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Ruthenium trihydrides containing N-heterocyclic carbene
ligands display large quantum mechanical exchange couplings
in their "H NMR spectra: DFT calculations are used to explore
this phenomenon and to compare them to their phosphine
congeners.

The large, temperature-dependent coupling constants observed in
the "TH NMR spectra of certain polyhydride complexes of Nb, Mo,
Ru, Ta, Os and Ir caused excitement in the 1990s, and the
realisation that some were larger than that of molecular hydrogen
itself (280.8 Hz)—in some cases greater than 10* Hz'-—led to much
speculation over their origin.” The effect has since been explained
by quantum mechanical exchange coupling (QMEC), which is
neatly represented by a double-well potential as shown in Fig. 1.
Pairwise exchange of hydrogen nuclei occurs by tunnelling through
the low barrier separating the two sides of the potential. > Whilst
it is now clear that the phenomenon is quantum mechanical in
origin, the dynamics of the process remain less defined. It was first
proposed that an in-plane MHj; bending vibration enabled the
close approach of the hydride ligands,® until refinement by
Limbach et al invoked an out-of-plane rotational mechanism
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Fig. 1 Double-well potential for exchange in transition metal trihydrides
displaying QMEC with the H---H separation represented by aypy.
Redrawn from ref. 4.
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facilitated by an energetically low-lying MH(n>H.,) state.® Clot
et al. have since suggested that close contact of the two hydrides
during a pseudorotational process is all that is necessary,” and the
exchange is now generally considered to be mediated by a hybrid
process involving aspects of each of these, with an out-of-plane
bend preceding rotational tunnelling through the barrier.

To date, all complexes displaying QMEC have contained one or
both of cyclopentadienide or phosphine co-ligands. The depen-
dence of QMEC on phosphine basicity has been firmly established,
most notably in the series of complexes [Cp*RuH;3(PR3)] and
[Cp*IrH5(PR3)]" .2 1% Strongly m-accepting phosphines assist
QMEC by lowering the barrier to interconversion (AG* in
Fig. 1), ostensibly by stablilising a MH(n’H,) component,
resulting in high values for Jap; e.g. [Cp*RuH;(PPy;)] in Table 1.
More basic phosphines such as P'Pr; result in much higher AG*
and lower Jap values.!!

The 1990s also saw advances in the synthesis and isolation of
N-heterocyclic carbenes (NHCs),'*!* and their exploitation as
alternatives to phosphines in a variety of chemical and catalytic
environments. The contrasting electronic nature of NHCs (strong
o-donors with insignificant m-backdonation) makes them an
attractive substitute for phosphine ligands in polyhydride systems
displaying QMEC, and may offer a valuable insight into the
mechanism of the exchange as well as proving a sterner test for
phosphine/NHC interchangability.'® Such c-only donors would be
expected to destablise a MH(n>-H,) state, resulting in an increased
AG* and highly diminished or even quenched QMEC. However,
the H---H distance (¢yy in Fig. 1) in the MH; moiety is also
important, as overlap of the H-atom wavefunctions (below ca.
1.65 A) is necessary for QMEC.* Accordingly, we have prepared
and studied the first NHC-containing trihydride complexes which
exhibit QMEC; viz. [Cp*RuH5(IMes)] 1; Cp* = (n°-CsMes), and
[Cp'RuH;(IMes)] 2; Cp’ = (n°-CsMe4Et), for which large
temperature dependent Jap coupling constants are observed.

Table 1 Exchange parameters determined by '"H NMR spectroscopy
for a series of [(n°-CsRs)RuH;(L)] species displaying QMEC
Complex AGHKI mol™"  Jag mi/Hz  Jag max/HZ
[Cp*RuH;(PCy3)]” 46 67 (185 K) 181 (237 K)
_ 62 (178 K) 94 (193 K)
[Cp*RuH;(PPr3)]” 46 64 (173 K) 131 (203 K)
[Cp’RuH;(IMes)] 2° 45 113 (173 K) 324 (213 K)
[Cp*RuH;(IMes)] 17 45 123 (173 K) 353 (213 K)
[Cp*RuH;3(PPhj3)] 40 290 (190 K) —
[CpRuH;(PPh3)]¢ 40 900 (170 K) —
[Cp*RuH;(PPy;)] 3¢ 34 950 (140 K) 3000 (180 K)

