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Summary: A dynamic equilibrium between the dihydride
trans-RuH,(dppm), (1) and the hydrido dihydrogen
complex [(dppm).HRu(H2)]*(OR)™ in the presence of
phenol or hexafluoroisopropyl alcohol has been estab-
lished by 'H NMR, and the thermodynamics of the
reaction (namely AH = 17 + 3 kcal-mol~! and AS = 75.8
eu in the case of phenol addition) could be determined.

The presence of hydrogen bonds between a transition
metal hydride and a hydrogen bond donor containing
an O—H or an N—H group has recently been established
intramolecularly by Crabtree! and Morris? and inter-
molecularly by Crabtree in the solid state® and Epstein
and Berke in solution.* Complexes displaying such
hydrogen bonding have been proposed to be important
intermediates for the formation of dihydrogen com-
plexes® or the reverse reaction, namely the base-
promoted heterolytic splitting of dihydrogen. In this
respect, a dihydrogen tautomer has been proposed to
be involved in the deuteration reaction of a complex
containing a hydride ligand hydrogen-bonded to the
acidic proton of a thiolatopyridinium ligand;?2 however,
no direct evidence for such a process has been obtained.

We have recently shown that hydrogen bonding to
Cp*(PCy3)RuHs3; leads, in solution, to an enhancement
of the exchange couplings present in this complex® and
have suggested that exchange couplings are good sen-
sors for the establishment of hydrogen bonds. It was,
however, interesting to find out whether not only the
spectroscopic properties but also the reactivity of hy-
dride complexes could be modified by hydrogen bonding.

® Abstract published in Advance ACS Abstracts, April 15, 1997.
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We, therefore, looked at the interaction between selected
hydrogen bond donors and RuHz(dppm); (1),” a complex
existing as a mixture of cis- and trans-isomers in
dynamic equilibrium and in a ca. 1:4 relative ratio at
room temperature. We were particularly interested in
studying the influence of hydrogen bonding on this
equilibrium and on the specific reactivity of each isomer.
We describe in this communication the first direct NMR
observation of a dynamic equilibrium between a hydride
and a dihydrogen complex. The intermediacy of a
dihydrogen-bonded species is suggested, Scheme 1.
Addition of excess phenol to a C¢Dg or a C;Dg solution
of 1 was monitored by H NMR and 3P NMR spectros-
copy. At room temperature, only a slight upfield shift
of the hydride signals of both isomers was observed (for
trans-1-PhOH, Ad = 25 ppb and for cis-1-PhOH, A6 =
10 ppb). In addition, the signal of trans-1-PhOH
displays a significant broadening. T; measurements
recorded at room temperature (400 MHz) in C;Dg give
values of 750 ms for trans-1 and 100 ms for trans-1/3.3
equiv of PhOH (hereafter named trans-1-PhOH) and
values of 447 ms for cis-1 and 404 ms for cis-1/ 3.3 equiv.
of PhOH. At 243 K (C;Dg, 400 MHz), the signal for
trans-1-PhOH broadens considerably and new peaks are
observed near —6.3 and —2.4 ppm. When the temper-
ature is lowered further (see Figure 1), no significant
change was observed in the signal of cis-1-PhOH but
the intensity of the signal for trans-1-PhOH decreased
considerably as the resonances attributed to a new
compound 2 increased, namely a quintet at —6.29 ppm
(Jp-n = 18 Hz) and a very broad peak at —2.43 ppm
(relative integration ratio, 1:2). The signals of trans-
1-PhOH and 2 (but not cis-1-PhOH) disappear below
223 K, but all observations can be reversed when
increasing the temperature again. A determination of
the relaxation time T; of the different signals was
carried out at 233 K (400 MHz) in the presence of two
different phenol concentrations, namely 2.35 and 3.3
equiv of PhOH, compared to the initial concentration
of RuH,(dppm),. This led to values of, respectively, 78
and 35 ms (—2.43 ppm, 2), 130 and 85 ms (—4.63 ppm,
trans-1-PhOH), 144 and 104 ms (—6.29 ppm, 2), and 505
and 430 ms (—7.22 ppm, cis-1-PhOH). In addition, the
broad peaks attributed to the phenol proton hydrogen-
bonded to or in exchange with trans-1-PhOH, respec-
tively, at 6.1 (2.35 equiv) and 3.50 ppm (3.3 equiv)
display short relaxation times, 105 and 85 ms, similar
to those of the hydride signal at —4.63 ppm. In the
same conditions (233 K, toluene-dg, 400 MHz) but in
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Scheme 1. Reaction of cis/trans-RuH,(dppm), with
Hydrogen Bond Donors
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the absence of hydrogen-bond donors, the relaxation
time of trans-1 and cis-1 were measured to be, respec-
tively, 721 and 525 ms. This strongly suggests that the
equilibrium between the cis- and the trans-forms of 1
is frozen but that a new equilibrium is present between
trans-1-PhOH which may be associated to phenol through
hydrogen bonding, and a hydrido dihydrogen complex,
trans-[(dppm),HRu(H2)]" (OPh)~ (2). Integration ratios
between the hydride signals of trans-1-PhOH and 2
were measured every 5 K between 243 and 223 K for a
solution containing initially 3.3 equiv of PhOH, com-
pared to the initial concentration of RuH,(dppm),. This
temperature range is very limited, but only cis-1-PhOH
and trans-1-PhOH can be observed at 253 K or higher
whereas below 223 K, the strong depletion of the signals
of trans-1-PhOH and 2 against those of cis-1-PhOH is
attributed to the precipitation of the cationic dihydrogen
complex. The experiment could not be performed in a
polar solvent in which 2 would be soluble (THF, acetone)
since hydrogen bonding between phenol and the ruthe-
nium hydrides does not take place in such media, as
demonstrated by NMR, whereas in CD,Cl;, the equi-
librium is observed near room temperature but 1 reacts
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Figure 1. High-field H NMR spectrum (C;Dg, 400 MHz)
of a solution of RuH,(dppm), and 3.3 equiv of phenol at
variable temperature.

