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Hydrogenation Studies Involving Halobis(phosphine)-Rhodium(1) Dimers:
Use of Parahydrogen Induced Polarisation To Detect Species
Present at Low Concentration

Simon A. Colebrooke,™ Simon B. Duckett,**! Joost A. B. Lohman,” and

Richard Eisenberg'*

Abstract: Reaction of [RhCI(PPhs),],
with parahydrogen revealed that the
binuclear dihydride [Rh(H),(PPhs),(u-
C1),Rh(PPh;),] and the tetrahydride
complex [Rh(H),(PPh;),(u-Cl)], are
readily formed. While magnetisation
transfer from free H, into both the hy-
dride resonances of the tetrahydride
and [Rh(H),CI(PPh;);] is observable,
neither transfer into [Rh(H),(PPh;),(u-
C1),Rh(PPh;),] nor transfer between
the two binuclear complexes is seen.
Consequently  [Rh(H),(PPh;),(u-Cl)],
and  [Rh(H),(PPh;),(u-ClI),Rh(PPh;),]
are not connected on the NMR time-
scale by simple elimination or addition
of H,. The rapid exchange of free H,
into the tetrahydride proceeds via re-
versible halide bridge rupture and the
formation of [Rh(H),(PPh;),(pu-
CI)RhCI(H),(PPh;),]. When these re-
actions are examined in CD,Cl,, the
formation of the solvent complex
[Rh(H),(PPh,),(a-C1),Rh(CD,CL)-

(PPh;)] and the deactivation products

[Rh(CI)(H)(PPhs),(4-Cl) (- E)Rh(CI)-
(H)(PPh,);] and [Rh(CI)(H)(CD,CL)-
(PPhy)(p-C)(u-H)Rh(C1)(H)(PPhy),] is
indicated. In the presence of an alkene
and parahydrogen, signals correspond-
ing to binuclear complexes of the type
[Rh(H),(PPhy),(-Cl),(Rh)(PPh,)(al-

kene)] are detected. These complexes
undergo intramolecular hydride inter-
change in a process that is independent
of the concentration of styrene and cat-
alyst and involves halide bridge rup-
ture, followed by rotation about the re-
maining Rh—Cl bridge, and bridge re-
establishment. This process is facilitat-
ed by electron rich alkenes. Magnetisa-
tion transfer from the hydride ligands
of these complexes into the alkyl group
of the hydrogenation product is also
observed. Hydrogenation is proposed
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to proceed via binuclear complex frag-
mentation and trapping of the resultant
intermediate [RhCI(H),(PPh;),] by the
alkene. Studies on a number of other
binuclear dihydride complexes includ-
ing[(HL)(C)RR(PMes),(-H) (1-CI)Rh-
(CO)(PMey)],  [(H),Rh(PMes),(u-Cl),-
Rh(CO)(PMe;)] and [HRh(PMe;),-
(u-H)(u-C1),Rh(CO)(PMe;)] reveal
that such species are able to play a sim-
ilar role in hydrogenation catalysis.
When the analogous iodide complexes
[RhI(PPh;),], and [RhI(PPh;);] are
examined, [Rh(H),(PPh;),(u-1),Rh-
(PPhs),],  [Rh(H),(PPh;),(u-)], and
[Rh(H),I(PPh;);] are observed in addi-
tion to the corresponding binuclear
alkene—dihydride products. The higher
initial activity of these precursors is
offset by the formation of the trirhodi-
um phosphide bridged deactivation
product, [{(FL)(PPhs)R(u-H)(p-T)(u-
PPh,)Rh(H)(PPh;)}(1-I),Rh(H),(PPh;),]

Introduction

Transition-metal complexes are used to catalyse an enor-
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mous range of chemical reactions in solution, many of which

are of considerable industrial or synthetic significance. How-
ever, probably the most extensively studied group of homo-
geneous catalysts are those associated with the hydrogena-
tion of unsaturated carbon—carbon bonds, with by far the

best

known and most
[RhCI(PPh;);].! Discovered by Wilkinson and his co-work-

widely used of these being

ers in 1965 (and often referred to as Wilkinson’s catalyst),
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this species was found to be capable of effecting the rapid
homogeneous hydrogenation of alkenes at ambient temper-
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atures and pressures,*! and although the slow reduction of
unsaturated alkenes by H, in the presence of metal ions
such as Ag* or Cu** was already known,® [RhCI(PPh,);]
represented the first practical catalyst system. The chemistry
of [RhCI(PPh;);] is dominated by reactions involving either
the substitution of one phosphine ligand to yield trans prod-
ucts of the form [RhCI(CO)(PPhs),] or
[RhCI(C,H,)(PPh;),], or the oxidative addition of small
molecules producing Rh™ complexes. In addition to facili-
tating efficient hydrogenation under ambient conditions,
[RhCI(PPh;);] is capable of promoting selective hydrogena-
tion of C=C or C=C groups in the presence of other easily
reducible functionalities such NO, or CHO.I'3l At the same
time, interest in [RhCI(PPh;);] is not solely limited to hydro-
genation since hydrosilation, decarbonylation, and transfer
dehydrogenation reactions can also be initiated.!!

The mechanism by which [RhCI(PPh;);] catalyses the hy-
drogenation of alkenes has been the subject of extensive re-
search with the core mechanistic pathway proposed to in-
volve four key intermediates, [RhCI(PPh,),],
[RhCI(H),(PPh,),], [RhCI(H),(alkene)(PPh;),] and
[RhCl(alkyl)(H)(PPhs),]. Whilst the extremely reactive 14
electron species, [RhCI(PPh;),], is never observed in solu-
tion under hydrogenation conditions, it has been generated
during flash photolysis studies® on [RhCI(CO)(PPhs),] and
a solid sample of [RhCI(PsBu,),], stabilised by the bulky
phosphine ligands, has been prepared.”! Despite the resul-
tant low concentration of [RhCI(PPhs),],/"* it remains kinet-
ically significant since H, addition to it is 10* times faster
than that to [RhCI(PPh,);].”’ Indeed, based on results with
[RhCI[P(p-tolyl);];], Tolman proposed that about 90% of
the [RhCI(H),(PPh;);] in solution is formed via
[RhCI(PPh;),].' A number of related species have been
synthesised using bulky phosphines that mimic the H, addi-
tion product [RhCI(H),(PPh;),] and these culminated in a
crystal structure for [RhCI(H),(PtBus),]."! This complex
possesses approximately C,, symmetry, with equivalent and
mutually trans-PtBu; ligands and matches that proposed by
Brown for [RhCI(H),(PPh;),].”" Alkene coordination to the
resultant 16 electron dihydride species corresponds to the
next step in the cycle, and a number of geometries for
[RhCI(H),(alkene)(PPh;),] are possible, even though this
complex has traditionally been depicted with trans phos-
phines. However, when crystal structure data results were
used to enable the energies of potential [RhCIl(H),(alke-
ne)(PPh;),] intermediates to be quantified for many sub-
strates (such as cyclohexene and bicylco[2.2.1]heptene),
complexes with trans phosphine arrangements were found
to be highly sterically strained due to interactions between
the coordinated alkene and the other ligands."!! Only with
much smaller alkenes such as cis-but-2-ene do alkene dihy-
dride complexes with trans phosphines result in viable inter-
mediates. Thus, intermediates with cis phosphines may exist
at greater concentrations than those with frans arrange-
ments, and based on modelling studies with cyclohexene,
they may even have the higher activity.'?l A further compli-
cation arises from the fact that coordination of alkene to
[RhCI(H),(PPhs),] is reversible.'"! However, it should also
be noted that in the case of alkenes that coordinate more
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strongly than cyclohexene such as styrene, Halpern pro-
posed that an additional parallel route to hydrogenation
exists, via a complex containing two alkene ligands and only
one phosphine.['¥ Indeed, the kinetic studies of Halpern sug-
gest that under the catalytic conditions usually employed
with [RhCI(PPh;);], the majority of the hydrogenation pro-
ceeds via this bis(alkene) route.

Theoretical methods using PH; as the phosphine have
also been applied to this problem by Dedieu, Morukuma
and others.'*'%1 On the basis of these studies, two pathways
involving intermediates with cis- or trans-phosphine ligands
were validated, with the trans pathway typically correspond-
ing to the lower energy route. Interestingly, the cis- and
trans-phosphine pathways were shown to have different rate
limiting steps corresponding to reductive elimination in the
former and alkene insertion in the latter. It was also noted
that the relative energies of the species might change when
bulkier PPh; ligands were involved along with alkenes other
than C,H,.

There is a further twist to these descriptions since in the
initial publications concerning solutions of [RhCI(PPhs);],
Wilkinson noted the gradual formation of the virtually in-
soluble dimeric complex [Rh(u-Cl)(PPh;),],.”) This complex
has been shown to react with hydrogen according to UV and
'PNMR  spectroscopy to form  [Rh(H),(PPh,),(u-
Cl),Rh(PPh;),] rather than [Rh(H),(PPh;),(u-Cl)], as origi-
nally proposed by Wilkinson. The [Rh(u-Cl)(PPhs),], dimer
thus provides access to another potential hydride containing
intermediate.””! Indeed, Tolman revealed that the equilibri-
um constant for the formation of [Rh(H),{P(p-tolyls),},(u-
Cl),Rh{P(p-tolyl),},}] from [RhCI[P(p-tolyl);],], and H, is
only 3.6times lower than that for the formation of
[RhCI(H),(PPh;);] from [RhCI(PPh;);]. In addition, he also
obtained evidence for the transfer of the hydride ligands of
[Rh(H),{P(p-tolyl;),},(u-Cl),Rh{P(p-tolyl),},] to cyclohexene
while reforming [RhCI[P(p-tolyl);],],, and subsequently esti-
mated that as much as 25% of the cyclohexene hydrogena-
tion might occur via this route.

