (0.5 A) increase in the Ru-Ru
separation. The ability to modify and even eliminate covalent
bonds by varying the steric bulk of remote substituents may
provide a viable mechanism for tuning the properties of
polymeric metal species.
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