slowly to give trans-RuHCI(dppm);, which prevented
equilibrium measurements.” Nevertheless, these data
allowed us to calculate an equilibrium constant at each
temperature and, through an Arrhenius plot, to esti-
mate the energy difference between the two species (AH
=17 £ 3 kcal-mol™! and AS = 75.8 eu). The reaction
could also be followed by 3P NMR (C;Dg), where the
singlet signal of trans-1-PhOH at 15.6 ppm (293 K)
disappears when lowering the temperature with con-
comittant appearance of a new signal at 6.6 ppm (233
K) attributed to 2. No modification in the signal of cis-
1-PhOH (20.7 and 7.4 ppm) can be observed at all
temperatures.

These observations demonstrate the presence of an
equilibrium between two species, the system trans-
(dppm),;HRuUH associated with HOPh (1-PhOH) and a
dihydrogen complex trans-[(dppm);HRu(H2)]*(OPh)~
(2). 2 is a new example of ruthenium bis(diphosphine)
hydrido dihydrogen complex, numerous examples of
which have been prepared by Morris et al.5>8 2 is the
ground state complex, the hydrogen-bonded dihydride
being higher in energy. The energy difference is sig-
nificantly larger than that reported by Field et al. for
the protonation of RuH,(dmpe), in ethanol.® The T;
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value found for the dihydrogen signal of 2 is relatively
long compared to the minimum values usually obtained
by Morris® and is dependent upon the phenol concentra-
tion, in agreement with T; averaging due to exchange
processes. Similarly, the T, values found for the hydride
and phenol proton signals of trans-1-PhOH are very
short compared to those found for cis-1-PhOH, which
is itself shortened compared to the value recorded in
the absence of phenol.