These studies clearly reveal that the detailed study of re-
action mechanisms requires the direct detection and moni-
toring of the key reaction intermediates. Since these species
are by their nature present in low concentration, NMR
might initially be thought to be unsuitable for this work.
One route to achieving high concentrations of reactive spe-
cies is to use photochemistry to prepare them at tempera-
tures where they are stable. Through the use of this ap-
proach, Ball recently characterized the first o-alkane com-
plex by NMR spectroscopy.l'’! However, another method
exists involving the independent synthesis of molecules in
specific nuclear spin states. Under these conditions, the ob-
servable NMR signals have strengths that are not governed
by Boltzmann statistics but rather by the efficiency of the in-
itial nuclear spin state preparation. In this study, the techni-
que first described by Bowers and Weitekamp involving the
addition of dihydrogen enriched in the para-spin state is em-
ployed to achieve this.® To date, parahydrogen induced po-
larisation or PHIP has been used to characterise metal dihy-
drides formed by H, oxidative addition in a rapidly expand-
ing number of systems which include complexes of Ru’, Rh',

www.chemeurj.org  Chem. Eur. J. 2004, 10, 24592474


www.chemeurj.org

Hydrogenation Studies

2459 -2474

Ta™, Ir' and Pt’, and a number of reviews describe the bene-
fits of this approach.l”] Studies of [RhCI(PPh;);] have been
featured in this area, with complexes of the type [RhCl(al-
kene)(H),(PPhs),] having cis-phosphine ligands and coordi-
nated styrenes being previously described.””’ Here we de-
scribe how parahydrogen induced polarisation, and normal
NMR methods can be employed with [RhCI(PPh;),],,
[RhCI(PPh;);], [RhI(PPhs),], and [RhI(PPh;);] to detect a
number of previously unseen species and demonstrate their
involvement in hydrogenation. The primary thrust of this
work focuses on exploring the role that binuclear intermedi-
ates play in the hydrogenation reaction. Some of this work
has already been published in preliminary communication
form.!

Experimental Section

All sample preparations were performed using either a nitrogen filled
glove box or a Schlenk line. Solvents were dried and degassed prior to
use using potassium for the C¢Dy and C,Cg and molecular sieves for
CD,(Cl, and CDCIl;. NMR measurements were made using NMR tubes
that were fitted with J. Young Teflon valves and solvents were added by
vacuum transfer on a high vacuum line. Triphenyl phosphine (Aldrich),
trimethyl phosphine (Aldrich) and hydrogen (99.99 %, BOC) were used
as received. [RhCI(PPh;),],, [RhCI(PPh;);], [RhCI(CO)(PMes),] and
[RhI(CO)(PMe;),] were prepared according to established methods.*
[RhI(PPh;);] was prepared by refluxing an ethanol solution containing
PPh; (3.0 g), RhCl3-3H,0 (0.5150 g) and Lil (2.0 g) under an N, atmos-
phere. Selected spectroscopic data: "H NMR (C,Dg, 273 K): 6 = 7.71 (m,
o-H), 7.25 (m, m-H), 6.87 (m, p-H); *P NMR (CD,Cl,, 263K): 6 =
44.35 (dt, Jpg, = 195.6 Hz, %Jpp = 34.7 Hz, PPhy/trans to iodide), 28.62
(dd, Jpr, = 138.8Hz, Jpp = 34.7Hz, PPhytrans to P). Although
[RhI(PPh;),], could be produced by warming solutions of [RhI(PPhs);],
the best results were obtained by refluxing a toluene solution containing
[RhCI(PPh;);] (100 mg) and Lil (0.15 g) for 18 h. After cooling, the fine
deep red product was separated by filtration and purified by washing
with dry toluene or hexane. Selected spectroscopic data: '"H NMR (C;Ds,
273K): 0 = 7.92 (m, o-H), 7.72 (m, m-H), 7.00 (m, p-H); *P NMR
(CeDg, 295 K): 6 = 50.2 (d, Jppy = 190.0 Hz, PPh;)].

For the PHIP experiments, hydrogen enriched in the para spin state was
prepared by cooling H, to 77 K over a paramagnetic catalyst as described
previously.” A pressure of H, equivalent to ca. 3 atm at 298 K was intro-
duced into the NMR tube on a high vacuum line. The samples were
thawed immediately prior to use and introduced into the NMR spectrom-
eter at the pre-set temperature. parahydrogen-enhanced NMR spectra
were recorded on a Bruker DRX-400 spectrometer with "H at 400.130,
3P at 161.975, BC at 100.613, and '“Rh at 12.594 MHz, respectively. 'H
NMR chemical shifts are reported in ppm relative to residual '"H NMR
signals in the deuterated solvents ([Ds]benzene, 6 =7.13, and [D,]toluene,
0=2.13). *'P{'H} NMR spectra are reported in ppm downfield of an ex-
ternal 85% solution of phosphoric acid, ?C NMR spectra are reported
relative to [De]benzene, 6=128.0, and [Ds]toluene, 6=21.3, and '“Rh
spectra are reported relative to 12.64 MHz, 6=0. Modified 'H-'H, -
COSY, -HMQC, and -NOESY pulse sequences were used as previously
described."

The NOE spectra were analysed according to standard methods.”” Im-
portantly, no exchange cross peaks to free hydrogen were observed for
the range of mixing times used to extract rate information and a simple
two-site exchange mechanism was assumed. The rate of hydride inter-
change, k [s!], was determined for a mixing time, ,, using Equation (1),
where [ is the ratio of intensities of the diagonal and exchange cross
peaks.

k = }(%) (1)
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Results and Discussion

Observations on the reaction of [RhCI(PPh;),], (1) with
H,—Characterisation = and dynamic  behaviour of
[Rh(H),(PPh;),(n-C)],: When a CiDy solution of
[RhCI(PPh;),], (1) is observed by 'H NMR spectroscopy
under n-H, (n=normal) at 295 K, two distinct hydride reso-
nances are observed in the high-field region of the spectrum
at 0 —19.45 and —20.01, respectively. Figure la illustrates
the corresponding 'H{*'P} spectrum where both these reso-
nances appear as rhodium coupled doublets and can hence
be deduced to arise from terminal hydride ligands. Surpris-
ingly, the signal intensity of the 6 —20.01 resonance was
temporarily increased relative to that of the 6 —19.45 peak
if the NMR sample was shaken and immediately returned to
the probe. This imbalance rapidly decays until after approxi-
mately 30 seconds the initial signal intensities are restored.
It should also be noted that the observation of the 6 —20.01
resonance is totally suppressed during the hydrogenation ex-
periments described later.

a)
T T T T T 1
-18.5 -19.0 -19.5 -20.0 -20.5 ppm
b)
X 256 Wm
I B
ppm
T T T T T T
5 0 -5 -10 -15 ppm
c)
X 16
—— I N
T T T T T T
5 0 -5 -10 -15 ppm

Figure 1. a) '"H{*'P} spectrum showing high field resonances of 2 and 3 ob-
tained from the reaction of [Rh(p-Cl)(PPh;),], with normal hydrogen in
[Dg]toluene at 295 K. b) 1D 'H NOE spectrum at 295K on the same
sample acquired following the selective excitation of the free H, signal
and a 400 ms mixing time, magnetisation transfer into the hydride ligands
of 3 is indicated; ¢) 1D NOE spectrum acquired at 295 K following the
selective excitation of the free H, signal with magnetisation transfer into
the hydrides of 4 indicated. NOE connections to the ortho-phenyl pro-
tons are also illustrated. This corresponds to monitoring the reaction of
[Rh(CI)(PPh;);] with H,.

The chemical shift of the hydride signal at & —19.45
matches that previously reported for [Rh(H),(PPh;),(u-
CI1),Rh(PPh,),] (2),"! with the high-field chemical shift prov-
ing to be indicative of a hydride ligand positioned trans to
bridging chloride ligand. Since the d —20.01 hydride reso-
nance of species 3 is comparable to that of 2 it is also likely
to arise from a hydride ligand positioned trans to a bridging
chloride; however, since its line-width is 20 Hz at 295 K
complete characterisation was not possible in this solvent.
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The line-width of the hydride resonance for 2 is 2.5 Hz
under the same conditions. In order to characterise 3 more
fully, the solvent was changed to CD,Cl, where the solubility
of 1 is significantly higher.

The reaction of [RhCI(PPh;),], with n-H, in CD,Cl, yields
hydride signals due to 2 and 3 at 6 —19.92 and —20.16, re-
spectively. The hydride resonance of 3 was again considera-
bly broader than that of 2 but a series of "H{*'P} spectra, re-
corded at progressively lower temperatures, resulted in a
gradual reduction in the line-width of this resonance as it
moved to higher frequency. At 203 K, in the fully coupled
"H NMR spectrum, the hydride resonance of 3 appears at &
—18.96 and exhibits a doublet of triplet multiplicity where
two equivalent phosphines provide a Jyp value of 13.5 Hz
and the value of Jyg, is 252 Hz. In the corresponding
'H,'“Rh HMQC spectrum, this hydride resonance connects
to a single '®Rh resonance at 6 661 which exhibited passive
coupling to two equivalent *'P nuclei which resonate at &
39.1 in the *'P NMR spectrum. These data clearly confirm
that 3 corresponds to the highly symmetrical tetrahydride
complex, [Rh(H),(PPh;),(u-Cl)],, with the structure shown
in Scheme 1.

Rh
| el PPh,
PPhy PPh,
H, + Phs? —Rh—Cl
PPh,
PPh, Hol _cl
ZRnZ 4
H | “pph
PPh,

Scheme 1. H, addition products of [Rh(PPh;)Cl] and [Rh(PPh;),(u-Cl)],.

Both the associated hydride resonance line-widths, and
the temperature dependence of the hydride ligand’s chemi-
cal shift require that 3 is undergoing a fluxional process.
When the hydride resonance of 3 was selected in a 1D-
EXSY sequence at 285 K, and a mixing time of 100 ms used
to monitor chemical exchange, the resulting spectrum con-
tained a single resonance at 0 4.47 corresponding to the de-
tection of free H,. Reducing the mixing time to 10 ms led to
the observation of resonances due to both the irradiated hy-
dride and free H, in a 1:0.1 ratio in accord with a rate of H,
elimination of 10s™! at 285 K. Interestingly, while the re-
verse process—exchange of free H, into 3—could also be
observed using the same 1D-EXSY method (kqp,=0.025s™
at 285 K, Figure 1b), no transfer of H, into 2, or H, elimina-
tion from 2, was seen until 312.5 K. At this point, the rate of
H, loss from 2 was determined to be 0.025 s'. It can there-
fore be concluded that the rate of hydrogen elimination
from 2 at 312.5 K is around 400 times slower than that for 3
at 285 K.