@ Ref. 8 in d®-THF and ref. 6 in d®-toluene. ® This paper in d®-THF.
¢ Ref. 13 in CDFCL. 9 Ref. 9 in d’-THF.
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Addition of 2.1 equivalents of LiBHEt; at —75 °C to a THF
solution of [Cp*RuCl(IMes)] (prepared by the literature method)'
proceeds over 3 h with a colour change from blue to a red-brown.
After work-up [Cp*RuH;(IMes)] 1 is isolated from petroleum
ether (60-80 °C) as an air-sensitive brown-red powder. Similar
treatment of [Cp"RuCl(IMes)] results in [Cp"RuH;(IMes)] 2.1

The single resonance observed for both 1 and 2 in the hydride
region of the "H NMR spectrum at room temperature survives
down to ca. 248 K, whereupon it decoalesces and a second-order
AB; pattern emerges. As the temperature is lowered further, the
four lines observed in each branch are seen to converge (two
branches corresponding to both the Hy and Hg ligands), in a
manner consistent with other trihydrides which display QMEC
(Fig. 2). Computer simulation of these spectra with the gNMR
programme results in surprisingly large values for J,p—ranging
from 123 Hz for 1 and 113 Hz for 2 at 173 K, to 324 and 353 Hz,
respectively, at 223 K. From the coalescence temperature, AG* for
the classical thermal rearrangement is calculated to be 45 kJ mol ™!
for both 1 and 2. The small difference in Jop for 1 and 2 reflects
the more electron-rich nature of the Cp” ligand with respect to
Cp*, and is much less significant than the 610 Hz seen between Cp
and the Cp* ligands (Table 1).'° The Jaz for 1 and 2 lie
surprisingly close to those of analogous RuH; complexes contain-
ing alkylphosphine ligands (Table 1), implying that the Ru-P
n-backdonation is not a significant factor for trihydride systems
incorporating such basic phosphines and that there is no
significant difference between their ligand behaviour and that of
the NHCs.

The magnitudes of Jap are reflected in the chemical shift of the
ruthenium-bound protons at room temperature. Suzuki er al®
noted that the shift was ‘consistent with the electronic parameters
of the PR3 ligand according to Tolman’ for the generic
[Cp*RuH;3(PR3)] complexes. The ¢ values of ca. —10 ppm seen
for 1 and 2 appear at higher frequencies than for those trihydrides
containing the PPh; (ca. —9.8 ppm) ligands but not as high as
those containing PCy; and P'Pr5 (ca. —11.0 ppm).

DFT calulations§ were carried out on 1 and [Cp*RuH;3(PPy3)]
3, the X-ray crystal structure of which is known,” in an attempt to
determine whether the magnitude of J5p arises from a short ayy (a
feature of their ground state geometry) or because of a small AG*
value (characteristic of the transition state). Both 1 and 3 are
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Fig. 2 'H NMR spectra for the hydride region of [Cp’"RuH;(IMes)] 2
between 173 and 298 K.

Table 2 Structural parameters (in A) determined by DFT calcula-
tions for the ground state geometries of [Cp*RuHj3(IMes)] 1 and
[Cp*RuH;(PPy;)] 3

[Cp*RuH;(IMes)] 1

[Cp*RuH;(PPy3)] 3

Ru-Hx 1.587 1.588
Ru-Hp 1.586 1.600

1.587 1.601
Ha-Hp 1.715 1.684

1.718 1.683
Ru-Cp* 2.001 1.976
Ru-L 2.064 2.246

clearly trihydrides in the ground state, and the structural features
of the RuH; moiety are very similar (Table 2, Fig. 3). The energies
of the putative RuH(n>H,) transition states of 1 and 3 were
derived in a manner akin to those for the [CpIrH3(PH3)]" system
by Jarid et al., by scanning the potential energy surface and using
as grid parameters the Ha-to-Hp distance (ayy), along with the
metal to the HyHp mid-point (ag,px) and the angle around this
axis.'® The method assumes that as the transition state is
approached, the shortening of the Hy—Hjp distance is accompanied
by an increase in the Ru-H, distance along with simultaneous 90°
rotation around this axis (Fig. 3).

The height of the rotational energy barrier of 1 is calculated to
be 74.1 kJ mol™! above the ground state with ayy and agyupx
determined to be 0.86 and 1.65 A, respectively. In contrast, the
barrier height for 3 is 54.1 kJ mol ! with values of 0.84 and 1.68 A
for agy and agupx. These energetic values are in accordance
with those obtained by Jarid ef al.'® in that they indicate a barrier
20 kJ mol™! or more greater than that implied by AG* as
determined by NMR spectroscopy. Nevertheless, their relative
magnitudes support the idea that increasing the basicity of the
ligands at Ru destabilises the RuH(n>-H,) transition state, thereby
increasing the barrier to interconversion and resulting in lower
values of Jag.