Field et al. have recently demonstrated the interme-
diacy of dihydrogen species during the reaction of RuH,-
(dmpe), with thiols,® and such a possibility was also
reported by Yamamoto for the reaction of RuH,(PMe3),
with phenol.’® The originality of our system is the
presence of a dynamic equilibrium between 1-PhOH and
2, which is fully reversible according to the temperature.
A likely explanation for this equilibrium is the presence
of a strong hydrogen bond between trans-1 and PhOH.
This is suggested by the variations of the chemical shifts
of the hydride signals in the presence of hydrogen bond
donors and by T; measurements but needs to be further
confirmed. In this respect, an infrared experiment and
spin-saturation transfer experiments were carried out.
The decrease in intensity and disappearance of the
phenol v O—H stretch was monitored by infrared upon
increasing the concentration of 1.1 However, only a
very broad band appeared near 3200 cm~1. The second
experiment was to record the 'H NMR spectrum of a
solution of 1 in the presence of excess phenol at 233 K
in C;Dg and irradiate selectively the different peaks.12
The main result is that upon irradiation of the phenol
proton at 6.1 ppm, the intensity of the high-field peaks
was reduced by 43% (—2.4 ppm, 2, Ru—Hy), 43% (—4.7
ppm, trans-1-PhOH), 33% (—6.3 ppm, 2, Ru—H), and
6% (—7.2 ppm, cis-1) whereas irradiation at —4.7 ppm
leads to a 50% decrease of the peak at —2.4 ppm and a
84% decrease of that at —6.3 ppm. These observations
can be interpretated as resulting from a rapid exchange
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process between trans-1 and phenol on one side and 2
on the other. However, the exchange process between
the hydride and the dihydrogen ligands of 2 is slow (see
also the results of irradiation at —2.4 and —6.3 ppm??),
and the decrease in intensity of the hydride signals of
trans-1 is significantly larger than that found for the
hydride signal of 2, in agreement with the presence of
a NOE effect. This again suggests that phenol remains
in the vicinity of one of the hydrides of trans-1, most
probably through hydrogen bonding.

When the experiment is carried out using 1 equiv of
a more acidic hydrogen-bond donor, hexafluoroisopropyl
alcohol (HFP) and the reaction was allowed to proceed
for 30 min, a very broad peak is observed for trans-1 at
room temperature. When 10 equiv of HFP are added,
NMR monitoring (C¢Des) demonstrates the immediate
disappearance of all peaks of 1 and the appearance of
new peaks at —2.41, —6.51 (*H NMR, relative integra-
tion ratio, 2:1), and 0 ppm (3P NMR) which were
attributed to trans-[(dppm);HRu(H,)]* [OCH(CF3)2]~
(2. A new signal at ca. —19 ppm was attributed to
trans-(dppm);HRuU[OCH(CF3);] (4). 4 reacts further
with excess HFP and transforms into the cis-dialkoxo
complex Ru[OCH(CF3)2]2(dppm)2 (3), which could be
isolated and is characterized by two triplets in the 3P
NMR spectrum at 21.13 and —13.96 ppm (Jp_p = 37.4
Hz). In this case, during the protonation process, we
can observe the disappearance of both the peak of cis-1
and that of trans-1.

In conclusion, we present in this communication the
first direct observation of a dynamic equilibrium involv-
ing proton transfer between a hydride and a dihydrogen
complex. Infrared and NMR evidence suggest the
presence of dihydrogen bonding between the trans-
isomer of 1 and phenol as the origin of this reversible
proton transfer. However, it is difficult to dissociate
observations resulting from proton transfer from those
resulting from dihydrogen bonding. Only the trans-
dihydride complex can be protonated in these mild
conditions. This observation can be related to the
demonstration by Crabtree and Eisenstein®® that hy-
drides trans to hydrides give preferentially hydrogen
bonds when several possibilities are present and indi-
cates a higher basicity of these hydrides. This study
finally evidences all individual steps leading to the
addition of weak acids to transition metal polyhydrides
and demonstrates the necessary intermediacy of trans-
complexes for the formation of a cis-dialkoxo derivative
from a cis-dihydride.
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