The dynamic processes involving the interchange of the
hydride ligands of [RhCI(H),(PPh;);], 4 and their reversible
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exchange with H, have already been investigated extensively
by Brown.! We note here that irradiation of either hydride
signal for 4 in a 1D-EXSY sequence at 295 K led to the ob-
servation of hydride interchange and H, elimination with a
rate of 3.3 s7'. When the resonance of free H, was selected
in this experiment, at 295 K, exchange peaks were observed
into both hydride positions in 4 (Figure 1c). Importantly, no
evidence for the interconversion of 4, 2 and 3 was obtained
in these EXSY spectra for mixing times up to 500 ms; it
should be noted that 4 and 3 were not observed simultane-
ously since 3 is not observed during the reaction of
[RhCI(PPh;);] with H, or when 1 reacts with H, in the pres-
ence of an excess of PPh;. A point of particular interest re-
lates to the absence of exchange peaks connecting the hy-
dride resonances of 2 and 3. This enables the conclusion to
be drawn that the tetrahydride is not formed on the NMR
timescale by the direct addition of hydrogen to the Rh'
centre of 2; this proposal supports Tolman’s early suggestion
that the addition of H, to 2 would be inhibited by electronic
factors.’!. Furthermore, since the formation of 2 from
[RhCI(PPh;);] and H, coincides with the generation of free
PPh; it is clear that free PPh; suppresses the formation of 3.

If 3 undergoes rapid and reversible rupture of one of the
halide bridges, then the chemical environment of the hy-
dride ligands will fluctuate between that of the dimer and
those typical of the corresponding unsaturated intermediate
[Rh(H),(PPh;),(u-CI)RhCI(H),(PPhs),] (5). In this species,
the unsaturated rhodium centre could either adopt a square
based pyramidal structure where one hydride is trans to a
vacant site®?” or a trigonal-bipyramidal geometry where
both hydrides are in equatorial positions without a direct
trans ligand.”® Both of these situations will result in the res-
onance of the associated hydride ligands moving to higher
field (lower frequency) and thus reversible halide bridge
rupture in 3 will shift the hydride resonance to high field.
At lower temperatures, the rate of this process would be ex-
pected to reduce and the contribution of the chemical shift
of unsaturated intermediate to the observed chemical shift
would fall, with resonances moving to higher frequency.
This is consistent with the observation that on cooling, the
hydride resonance of 3 is observed at progressively higher
frequencies. The failure to observe hydride exchange from 3
to 2, and the observation of free H, exchange with 3 indi-
cates that H, must add to the Rh". Centre of the product
formed by H, loss from S5 rapidly, and preserve 3, before 2 is
formed or fragmentation occurs. This is further supported
by the fact that while the rates of hydrogen addition to
[RhCI(PPh;);] and [RhCI(PPh;),], have been found to be
similar (k=4.81 mol™'s™" for the monomer), they are con-
siderably lower than the rate of addition to the 14 electron
species [RhCI(PPh;),], which was estimated to be 7x
10* mol's7L.F

Utilisation of transfer NOE protocols to probe the ligand
sphere of [Rh(H),(PPh;),(n-CD], 3) and
[RhCI(H),(PPh;);] (4): During the 1D-EXSY experiments
involving 4 in C;D¢ when the peak for free H, was selected,
and a mixing time of 400 ms employed, two further resonan-
ces, possessing opposite phase to the irradiated signal were
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seen at 6 7.79 and 7.55 in the final spectrum. 'H NMR reso-
nances in this region are characteristic of phenyl protons in
metal bound phosphine ligands. Indeed, the same two reso-
nances are observed when the hydride signal at 6 —16.63 is
selected and a 400 ms mixing time utilised. From this result,
the origin of the signals at 6 7.79 and 7.55 can be attributed
to NOE interactions between the irradiated hydride nuclei
and the ortho-phenyl protons in the two types of PPh; li-
gands of 4. A mechanism accounting for this observation
has been reported previously and termed transfer NOE.
Transfer NOE methods have been developed for predomi-
nantly biochemical applications, with particular emphasis
being placed on the investigation of ligands binding to pro-
teins.”>*"! Thus, under conditions where rapid chemical ex-
change occurs between free and coordinated ligand mole-
cules, information concerning the bound state of a ligand—-
protein complex can be deduced by probing NOE interac-
tions via nuclei in the free ligand.®**Y The chemistry of the
rapid addition and elimination of H, to 4 is analogous to
that of a protein and a reversibly coordinating ligand and ir-
radiation of the H, resonance results in the observation of
NOE interactions reflecting the environment of the proton
nuclei originating from H, in the “bound state”. We note
that increasing the temperature and hence rate of H,~RhH,
exchange increases the intensity of these NOE connections.
The opposite trend was produced by the addition of 2 mg of
free PPh; to a solution of [RhCI(PPh;);] in toluene; Halpern
has demonstrated that the rate of H, addition to form 4 is
approximately 10° times slower than that to generate the un-
saturated species [RhCI(H),(PPhs),]. Under these conditions
no NOE or exchange connections were observed to 4 when
the H, resonance was selected. We also note that for an
equivalent number of scans and mixing time, the intensity of
the NOE peaks in 4 were greater when the free H, reso-
nance, rather than the hydride resonance, was irradiated.
Furthermore, at 325 K the line-width of the hydride signals
for 4 exceeds 600 Hz and only irradiation of the free H,
signal led to NOE connections being observed to the phos-
phine. Clearly the monitoring

of the ligand sphere of minor,

or highly fluxional, complexes 'l’P“s

is readily facilitated by this ap- H>Rhi C'>R r\PPha

proach. H™ | Tcl cDCl,
When the free hydrogen PPhs 6

peak is irradiated in this way
for a sample of 1 and H, in
C¢Ds at 305 K, a negative NOE PPh, PPh,
peak is visible in the corre-

RPN LN
sponding '"H NMR spectrum at o @ H
8 7.82. Since the chemical shift PPhs PRy
of this new resonance does not 3
match those expected for 4 or 2 +H, + CDC
it must correspond to the ortho- oo
phenyl proton resonance of the He ? o
tetrahydride 3. SR SRnl PPN,
H™ | Ta PPh,

Reactions of [RhCI(PPh;),],
(1) with H, in chlorinated sol- 2
vents: We described above how
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n-H, reacts with 1 at 295 K in CD,Cl, to form both 2 and 3.
We now note that at very early reaction times, a further pair
of weak hydride resonances, both of the same intensity,
could be detected at 6 —19.77 and —20.50. These chemicals
shifts are characteristic of those found for hydride ligands in
binuclear structures that are located trans to bridging chlor-
ides. These resonances are only visible within the first ten
minutes of starting the reaction and their signal intensity did
not permit the acquisition of *'P nor 'Rh NMR data. None-
theless, in the 'H{*'P} spectrum these resonances appear as
simple doublets of doublets of 22 and 10.2 Hz couplings, and
in the *'P coupled 'H NMR spectrum, each resonance shows
an additional triplet splitting of approximately 15 Hz consis-
tent with the presence of two cis phosphines. The formation
of [Rh(H),(PPh;),(u-Cl),Rh(CD,CL)(PPh;)] (6), a species
that contains inequivalent hydride ligands is totally consis-
tent with these observations. We note that even though the
hydride resonances for 6 were sharp, they did not display
PHIP with p-H,. This observation can be explained by the
fact that complex 3 rapidly quenches the p-H, reservoir due
to its extremely high reactivity.

A more noteworthy feature of this reaction is the fact
that five additional hydride resonances become visible after
25 minutes. These resonances appear at 6 —10.86, —16.26,
—16.46, —17.84, and —19.19 and while they continue to in-
crease in intensity at the expense of signals due to 2 and 3,
over time their appearance in the corresponding '"H NMR
spectra is unchanged between 310 and 203 K. The full char-
acterisation of these species by NMR spectroscopy is descri-
bed in the Supporting Information. This details how the two
hydride signals of relative intensity 1:2 at 6 —10.86 and
—16.46 arise from [Rh(Cl)(H)(PPh;),(u-Cl)(u-H)Rh(Cl)(H)-
(PPhs),] (7). Those at 6 —17.84, —16.26 and —19.19, with
identical intensities, arise from the solvent complex
[Rh(CI)(H)(PPh,)(CD,CL)(1-Cl)(1-H)Rh(CI)(H) (PPh,),
(8). Scheme 2 illustrates the structures of these species
and includes key NOE connections that support the assign-
ments.

PPh, cl
P | _ppn, 7

Rh
a-16,46H/| s | SH N
CI(- ey, ) HOT14

Ph

H,87.19

+ CD,HCI

Scheme 2. NOE connectivities in 7 and 8.
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One of the most notable differences in the NMR proper-
ties of 7 and 8 is the chemical shift of the bridging hydride.
It shifts from 6 —10.86 when it is trans to two phosphines, to
0 —17.84 when it is trans to only one, and hence is also trans
to chloride or coordinated CD,Cl,. A number of rhodium
hydride complexes containing ligated solvent molecules
have been reported including some with dimeric struc-
tures.”*! The role of the solvent was subsequently con-
firmed by the fact that in 50 % CD,Cl,/CH,Cl, an additional
NOE interaction between this hydride and a signal at J 4.57
is observed. Further evidence supporting a solvated struc-
ture was obtained by adding CDCl; into a CD,Cl, solution
containing 7 and 8. While the terminal resonance at ¢
—19.19 moves by 56 Hz for a 1:4 solvent ratio, the 4 other
resonances shift by less than 10 Hz.

It should be noted that 7 and 8 are only formed in chlori-
nated solvents, and the formation of CD,HClI is indicated by
the observation of a quintet at 0 3.37. The chemical shift of
the proton in CD,HCIl has been reported as 6 3.05 in
CCl,.P" In addition, when [RhCI(PPh,)s] reacts with n-H, in
CD,(l, solution only 2, 4 and 7 were observed. Thus, the
generation of 8 is suppressed by added PPh; which is consis-
tent with solvent coordination in this species. It should be
noted that direct exchange between 7 and 8 was not observ-
able on the NMR timescale."!

The reactivity of these trihydrides was further investigated
by placing an NMR sample containing both 7 and 8 under
an atmosphere of D,. When a '"H NMR spectrum was ac-
quired, a 1:1:1 triplet at 6 4.57 (superimposed upon the reso-
nance of H,) was observed. This triplet is due to the forma-
tion of HD, the 'Jyp coupling being 42.4 Hz, and requires
the existence of a pathway for D,/H, HD/D exchange.
During this process, all the hydride resonances in each com-
plex were found to decrease in intensity at essentially the
same rate, although the rate of deuterium incorporation into
8, the solvent stabilised complex, substantially exceeded that
for 7. Interestingly, placing a benzene solution of 8 and 7
under p-H, did not yield any polarisation in the hydride res-
onances of these species. Thus, although the deuterium ex-
periment confirms that these complexes undergo exchange
with H,, the rate is insufficient to see enhancement of these
resonances.