In conclusion, we have synthesised and studied
[Cp*RuH;(IMes)] 1 and [Cp"RuH;3(IMes)] 2, the first trihydride
complexes containing NHC ligands to display QMEC. The
magnitude of QMEC for both 1 and 2 lies in the range for their
phosphine analogues; unexpectedly high given the dominant
o-donor behaviour of IMes. DFT calculations reveal minimal
difference in the equilibrium geometry of the NHC-containing 1 in
comparison to its PPy; analogue 3. The RuH(n?H,) transition

Fig. 3 Molecular representation of the ground state of 1 and its
transition state (shown inset). All hydrogen atoms except those directly
attached to the metal are omitted for clarity.
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state for 1 lies some 20 kJ mol~" higher than in 3, a difference in
good agreement with AG* values from "H NMR experiments,
which predict a higher barrier for the NHC complex. The
enormous range of Jap values spanned by trihydrides exhibiting
QMEC provides a highly sensitive yardstick; our results indicate
that the NHC ligands are indistinguishable from basic alkyl
phosphines in these systems.

Support by NSERC and the Deutsche Forschungsgemeinschaft
(Postdoctoral Fellowship to P.S.) is gratefully acknowledged.

Notes and references

i Experimental: [Cp*RuH3(IMes)] 1: [Cp*RuCl(IMes)] (0.6 g, 1.0 mmol)
was dissolved in THF (15 mL) and the mixture cooled to —75 °C. LiBHEt;
(2.1 mL, 2.1 mmol) was then added and the mixture was stirred for 3 h as it
was allowed to warm up to room temperature. The solution changed
colour from blue to red during this time. Volatiles were removed under
vacuum and extraction into pentane (15 mL) was followed by filtration.
Isolation of a brown-red solid from pentane at —40 °C gave the product.
Yield: 0.13 g, 0.24 mmol, 23%. '"H NMR: (C4Dg0) 6 6.77 (s, 4H, Mes-H);
6.60 (s, 2H, NCH); 2.31 (s, 12H, 0-CH3); 2.12 (s, 6H, p-CHs3); 1.30 (s, 15H,
CsMes); —9.80 (s, 3H, Ru-H). '*C NMR: (C4Ds0) 6 193.8 (NCN); 140.0,
137.3,136.1, 128.8 (4 x Mes); 121.1 (NCH); 92.8 (CsMes); 20.5, 18.5 (o,p-
CHs); 12.0 (CsMes). Mass spec: 544.2 [M*].

[Cp"RuH3(IMes)] 2: [Cp"RuCl(IMes)] (0.20 g, 0.33 mmol) was dissolved

in THF (15 mL) and the mixture cooled to —75 °C. LiBHEt; (0.7 mL,
0.7 mmol) was then added and the mixture was stirred for 3 h as it was
allowed to warm up to room temperature. The solution changed colour
from blue to red-brown during this time. Volatiles were removed under
vacuum and extraction into pentane (15 mL) was followed by filtration.
Removal of the extracting solvent revealed a dark brown oily substance.
Prolonged pumping did not remove further solvent, and a 'H NMR
spectrum revealed the major product to be [Cp’RuH;(IMes)]. '"H NMR:
(C4Dg0) 6 6.98 (s, 4H, Mes-H); 6.79 (s, 2H, NCH), 2.33 (s, 12H, 0-CH3);
2.03 (s, 6H, p-CHs); 1.98 (q, J = 8 Hz, 2H, CsMe,CH,CHj;); 1.61 (s, 6H,
CsMeyEt); 1.60 (s, 6H, CsMe4Et); 0.73 (t, J = 8 Hz, 3H, CsMe4,CH,CHs);
—9.96 (s, 3H, Ru-H). 3C NMR: (C,Ds0) 6 204.4 (NCN); 140.6, 137.9,
136.8, 129.4 (4 x Mes); 121.7 (NCH); 99.0, 94.6, 92.39 (CsMe4Et); 21.2,
19.2 (0,p-CHy); 16.7 (CsMeyCH,CHj3); 12.5, 12.4 (CsMeyEt). IR (Nujol):
1596, 1117, 852 cm ™.
§ Computational details: All DFT calculations were performed with the
Gaussian 03 set of programs’’ using the B3LYP functional.'*'* Ruthenium
was represented with the Hay-Wadt effective core potential and its
associated double-{ basis set® A 6-31G(d)*" % basis set was used for
carbon, nitrogen and phosphorus atoms, and a 6-31G P) basis set for the
hydrogen atoms directly attached to the metal>™** The remaining
hydrogen atoms were described with a 6-31G basis set.>! All geometry
optimisations were carried out without imposing any symmetry constraints
and the reported structures were found to be true minima on the potential
energy surface by calculating analytical or numerical frequencies.
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