Observations on the reaction of [RhCI(PPh;),],, 1, with H,
in the presence of an alkene: A number of studies have
demonstrated that when the hydrogenation of styrene cata-
lysed by 1 or [RhCI(PPh;);] is examined with p-H,, polarised
resonances are readily observed in the hydrogenation prod-
uct ethylbenzene due to the pairwise hydrogenation of the
substrate by the catalyst, as shown in Figure 2a. However,
when 1 is employed, close examination of the hydride
region of the associated "H NMR spectrum reveals the pres-
ence of two additional polarised resonances at 6 —18.72 and
—19.51 (Figure 2b). These resonances have previously been
reported to arise from terminal hydride ligands in the binu-
clear species  [Rh(H),(PPh;),(pt-Cl),Rh(PPh;)(styrene)]
(92).”*21 Consequently, when the corresponding 'H NMR
spectrum is acquired with broadband phosphorus decoupling
during data acquisition, both hydride resonances simplify
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Figure 2. a) The hydride region of the "H NMR spectrum obtained when
1 reacts with H, in [Dg]toluene at 298 K with signals for 2 and 3 illustrat-
ed; a) '"H NMR spectrum illustrating the effect of utilising p-H, as a sub-
strate during the hydrogenation of styrene by 1; b) expansion of the hy-
dride region of a "H{*'P} NMR spectrum obtained for the sample used in
a) revealing signals due to 9a; c) selected cross peaks (absolute value dis-
play) and projections in the 'H,*'P HMQC correlation spectrum of 9a
(*'P decoupled).

into doublets of antiphase doublets from which Jyu=
—10.9 Hz and Jg, ~22.5 Hz can be determined. The loca-
tion of these hydride resonances as high-field signals con-
firms the presence of the two halide bridges, and by compar-
ison with the position of those in the related complexes
[Rh(H),(PPh;),(1-C1),Rh(PPh;),] and  [Rh(H),(PPh;),(u-
CI),Rh(CO)(PPh;)], it can be deduced that the 6 —19.51
resonance arises from the hydride that is cisoid to the PPh;
ligand on the Rh' centre. The NMR data for 9 can be found
in Table 1.

Since the observation of this species was first described®”
we have developed a high sensitivity approach to observe
heteronuclei signals via heteronuclear multiple quantum cor-
relation (HMQC) spectroscopy. Surprisingly, when the hy-
dride resonances of 9a are used in this way to learn about
the associated *'P chemical shifts, the resultant spectrum, il-
lustrated in Figure 2c, indicates that each hydride ligand
couples to two different phosphorus centres. Consequently,
the *'P domain contains two resonances with distorted dou-
blet of doublets multiplicity from which passive couplings of
127 and 417 Hz can be determined. These couplings corre-
spond to Jp,p and %Jpp, respectively and suggest that the
two phosphine ligands giving rise to these signals are trans
and inequivalent.

The observation of 9a was not unique. When styrene was
replaced with para-methylstyrene, para-chlorostyrene and 1-
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Table 1. Selected NMR Data for complexes 2-12.

Complex (L=PPh;) Nucleus, Sol- o (multi- Assignment J [Hz] o (multi- Assignment J [Hz]
vent, T [K] plicity) plicity)
[H,Rh(L),(u-Cl),Rh(L),]  'H C¢Ds, 295 7.96 (m) (0-H)/P,Ph; 5.6 *Jy —19.35(dt) H, 21.6 Jyrp, 17.5 Vyp
@
3P CD, 295 54.57 (d) P, 195.1 Ypgy 37.47 (d) P, 119.0 Upg,
13Rh C¢Dg, 295 957 (t) Rh™ 1106 1,
'H CD,CL, 295  —19.92 (dt) H, 21.6 Vyyrp 17.5 Jyp
3P CD,CL,, 295 54.38 (d) P, 195.1 Ypgy 38.32 (d) P, 119.0 pg,
'“Rh CD,Cl,, 909 (t) Rh™ 1106 g,
213
[H,Rh(L),(u-T),Rh(L),] 'H C,Dy, 295 8.05 (m) (0-H)/P,Ph; 7.5 *Jy —16.06 (dt) H, 22.3 Jyyrn 13.7 Jyp
(21
3P C,Dg, 295 50.7 (d) P, 186.9 Ypgy 39.9 (d) P, 114.9 pg,
®Rh C,Dg, 295 387(t) Rh™ 114.9 Ypyp
[H,Rh(L),(u-1)- 'H C,Dy, 295 —15.86 H, 9.7 *Jum, 22.5 Yygm 15 Jup —19.45 Hy, 9.7 Yy, 20.9 Yigns 17 yp
(n-CDRh(L),] (ddv) (ddt)
(2-C1y
3P 4Dy, 295 38.23 (d) P, 111.2 Upg,
®Rh C¢Dg, 295 710 (t) Rh™ 1108 g,
[HoRh(L),(p~ "H C¢Dg, 295 7.82 (m) (o-H)/P,Ph; —20.01 (dt) H, 25.2 Jyy gy, br
Cl),(L),RhH,] (3)
3P 4Dy, 295 39.1 (d) P, 118.8 Jpyp
'H CD,CL, 295  —20.16 (dt) H, 25.2 Vyrn 13.5 Jyp
3P CD,CL,, 203 43.16 (d) P, 1400 1y pn
1BRh CD,Cl,, 661 (t) Rh™ 118.8 Vgyp
213
[H,Rh(L),(u~ 'H C,Dy, 295 —1591 (m) H, 24.8 'Jygy, br
D.Rh(H),(L),] 3-D)
BRh C,Dg, 295 246 (m) Rh™
[H,RhCI(L),] (4) 'H C,Dy, 273 -9.33 H, —7.6 Vi, 11.7 Yy gy, 1544 2y pa), 13.5 —16.60 H, =7.6 Yyp, 19.2 Yygp, 15.5
(dddt) Tripw) (ddq) Ty
3P C,Dy, 273 39.52 (dd) P, 115.2 Jpgn, 21.5 2pp 20.48 (dt) P, 98.7 pgu, 21.5 2Jpp
15Rh C,D;, 268 260 Rh™
'H, C,Ds, 295 7.79 (m) (0-H)/P,Phy 7.3 T,y 7.55 (m) (0-H)/P,Ph; 8.7 *Jy
-9.31 H, 155 /41 p —16.63 H, br
(dddt) (ddq)
[H,RhI(L);] (4-I) 'H C,Dg, 270 -9.56 H, —8.5 Jyu, 19.3 Yy gy 1493 ypay, 116 —13.71 H, —8.5 Yy, 19.7 Yiggn 145
(dddt) Tuipes) (ddq) e
3P C,Dy, 270 37.03 (dd) P, 114.1 Ypgy, 18.6 pp 19.90 (dt) P, 91.2 Ypgy, 18.6 2Jpp
BRh C,Dg, 268  —80 (m) Rh™
'H C,Dg, 295 7.70 (m) (0-H)/P,Phy 5.7 *Jyy 7.36 (m) (0-H)/P,Ph;
—9.80 H, 150 *Jyyp —13.89 H, br
(dddt) (ddq)
[HoRh(L),(u~ 'H CD,CL,, 295  —19.77 (m) H, 10.2 *Jyyp, 22.4 Yy g —20.50 (m) H, 10.2 2y, 23.2 Yy
CI);Rh(L)(CD,Cl,)] (6)
[(L),RhHCI(p-Cl)- 'H CD,Cl,, 295  7.19 (m) (o-H)/P,Ph; 7.14 (m) (0-H)/P,Ph;
(u-H)CIHRR(L),] (7)
—10.86 (ttt)  H, 21.3 Yy rn 74.9 Jprpiay 98 Ve —16.46 (dt) H, 18.1 Yy g, 18 yyp, 18 2yyp
3P CD,CL,, 295 51.58 (dd) P, 140 Jpgy, 28.5 2pp 36.30 (dd) P, 120 Jpgy, 28.5 Vpp
1BRh CD,Cl,, 814 (dd) Rh"™ 120 gy p, 140 Vgnp
263
[(L),RhHCI(pu-Cl)- '"H CD,Cl,, 295  7.50 (m) (o-H)/P,Ph; 7.33 (m) (m-H)/P,Ph;
(u-H)H(solv)RhCI(L)] (8)
7.28 (m) (o-H)/P.Ph; 7.18 (m) (0-H)/P,Ph;
7.08 (m) (m-H)/P,Ph,
—16.26 (dt)  H, 16.6 Yy rn, 21.7 Jirpia) 145, Fiipee) —17.84 (m) H, 27.4 Yygn 20.8 Vi g, 64
ZJH,P(C)7 9 ZJH,Ps 9 2-]H.P
—19.19 (dd) H, 17.4 Jyrp, 16.9 Vyp
3P CD,CL,, 295 52.77 (d) P,Ph; 151.9 Ypg, 49.51 (dd)  P,Ph, 123.4 Upgy, 50 2pp
36.62 (dd)  P.Ph; 123.4 'Jpgp, 50 pp
®Rh CD,Cl, 1645 (d) Rh,™ 1501 g, 861 (dd) Rh,"™ 1400 gy p, 1200 gy o
263
[HoRh(L),(p-Cl),Rh(L)- "H C4Dg, 295 8.20 (m) (o-H)/L 6.5 3Ty, 6.5 *Jyyp 7.85 (m) (o-H)/L 6.5 *Jyy
(styrene)] (9a)
—18.72 H, —10.9 %y, 22.1 Yyry 17 Jp —19.51 Hy, —10.9 2y, 22.7 Yppes 17
(ddt) (ddt) “up
3P CD, 295 4273 (dd)  (L-Rh"™) 127 Upgy, 417 *pp 3523 (dd)  (L-Rh™) 127 Ypgy, 417 Uy
BRh C4Dg, 300 950 Rh™
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Complex (L=PPh;) Nucleus, Sol- o (multi- Assignment J [Hz] 6 (multi- Assignment J [Hz]
vent, T [K] plicity) plicity)
[H,Rh(L),(u-I),Rh(L)- 'H C,Dy, 268 —15.79 (m) H, —11.5 %y, 20.8 Yy g —16.03 (m) H, —11.5 gy, 20.1 Uppy
(styrene)] (9a-I)
[HoRh(L),(u-Cl)(p- 'H C,Dy, 290 —15.85(m) H, —9.8 Jyn, 20.2 Yy rn —19.20 (m) Hy —9.8 Vi3, 22.0 Yy
I)Rh(L)-
(styrene)] (9a-CI-I)
[H,Rh(L),(p-Cl),Rh(L)- "H C4Ds, 295 8.09 (m) (o-H)/L 7.74 (m) (0-H)/L 7.9 *Jyy
(p-Me-styrene)] (9b)
—18.82 H, —11.0 *Jyy, 22.3 Jyrn 20 Jpp —19.59 Hy, —11.0 2y, 22.9 Vg, 17
(ddt) (ddt) 2Tup
3P CD, 295 42.38 (dd)  (L-Rh™) 125 Upgy, 427 *pp 33.96 (dd)  (L-Rh™) 125 Ypgy, 427 pp
[HoRh(L),(p-Cl),Rh(L)- "H C4Dg, 295 8.08 (m) (0-H)/L 9.0 *Jyy i 7.74 (m) (o-H)/L 6.6 *Jyy
(p-Cl-styrene)] (9¢)
—18.89 H, —11.0 %/, 22.3 Vg 20 pp -19.73 Hy, —11.0 24, 23.0 Ypy gy 17
(ddt) (ddt) “up
3P CD, 295 4344 (dd)  (L-Rh"™) 122 Upgy, 425 2Jpp 34.43 (dd)  (L-Rh™) 125 Ypgy, 425 Upp
[H,Rh(L),(u-Cl),Rh(L)- "H C4Dg, 295 8.24 (m) (o-H)/L 8.09 (m) (o-H)/L
(1-hexene)] (9d)
—18.66 H, —11.0 *Jyy, 22.6 Yygn 17 Jup —19.46 Hy, —11.0 2y, 22.4 Uppys 17
(ddv) (ddt) Tup
3P C¢Dy, 295 4042 (dd)  (L-Rh"™) 121 Jpg,, 417 *pp 36.78 (dd)  (L-Rh™) 128 Upgy, 417 Jpp
[H,Rh(L),(p-I),Rh(L)- 'H C,Dy, 268 —15.85 (m) H, —10.8 %y, 22.0 'y —1593 (m) H, —10.8 */yyy, 24.6 Uppy
(1-hexene)] (9d-I)
[H,Rh(L),(u-Cl),Rh(L)- "H C¢Dg, 295 —18.73 H, —10.8 *Jyy, 23.4 Tygn 17 Jup —19.46 Hy, —10.8 %y, 23.0 Yp gy, 17
(cis-stilb)] (9e) (ddt) (ddt) 2Tip
3P CD, 295 39.6 (d) P, 126.6 'Jpgy
[H,Rh(L),(u-Cl),Rh(L)- "H C¢Dg, 295 -19.12 H, —10.5 *Jyu, 23.7 Yygn 16 Jup —19.43 Hy, —10.5 %y, 23.8 Ypgs 16
(diphen-eth)] (9 1) (ddt) (ddt) “ip
3P CeDy, 295 412 (d) P, 132.9 Ypgy
[H,Rh(L),(u-Cl),Rh(L)- 'H CD,ClL, 263  —19.61 H, 10.8 iy, 23.1 Yggn 12 yp —20.56 H, 10.8 /gy, 23.8 Vg, 12 Ty
(F-styrene)] (9g) (ddt) (ddt)
P CD,Cl,, 280  50.34 (d) P, 178.0 Ypgs
P CD,CL,, 263 44.56 (dd)  (L-Rh™) 123.4 gy, 427.1 2pp 37.41(dd)  (L-Rh'™) 123.4 Ypgy, 427.1 2pp
'®“Rh CD,Cl, 910 (m) Rh"
268
'H C¢Ds, 295 —~19.05 (dt) H, —10.8 Yy gy, 23.0 Yy —20.21 (dt) H, —10.8 /gy, 23.8 Vg
[H,Rh(L),(p-I),Rh(L)- 'H CD,Cl,, 263  —16.47 H, 8.6 Yy, 23.7 i —16.76 H, 8.6 Yy, 23.0 Yy g
(F-styrene)] (9g-I) (ddt) (ddt)
3P CD,Cl,, 263 40 (m) P, 2nd order
'H C,Dy, 280 -15.92 H, 8.6 Yy, 23.7 i —16.46 H, 8.6 Yy, 23.0 Yy g
(ddt) (ddt)
[H,Rh(L),(u-Cl)- 'H CD,Cl,, 263  —16.91 H, 9.5 Jym, 24.7 Yygn 11 Jyp —20.01 H, 9.5 Yy, 22.5 Yiges 11 Yyp
(u-I)Rh(L)- (ddt) (ddt)
(F-styrene)] (9 g-CI-I)
P CD,CL,, 280  54.11 (d) P, 172.6 Ypgy
P CD,CL,, 263 43.16 (dd)  (L-Rh™) 117 Upgy, 402 %pp 39.47 (dd)  (L-Rh™) 120 Ypgy, 402 Jpp
Rh CD,Cl,, 680 (m) Rh™
268
[H,Rh(L),(p- 'H C,Dy, 295 7.86 (m) (o-H)/P Ph, 7.83 (m) (o-H)/P Ph;
1);RhH, (L), (p-1)-
(u-H)(u-PPhy)] (10)
7.57 (m) (o-H)/P,Ph, 7.21 (m) (o-H)/P,Ph;
-10.31 H, 14.1 Yy r 69.9 s pa 142 Trps) 1511 (dt)  H, 21.2 Yyggy, 144 ygp
(dtt)
—16.88 (m) H, 182 'y gn, 16.6 Vyypy 4 Tripo
3P C,Dg, 295 203.1 (t) P, 113 'Jpr 44.4 (m) P, 2nd order ABX
37.8 (m) P. 2nd order AA'MXX’
®Rh C,Dg, 295 172 (t) Rh,"™ 120 Yy, 84 (m) Rh,"™ 2nd order AA'MXX'
[HoRh(L),(p~ 'H C,Dy, 295 —9.90 (dtt)  H, 16.5 Vg 73.7 Jirp(ay 16.6 Vripge) —14.82 (dt) H, 21.6 Jygn, 14.7 Jyp
1),Rh,H,(L),-
(-Ch(w-H)(n-PPhy)] (11)
—19.25 H, 19.1 Yy rpr 20.4 Ty pays 5.8 e
3P C,Dg, 295 196.8 (t) P, 118.5 Jpra 44.0 P, 2nd order ABX
37.9 P. 2nd order AA'MXX'
1BRh C,Dg, 295 316 (m) Rh,™ 117 (m) Rh,™
[HCIRh(PMe3),(p-H)- "H C4Dg, 295 —17.09 H, —3.2 a1 29 Yign 19 Yign 30 Vipe, —17.57 Hy, —3.2 2yyp, 24.8 Vyggns 15.5
(u-C)Rh(CO)(PMe;)] (ddddt) 15.5 *pw) (ddt) up
(12)
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Table 1. (Continued)

Complex (L=PPh;) Nucleus, Sol- o (multi- Assignment J [Hz] 6 (multi- Assignment J [Hz]

vent, T [K] plicity) plicity)

3P CD, 333 —-1.5(d) P, 160 Jpg, —5.7 (d) P, 120 Yoy
[H,Rh(PMes;),- 'H C¢Dy, 295 —20.75 H, —11 i3, 30.9 Yppes 19 Vyp —21.36 Hy, —11 g, 30.0 Vg, 22
(u-Cl),Rh(PMes)- (ddt) (ddt)
(CO)] (13)

3P CD, 295 —5.76 (d) P, 98.1 Jprn
[(PMe;),HRh(u-Cl),- 'H C,Dy, 295 —10.14 H, —7 Y, 202 Y gn 20.2 iy, 115 —17.95 Hy —7 Yy 18.5 Ynrns 19 Vigps
(u-H)Rh(PMe;)(CO)] (14) (ddddt) 2T 20 Ayp, 17 2ygp (dddd) 11 Jgp

3P CD, 295 —2.95 (m) —20.63 (m)
[HCIRh(PMe;),(n-H)- 'H C¢Dy, 295 —14.46 (m) H, =3.9 Yy, 191 Vg 31.7 Vign —17.21 (m) H, 3.9 iy, 224 Vyra
(1-CRh(PMe3)(CO)]
15)

3P CD, 295 —3.50 (d) P, 170 Ypg, —1037(d) P, 90 Jpgn
[HIRh(PMe;)(styrene)- "H C4Ds, 323 —1553 (m) H, —5.4 Jyu, 291 Yygn 7.7 g 66.3 —17.18 (m) Hy —5.4 *Jyyy, 18.3 Yy, 18.5
(w-H)(-DRh(PMe;)(CO)] Tiaroy 10 Vigp up
(16)

3P 4Dy, 323 22.34 (d) P, 133 Upg, —521 (m) P, -not seen
[HoRh(L),- 'H C4Ds, 333 —16.28 H, —8.9 Yy, 24.7 Uy, 14.2 2yp —16.64 Hy, —8.9 iy, 24.8 Vg 14.7
(w-D;Rh(L)(CO)] (ddt) (ddt) up

3P CD, 333 39.73 (d) P, 118.7 Ypgs
[Rh(H),(D(L),- 'H C,Dg, 258 —15.29 H, 9.7 Yyn, 234 Yirn13.5 Vyp —16.19 Hy, 9.7 Jup, 17.1 Vg
(w-D;Rh(L);] (ddv) (ddt)

3P C,Dy, 258 48.98 (d) P, 122.8 Jpg,
[Rh(H),(D(L),- 'H C,Dg, 258 —13.49 H, —9.1 Yy, 24.6 Uy, 13.5 yp —16.11 Hy, —9.1 %yp, 15.8 Vggn 14.6
(w-DRh(L),] (ddv) (ddt) Tup

3P C,Dy, 258 47.69 (d) P, 108.9 Jpgy
[Rh(H),(D(L),- 'H C,Dg, 258 —13.95 H, —9.1 Yy, 24.2 Uy, 10.5 2 yp —16.71 H, —9.1 %y, 15.0 Vggy, 135
(w-DRh(L);] (ddv) (ddt) Tup

3P C;Dy, 258 47.67 (d) P, 1152 Ypgy

[a] Accuracy of the coupling limited by resolution of "H,'”Rh HMQC experiment.

hexene, hydrogenation with p-H, at 298 K led to the detec-
tion of the analogous species 9b, 9¢ and 9d, respectively
(Scheme 3). In the corresponding 'H,*»P HMQC spectra,
second order phosphine resonances of an AB type represen-
tation are again observed. However, the frequency separa-
tion between the signals falls from 1210 Hz in 9a to 590 Hz
in 9d (400 MHz for 'H). Furthermore, when 1 catalysed the
hydrogenation of cis-stilbene and 1,1-diphenyl ethylene, the
corresponding products 9e and 9f yielded only single *'P
signals at 0 39.6 and 41.2, respectively, which suggests that
the corresponding phosphine ligands are now in apparently
equivalent environments. When frans-stilbene was em-
ployed, no evidence for a species corresponding to 9 was ob-
served. These results are consistent with the fact that when
9 contains a prochiral alkene, the two trans phosphines of
the Rh' centre are diastereotopic and hence inequivalent,
whereas with both 1,1-diphenylethene and cis-stilbene,
equivalence will exist between the two phosphines. This

PPh,
|-|\'L1/CI\Rh/PPh3
e R
W ‘ ¢ \‘
PPh,
9a: R = CgHs 9b: R = p-tolyl
9c: R = p-Cl-phenyl 9d: R = butyl
9g: R =C¢Fs

Scheme 3. Structures of binuclear alkene dihydride complexes.
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view holds true regardless of whether the alkene is rigid or
undergoing rotation. Unfortunately we were unable to dem-
onstrate whether the phosphines in 9 interconvert and we
are therefore unable to exclude either of these options.
Additional structural information concerning 9 a—f was ob-
tained using NOE measurements to probe the spatial ar-
rangement of ligands within each complex as described in
the supplementary section. However, peaks indicative of
site-exchange were also observed from the selected hydride
to signals corresponding to free H, and the second hydride
ligand in these complexes. These features require 9 to un-
dergo a fluxional process whereby the hydride ligands can
interchange their identities. A second reaction involving the
reductive elimination of H, is also required. Data were
measured for a number of mixing times and the change in
magnetisation intensity modelled to determine the rate of
hydride interchange (see Experimental Section). Since the
concentration of free alkene falls due to hydrogenation
during these experiments, a
number of observations were
undertaken with a common
400 ms mixing time and vary-
ing excesses of free styrene rel-
~ B ative to 1 (from 1500:1 to
100:1). These spectra revealed
that the magnitude of the in-
tramolecular hydride-hydride
exchange peak was independ-
ent of styrene concentration.
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Varying the concentration of rhodium by a factor of three
also had no visible effect. These results therefore suggest
that hydride-hydride exchange occurs without dinuclear
complex break-up and alkene loss. These findings are consis-
tent with those previously reported for [Rh(H),(PPh;),(u-
Cl),Rh(PPh;)(CO)].1*! Table 2 lists the associated rates at
296 K and AH* and AS™ values for hydride exchange in
complexes 9a—d.

Table 2. Hydride exchange rates and activation parameters for hydride
interchange in 9a—d.

Complex k[s7'] (296 K) AH* [kImol '] AS* [JT7'K 'mol™]
9a 0.94+0.04 42+4 —100+12
9b 1.43+£0.76 32+14 —131+45
9¢ 1.40+0.27 25+11 —157+35
9d 1.63+0.27 3445 —127+17

Experimental evidence for solvent participation in this
process was obtained when the exchange in 9a was moni-
tored in [Ds]nitrobenzene rather than [Dg]toluene. Under
these conditions, no exchange was observed at 295 K within
400 ms. This would suggest that exchange proceeds via the
formation of a 16 electron rhodium centre that is capable of
facile solvation.

Direct evidence for hydrogenation catalysis by
[Rh(H),(PPh;),(u-Cl),Rh(L)(PPh;)] [L=alkene]: The ex-
change processes involving the hydride ligands of 9 were
then monitored at the point where the ratio of 1 to styrene
was 1:1200. Under these conditions, after a mixing time of
400 ms, 6% of the total hydride peak intensity of the select-
ed hydride resonance due to 9a had moved into a position
corresponding to free H, and k,, the rate of hydride trans-
fer into free H,, was calculated as 0.15 s~'. However, when
the corresponding ratio of 1 to styrene was 100:1, the H, ex-
change peak area increased to 17 % of the total peak area,
which corresponds to kg, for hydrogen elimination of
0.75s7'. Consequently, it can be stated that the observed
rate of H, elimination from 9a increases as the alkene con-
centration falls.

Interestingly, the absolute intensity of the hydride signals
of 9a also increases as the concentration of styrene falls.
This change is illustrated qualitatively in Figure 3 where the
associated "H NMR spectra correspond to eight scan averag-
es in order to ensure that the [H,] in solution remains essen-
tially constant during data measurement. Interpreting these
results is complicated by the fact that the absolute size of
the hydride resonance relates both to the concentration of
the species yielding the signal and to the purity of the para-
hydrogen derived spin-state. The latter parameter relates to
the lifetime of the metal dihydride product and the extent
of relaxation prior to the read pulse which creates the ob-
servable magnetic state. Since these experiments are record-
ed with the same delay between repetitions, the effects of
relaxation in the absence of enhanced hydride exchange
should be identical, and the lower alkene concentrations
should inherently act to reduce the concentration of 9a.
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Figure 3. Series of selective 1D-EXSY (left trace, mixing time 400 ms),
and 'H{*'P} spectra (right trace, constant vertical expansion) acquired
when styrene to [RhCI(PPh;),], (1) ratios were: a)1200:1, b)550:1,
¢) 190:1. (d) 'Hf*'P} 1D-NOE spectrum of p-H, enhanced 9a at 295 K
with resonance selection at 6 —19.51 and a mixing time of 200 ms at the
point where there is a 20-fold excess of styrene relative to 1. Positive sig-
nals arise due to intramolecular hydride interchange and conversion to
ethylbenzene. The negative signals in traces a)-c) at ~¢ 7 arise from
NOE interaction between the hydride to ortho-phenyl protons.

Clearly, the promotion of hydride exchange is the only
factor that can account for this effect.

A third process is observed in these spectra that has a
direct impact on this view. This process involves the hydride
ligands of 9a moving into positions that yield NMR signals
at 0 2.43 and 1.06 (Figure 3d). These chemical shifts match
those of the hydrogenation product ethylbenzene and only
become visible when there is a relatively small alkene
excess relative to 1. The observed rate of hydrogen transfer
from 9a into ethylbenzene for the situation illustrated in
Figure 3d corresponds to 1+0.5s7" at 295 K. In the light of
this result it is clear that 9a can function as an intermediate
in alkene hydrogenation involving 1 and that its effective-
ness as a hydrogenation catalyst increases as the concentra-
tion of alkene falls. Since it has previously been estimated
that rate limiting hydride migration to the alkene in
[Rh(H),(Cl)(cyclohexene)(PPh;),] proceeds at a rate of
0.22s7! at 298 K,™¥ it can be deduced that under the right
conditions hydrogenation via binuclear complexes of type
9a is significant.

Reactions of [RhCI(CO)(PMe;),] with H,—Demonstration
of a role for binuclear dihydride complexes during hydroge-
nation catalysis: In a number of related studies it has been
shown that the complexes [RhX(CO)(PR;),] [X=Cl, Br, I;
R=Ph] react thermally with H, to form binuclear com-
plexes of the type [Rh(H),(PR;),(u-X),Rh(CO)(PR;)].*!
However, upon replacing PPh; by PMe;, complexes with a
bridging hydride, [H(X)Rh(PMe;),(u-H)(p-X)Rh(PMe;)
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(CO)] (X=Cl, Br and I), are most readily observed. The
effect of added alkene on this reaction is remarkable. When
a solution containing a 1.5-fold excess of styrene relative to
[RhCI(CO)(PMe;),], is monitored with p-H,, the hydride
resonances of [(C)(H)(Rh)(PMe;),(pu-Cl)(p-
H)Rh(CO)(PMe;)] (12) become enhanced by a factor of 16
over those observed for the same species without styrene

(Figure 4a). Furthermore, the new species
[Rh(H),(PMe;),(p-CI)Rh(CO)(PMe;)] (13)
[(H)(PMe;),Rh(u-Cl),(u-H)Rh(CO)(PMe;)]  (14) and  a

second isomer of [(CD(H)Rh(PMe;),(u-Cl)(u-
H)Rh(CO)(PMe;)] (15) are detected (Scheme 4, NMR data
Table 1 and similar to that previously reported for the analo-
gous iodide complexes“”). These data require that the addi-
tion of styrene enhances the rate of hydrogen cycling
through the system via sacrificial hydrogenation (visible as
polarised ethylbenzene), and consequently enables the de-
tection of additional species that normally undergo relative-
ly slow exchange with free H,.

When a sample of the more reactive complex [RhI-
(CO)(PMe;),] is monitored with p-H, and styrene, signals
corresponding to [Rh(H),(PMe;),(u-1),Rh(CO)(PMe;)] (13-
D), two isomers of [(H)(DRh(PMe;),(u-H)(u-
I)Rh(CO)(PMe;)] (12-I and 14-I), [Rh(H),I(PMe;); and
(PMe;),HRh(p-H)(p-1),Rh(CO)(PMes)] (15-1), which are all
visible without free alkene, are detected. In addition, signals
for a new rhodium-based product are observed at 6 —15.53
and —17.18 (Figure 4b). Since these resonances couple to
two rhodium and two phosphorus centres and one rhodium
and one phosphorus centre, respectively, the product must
contain the fragment [H(I)Rh(PMe;)(p-H)(p-I)Rh(PMes)].
In earlier studies, 12-I and 14-I were distinguished by intro-
ducing a *CO label; the isomer where the bridging hydride
is trans to CO yields a Jyc coupling of 11 Hz and a cis Jyp
coupling of 14 Hz while that where the bridging hydride is

SN YV | W
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T T T T
-17.0 -17.5  ppm -21.0 ppm
b)
[s Ja.
Y W
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Figure 4. a) '"H NMR spectrum (lower trace) showing the hydride region
of a sample containing [RhCI(CO)(PMe;),] and p-H, in CsDy at 295 K,
upper trace corresponds to the spectrum obtained after introducing sty-
rene. b) '"H NMR spectrum showing the hydride region of a sample con-
taining [RhI(CO)(PMe;),] and p-H, in CcDg at 295K in the absence
(lower trace) and presence of styrene (upper trace).

trans to PMe; and cis to CO yielded couplings of 3 and
32 Hz, respectively.[*”) When [Rh(I)(**CO)(PMe,),] was em-
ployed here, no evidence for *C coupling to the bridging hy-
dride was observed, and therefore Jysc can be concluded to
be <2 Hz; however, the corresponding Jyp value of 66.3 Hz
confirms that the bridging hydride lies trans to PMe;. When
these experiments were repeated with 1-hexene or para-
methylstyrene, species with hydride resonances with appa-
rently identical chemical shifts were observed. The identity

PMe, PMe; PMe,
| Ho | —X -CO ~ | _x
OC—Rh—X +H, —|  ~Rh__ — _Rh
| "] “co |
PMe, PMe; PMe;
X=Cland | + [RhX(CO)(PMes)Z/ \ .
PM PMe,
H | eaH FMes H TM63 FMes Ho | ~X
X
N
_R /\ —\*\Rh/co or /\Rh/\ ™ I\?h/co " | ~ PMe, H .,
| _— \ \‘ H | x— PMe, MesP\"'«,Rh’/ \\Rh o PMes
PMe. PMe P g <
s PMe, g PMe, Me,P \X/ co
15
- PMe, — PMe, \PMe3 e
3
H~ |h/H\Rh/CO
x~ | ~x7 T PMe,
PMe; PMe; PMe;
co =\
H\| /H\Rh/co H\‘ /H\R/PM63 H\R‘/X\Rh/ R
- Ve ~ ~ ~,7 >~ N7
x| >x PMe, x| x co H ] x7 T pe,
PMe, 12 PMe, 14 PMe, 13 detected with alkene,

X =1, R = Ph, CgFs, CH,CH,CH,CH,

Scheme 4. For X = I products A, B, C and D, and for X = CI product C only, are detected using p-H, in the absence of an alkene. For X = CI products

A and B and D are detected at 295 K in the presence of p-H, and alkene.
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of this product most likely corresponds to the binuclear
complex [H(I)Rh(alkene)(PMe;)(u-H)(u-1)Rh(CO)(PMe;)]
(16). In view of the apparent insensitivity of the terminal hy-
dride ligands chemical shift to the identity of the alkene, it
is likely that alkene binding to the Rh™ centre is rapid and
reversible. This is further supported by the dramatic high
field shift of the *'P signal of the PMe; group trans to this
site that now appears at 0 22.34 rather than 6 —6 in the
analogous [H(I)Rh(PMe;),(u-H)(p-I)Rh(CO)(PMe;)] com-
plex.

It proved possible to demonstrate that 13-I plays a direct
role during hydrogenation by showing that selective excita-
tion of the associated hydride resonances at 333 K leads to
the observation of magnetisation transfer into the corre-
sponding alkane. In contrast, when the hydride resonances
of the remaining four binuclear species are interrogated in a
similar way, no direct transfer of the magnetisation in to the
alkane is observed. This establishes the fact that
[Rh(H),(PMe;),(p-1),Rh(CO)(PMe;)] (13-I) is the most
active of the five potential binuclear hydrogenation catalysts
described here. It should be remembered, however, that the
results described above for [RhCI(CO)(PMes;),] confirm that
13, 12 and 14 are indeed active, albeit much less efficient,
hydrogenation catalysts than their mononuclear analogues.

In order to probe the role of 9 more closely, 1 was treated
with pentafluorostyrene and the analogous complex 9g,
[Rh(H),(PPh;),(u-Cl),Rh(PPh;)(C,H;C¢Fs)], was character-
ised at 263 K in CD,Cl, where it is visible without the need
for p-H, amplification. At 295K, in C¢Dy, while the same
species is produced, alkene hydrogenation is extremely slow,
and very weak polarisation is observed in the associated hy-
dride resonances. Significantly, when 1 pL of styrene is
added to the system, a considerable increase in the rate of
hydrogen cycling is observed with polarised resonances for
ethylbenzene being detected. In addition, the signals due to
the hydride resonances of 9g dramatically increase in size.
This result suggests that while 9¢g participates in alkene hy-
drogenation, the hydrogenated alkene does not originate
from the Rh' centre (see Figure 5a and b).

Reactions of [RhI(PPh;);] and [RhI(PPh;),], with H,: In
view of the fact that binuclear complexes were more readily
observed during the reaction of [RhI(CO)(PMe;),] with p-
H, than in the corresponding case with [RhCI(CO)(PMes),],
a logical extension of the present study involved the exami-
nation of [RhI(PPh;);] and [RhI(PPhs),],. It is interesting to
note that despite being synthesised along with the well
known chloride complexes in 1966,%" relatively little work
has been performed using these iodide derivatives. When
the reaction of p-H, with [RhI(PPh;);] is followed in C4Dy
at 295 K, very broad hydride resonances are observed for
[Rh(H),I(PPh;);] (4-I), which precludes the observation of
PHIP at this temperature. However, transfer NOE methods
involving free H, enable the location of the corresponding
ortho-phenyl resonances at ¢ 7.70 and 7.36 in an analogous
way to that described earlier for 4. It should be noted at this
point that these results are complicated by the fact that
[RhI(PPh;);] undergoes substantial phosphine dissociation
even at 295 K and appreciable amounts of [RhI(PPh;),], and
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Figure 5. a) Expansion of the hydride region of a '"H{*'P} NMR spectrum
obtained when 1 catalyses the p-H, based hydrogenation of pentafluros-
tyrene, visible signals due to 9h. b) Expansion of the hydride region of a
"H{*'P} NMR spectrum obtained when 1 catalyses the p-H, based hydro-
genation of pentaflurostyrene and sytrene illustrating that the hydride
resonances for 9h are now substantially enhanced.

PPh, are visible in the initial *'P{'"H} spectrum recorded
prior to H, addition. Furthermore, in this reaction no evi-
dence for the formation of 2-I was obtained at 295 K even
though [RhI(PPh;),], was clearly visible in the correspond-
ing *'P{'H} spectrum (at higher temperatures 2-I is also ob-
served).

When the reaction of a toluene solution of [RhI(PPh;),],
with hydrogen was monitored by NMR spectroscopy at
295 K, two unpolarised hydride resonances were observed
immediately at 6 —16.06 and —15.91 due to 2-I and 3-I, re-
spectively. These assignments are supported by the fact that
resonances at 0 —16.35 and —16.72 have been reported for
the hydrides ligands in the related complex
[Rh(H),(PPh;),(u-1),Rh(CO)(PPh;)].*) The NMR charac-
teristics of 2-I, 3-1 and 4-I are described in Table 1.

Observation of intermediates involved in the formation of
[Rh(H),(PPh;),(un-I),Rh(PPh;),]: Although no polarised hy-
dride signals were detected during the reaction of
[RhI(PPh;),], (1-I) with p-H, at room temperature, the same
experiment at 268 K in toluene solution enabled the obser-
vation of eight polarised hydride signals. The corresponding
"H{*'P} spectrum is shown in Figure 6a. By comparison with
the data obtained using [RhI(PPh;);], two of these resonan-
ces, located at & —9.66 (not shown in Figure 6a) and o
—13.80, can immediately be assigned to the tris(phosphine)
complex 4-I; the observation of 4-I indicates that there are
traces amounts of free PPh; in this sample. The remaining
resonances, occurring at 0 —13.49, —13.96, —15.30, —16.11,
—16.19 and —16.71 were less intense, with each correspond-
ing to a terminal hydride ligand. The fact that each of these
signals couples to two equivalent phosphorus nuclei, and
that the Jyy splitting is of the order of —10 Hz, is reminis-
cent of many of the binuclear complexes already described.
COSY Spectroscopy confirmed that the resonances at o
—13.49 and -16.11, —13.95 and —16.71, and —15.29 and
—16.18 were coupled. We note that the resonances at o
—13.49 and —13.95 sandwich the resonance of 4-I corre-
sponding to the hydride that is trans to iodide. This suggests
that they arise from a similar arrangement. Furthermore,
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Figure 6. a) The hydride region of the '"H NMR spectrum obtained when
[RhI(PPh;),], reacts with p-H, in [Dg]toluene at 268 K b) The hydride
region of the "H NMR spectrum obtained 24 h after [RhI(PPh;),], was
placed under p-H, in [Dg]toluene and left at 295 K. ¢) The hydride region
of the "H NMR spectrum obtained when a mixture of [RhI(PPhs),], and
[RhCI(PPh;),], reacts with pentafluorostyrene with H, in CD,Cl, at
263 K.

their respective partners at 6 —16.11 and 16.71 are very
close to those of 2-I or 3-1. We interpret this to suggest that
these three species most likely correspond to the
[Rh(H),(I)(PPhs),(n-)Rh(PPhs),], [Rh(H),(I)(PPhs),(p-
I)Rh(PPh;);] and [Rh(H),(I)(PPhs),(p-I),Rh(PPh;);] which
are involved in the formation of 2-I. A reaction sequence
accounting for the formation of 2-I is shown in Scheme 5
where [RhI(PPh;);] is the precursor. When this reaction was

repeated in the presence of a slight excess of PPhy,*! the
signal intensity of the 6 —13.96 and —16.71 resonances were
reduced relative to those at 6 —13.49 and —16.11. This is
consistent with the phosphine deficient structure indicated.

Observation of binuclear complexes during hydrogenation
catalysis with [RhI(PPh;),],: When a 'H{*'P} spectrum was
recorded on a sample of 1-I at 268 K in the presence of p-H,
and styrene, two additional, but extremely weak, polarised
terminal hydride resonances were detected at 6 —15.79 and
0 —16.03 which were not observed when [RhI(PPh;),],
alone was reacted with p-H,. A pair of enhanced hydride
resonances, at 0 —15.85 and —15.93, were detected during
the analogous reaction with 1-hexene, and with pentafluor-
ostyrene, the corresponding resonances appear at 6 —15.92
and —16.46. Although the intensity of these resonances
were too low to allow the acquisition of heteronuclear NMR
data, the detection of [Rh(H),(PPh;),(u-I),Rh(PPh;)(styr-
ene)] (9a-I), [Rh(H),(PPh;),(u-I),Rh(PPh;)(1-hexene)] (9d-
I) and [Rh(H),(PPh;),(u-I),Rh(PPh;)(pentafluorostyrene)]
(9g-I) can be proposed by analogy with the results described
for 1 above. It should be noted that when 9g-I was detected
using n-H,, a second-order multiplet centred at 0 40 was
seen in the corresponding *'P NMR spectrum.

Characterisation of the trirhodium phosphide bridged deac-
tivation product [(H)(PPh;)Rh(u-H)(u-I)(n-PPh,)Rh(H)-
(PPh;)](n-D),Rh(H),(PPh;),: We note that when the toluene
solutions of [RhI(PPh;),] were left under H, for extended
periods of time, signals at 6 —10.31, —15.11 and —16.88 ap-
peared in the ratio 1:2:2 due to species 10 with structure
shown in Scheme 6. The hydride region of the corresponding
"H{*'P} NMR spectrum is shown in Figure 6b. A notable fea-
ture of the NMR characteristics of 10 corresponds to the ob-
servation of cross-peaks between the 6 —10.31 and —16.88
hydride ligand resonances in the corresponding 'H,*'P
HMAQC experiment to a *'P signal with the unusual chemical

shift of 6 203.1. *'P NMR reso-

nances with similar chemical

PPh, F|’Phs '|’Phs shifts have been observed
y 0-9.56H | I -PPh, H L~ before and are characteristic
 Rh— + -~ —~ —_— ~ .
PhP RN : 3-A3TIH™ | “ppp, Ho of phosphide complexes pos-
PPh, PPh, PPh, sessing bridging (pu-PR,) li-
i 4 gands.”?! The full NMR char-
+ Rl(PPh) + [RhI(PPhy),] acterisation of 10 is described
in the Supporting Information.
PPh Complex 10 is a trinuclear
3 .
PPh, PPh, 51671H_ | RPh, compound, which possesses
5-16.11H _ | NN
-16. N ,\‘\ -PPh, Rh ™ : :
_—PPh, — = ~Rh " _Rn two equivalent rhodium cen-
5-1349H7 | > —Rh 01396 H | ™ .
‘|:Ph PPh, tres (bridged by the phos-
s PPh, PPh phide) and a third, distinct
j rhodium centre to which the
hydrides resonating at o
Tpha PPh, PPh, - —15.11 are coordinated. The
5'15'29H\Rh/'\| — PPhy 5-16.06 H—_ | I~ : bridging hydride spans the
-~ —— . .
5-1648H " | > | 541606H" | 17 ppn, same rhodium nuclei as does
PPhs PPh, PPh, the phosphide ligand and is ap-

Scheme 5. Route to the formation of [Rh(H),(PPh;),(u-1),Rh(PPh;),] from the reaction of [Rh(PPh;);(I)] with

H,.
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5-1031 PPh, to 2 and propose that exchange of free H, into 3 proceeds
PPh, PPh, |[H, #1511 via reversible halide bridge rupture to form 5,
H>Rh/|\l|?h\/ H I“‘é;h3 [Rh(H),(PPh;),(u-CI)RhCI(H),(PPh,),], which subsequently
H | ~ | PhaP--w,(,,,Rﬁ\\‘l‘% HmRh';,\,‘,‘,‘,‘,‘“_P’Lh undergoes rapid H, exchange before reformation of 3. Since
PPh, PPh, \"‘V \H ’ exchange of 3 into 2 is not observed at this stage, H, addi-
3 10 Ph, 5-1688  tion to [Rh(PPh;),(u-CI)RhCI(H),(PPhs),] must be signifi-

+ CDHCI cantly faster than halide bridge closure.
tHor CDCL 5-9.90 PPh, We fully characterised these species in CD,Cl, where the
PPh, l /HfH 8-14.82 solubility of the precursors is much higher. Under these con-
H\Rh P o e F’:pr\ié:::::jffffzz| ditions there is evidence for the formation of the sc?lvent
WS N p, ° y ”(”'Rhm:;mmi‘,,,,wm cgrpplex [Rh(H)z(PPh3)2(p-Cl)2Rh(CD2C12)(PPh3)]. (6) in gd—
PPh, \P / H s 1025 dition to 2 and 3. Reaction of these complexes via hydride
N 1n  Ph " exchange with the solvent leads to the corresponding trihy-

Scheme 6. Deactivation products observed in the reaction chemistry of
[Rh(PPh;);(I)] with H,.

nected to each of the equivalent metal centres. Two mutual-
ly trans phosphines are attached to the unique rhodium
centre and a total of three iodide bridges are indicated by
virtue of the number of hydride ligands and their associated
chemical shifts.

In order to learn more about this result, a sample contain-
ing both [RhI(PPh;),], and [RhCI(PPh;),], was also studied.
After 24 h resonances due to 10 and the chloride substituted
derivative 11 were observed. The dramatic 2.4 ppm shift in
the 6 —16.88 resonance to 6 —19.25 reflects the change in
bridging iodide to chloride and is consistent with previous
deductions.[*!

Conclusion

This paper has described the characterisation of a number
of new hydride complexes detected during the reactions of
[RhCI(PPhs),], and [RhCI(PPh;);] with hydrogen. The distri-
bution of products that is obtained has been shown to
depend upon the identity of the catalyst precursor, the
nature of the solvent and the temperature. The solvents em-
ployed in this study correspond in the main to toluene, ben-
zene and methylenechloride which have been featured in
previous mechanistic studies as described in the introduc-
tion. Ethanol provides another example of a suitable sol-
vent, used because of the enhanced solubility of
[RhCI(PPh;);], and we expect the results presented here to
be relevant to both hydrocarbon and polar media. In both
solvent types when the precursor is [Rh(u-Cl)(PPh;),],, the
major hydride containing products that are visible in solu-
tion correspond to the dihydride [Rh(H),(PPh;),(u-
Cl),Rh(PPh;),] (2) and the tetrahydride [Rh(H),(PPh;),(p-
CD], (3). However, when [RhCI(PPh;);] is employed, the
major hydrogen addition product is [Rh(H),Cl(PPhs);] (4)
with [Rh(H),(PPh;),(u-Cl),Rh(PPh;),] (2) produced to a
lesser extent. While magnetisation transfer from free H,
into the hydride resonances of 3 and 4 is observable on the
NMR timescale, direct transfer of H, into 2 is not observed,
nor is exchange between 2 and 3. We conclude that 3 is not
formed on the NMR timescale by the direct addition of H,
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dride complexes [Rh(CI)(H)(PPh;),(u-Cl)(p-
H)Rh(CI)(H)(PPh,),] (7) and [Rh(CL)(H)(CD,ClL)(PPhy) (-
Cl)(u-H)Rh(CI)(H)(PPhs),] (8) being generated.

When the reaction of [RhCI(PPh;),], with H, in the pres-
ence of a number of alkenes is examined, the formation of
[Rh(H),(PPh;),(n-Cl),(Rh)(PPh;)(alkene)] (9) is indicated.
When 9 contains a prochiral alkene, the two trans phos-
phines of the Rh' centre are diastereotopic and hence ineq-
uivalent, whereas with both 1,1-diphenylethene and cis-stil-
bene, equivalence between the two phosphines is observed.
Hydride interchange was observed to occur in 9 in a process
that was independent of the concentration of styrene and
catalyst, suggesting that the hydride interchange process is
intramolecular. Eyring data for this process is listed in
Table 2 with AH™ consistently falling as the alkene changes
from styrene through para-methyl to para-chlorostyrene. A
process involving halide bridge rupture, followed by rotation
about the remaining Rh—-Cl bridge, and bridge re-establish-
ment is consistent with this information. This process is fa-
cilitated as the alkene becomes electron rich, and the large
negative values of AS™ for this process imply a degree of
solvent participation.

In these studies, the observed hydride signals for species
of type 9 decay rapidly as the hydrogen present in solution
is consumed by alkane formation. The absolute intensity of
the hydride signals for 9, however, increased consistently
when solutions were examined that contained a lower
alkene concentration but the same rhodium and p-H, con-
centrations. Surprisingly, as the concentration of alkene in
solution decreases the significance of the reductive elimina-
tion of H, from 9 also increased. At even lower alkene con-
centrations magnetisation transfer from the hydrides of 9a
to the alkyl protons of the hydrogenation product ethylben-
zene was observed. This corresponds to direct evidence for
the corresponding binuclear metal dihydride complex being
linked to alkene hydrogenation. In order to account for the
complex kinetic behaviour, the hydrogenation process
cannot simply involve bridge opening followed by alkene
binding. A logical option would be for hydrogenation to
proceed via binuclear complex fragmentation with trapping
of the resultant [RhCI(H),(PPh;),] fragment by the alkene.
This would be consistent with the fact that the binuclear
complexes act as a hydrogen reservoir during catalysis and a
reduced stability for the potential intermediate
[Rh(H),(PPh;),(n-CI)RhCI(PPh;)(alkene)] with fall in
alkene concentration as summarised in Scheme 7.
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Scheme 7. Products observed when [Rh(PPh;);Cl] reacts with H, and an alkene.

The role of binuclear complexes in the hydrogenation
cycle was even more clearly illustrated when the precursor
[RhCI(CO)(PMe;),] was examined. In a control experiment,
the reaction of [RhCI(CO)(PMe;),] with p-H, at 295 K es-
sentially yielded only polarised signals due to
[(H)(C)Rh(PMe;),(p-H)(pu-Cl)Rh(CO)(PMe;)| (12). How-
ever, when an identical sample was prepared and monitored
in the presence of 1.5-fold excess of styrene relative to
[RhCI(CO)(PMe;),], the new species [(H),Rh(PMej),(u-
CI),Rh(CO)(PMe;)] (13) and [HRh(PMe;),(u-H)(u-
C1),Rh(CO)(PMe;)] (14) were clearly visible, and there was
a dramatic 16-fold increase in size of the associated hydride
signal  intensities of  [(H)(Cl)Rh(PMe;),(u-H)(u-Cl)-
Rh(CO)(PMe;)] (12). The observation of these additional
complexes is possible due to the fact that hydrogenation
acts to pull the hydrogen through the system and thereby
promote p-H, cycling which in turn leads to a corresponding
gain in the time averaged non-Boltzmann spin populations
associated with the hydride nuclear spin states in these prod-
ucts. This effect was also observed when the analogous com-
plex [RhI(CO)(PMe;),] was examined and in related studies
involving [Ru;(CO),((PPh;),] where a more quantitative link
was demonstrated.*”) In these experiments the new dihy-
dride complex [H(I)Rh(alkene)(PMe;)(pu-H)(u-I)Rh(CO)-
(PMe;)] (16) was also detected. This deduction is further
supported by the fact that direct transfer of H, from
[Rh(H),(PMe;);(p-1),Rh(CO)(PMe;)] (12-I) into ethylben-
zene was visible in suitable magnetisation transfer experi-
ments.

When the analogous iodide complexes [RhI(PPh;),], and
[RhI(PPh;);] were examined, hydrogenation was observed
and [Rh(H),(PPh;),(p-1),Rh(PPh;),] (2-D),
[Rh(H),(PPhs),(u-1)], (3-I) and [Rh(H),I(PPhs);] (4-I) were
characterised. Although no polarised hydride signals were
detected during the reaction of [RhI(PPh;),], with p-H,
alone at 295 K, when this reaction was repeated at 268 K,
three new complexes were observed, corresponding to inter-
mediates involved in the formation of 2-I. The catalytic
studies involving [RhI(PPh;),], were complicated by the
high initial hydrogenation activity but the observation of a
number of analogous complexes to 9 was achieved. This fur-
ther supports the suggestion that binuclear complexes play a
significant role in hydrogenation in these systems. In these
reactions, formation of the trirhodium phosphide bridged
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deactivation  product, [(H)(PPh;)Rh(p-H)(u-I)(u-PPh,)-

Rh(H)(PPh;)](pn-I),Rh(H),(PPh;), (10) was observed at
longer reaction times. This product arises via P—C bond
cleavage and the elimination of benzene, and accounts for
the fact that although the iodide system shows a higher ini-
tial activity deactivation is facile.
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