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Summary

A range of monosubstituted olefin rhodium acetylacetonate complexes has been
prepared and their solution equilibria and dynamics studied by carbon-13 nuclear
magnetic resonance between 188 and 320 K. Vinylcyclohexane forms two dia-
stereomeric bis-olefin complexes which do not interconvert. whereas distyrene-
rhodium acetylacetonate possesses one major rotamer which interconverts rapidly
with its 1somers at room temperature.

para-Methoxy- and para-nitrostyrene analogues show similar behaviour. and the
complexes of these substituted styrenes with rhodium hexafluoroacetylacetonate
show enhanced rates of associative olefin exchange. Bis-olefin complexes of ortho-
methoxystyrene are static in solution with coordination of one of the aryl ether
oxygens inhibiting fluxional behaviour. Methyl propenoate forms a bis-olefin com-
plex exhibiting a complex, dynamic '*C NMR spectrum, demonstrating the presence
of all possible rotamers of both diastereomers at low temperatures. Vinyl acetate
displaces one or two moles of ethylene from diethylenerhodium(I) acetylacetonate.
The mixed olefin complex shows rapid independent rotation of its ethylene ligand.
whilst bis(vinyl acetate)rhodium(lI) acetylacetonate reveals two dynamic processes
with different activation energies. The mechanisms of these interconversions are

discussed.

Asymmetric hydrogenation is carried out most successfully with chelating phos-
phinerhodium complexes catalysing the reduction of olefins carrying polar sub-
stituents and capable of bidentate coordination [1]. Recent work has provided
information on the structure of intermediates in these reactions [2] and on the
asymmetric deuteration of monosubstituted olefins [3], but work on simple model
systems is also desirable. We have therefore examined the carbon-13 NMR spectra
of a number of stable rhodium acetylacetonate complexes of monosubstituted olefins
which demonstrate a surprising versatility of structural and dynamic behaviour.
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The square-planar coordinatively unsaturated complex diethylenerhodivm(l)
acetylacetonate was first prepared by Cramer [4] and affords a simple route to
further bis-olefin complexes by displacement of ethylene. It was demonstrated [4.5]
that ethylene exchange between free and complexed olefin occurs rapidly on the
NMR time scale by an associative mechanism [5] and that rotation of the olefin
about its coordination axis surmounts an activation barrier of circa 40 kJ mol ™' [6].
More recently. some carbon-13 NMR spectra of substituted olefin-rhodium com-
plexes have been reported [7] and extensive 'H NMR studies made of the dynamic
behaviour of methoxyethylenerhodium(l) acetylacetonates [8].

A monosubstituted olefin may form two diastereomeric rhodium acetylacetonates.
and each of these may exist in three rotameric forms (Fig. 1). Since two of the three
have an axis or plane of symmetry but the third does not. the number of possible
signals for each carbon atom of the coordinated olefin is quite large in the slow
exchange limit. Rapid rotation will cause simplification as A, = A,= A; and
B, = B, = B;: intermolecular exchange. or any process which alters the face of
olefin coordination from re to si or vice versa will lead to a single line spectrum with
loss of rhodium-carbon coupling. The study of such dynamic processes by '*C
NMR is much simpler than by 'H NMR because of the absence of complex spin
multiplets [8].

Results and discussion

The preparation of complexes was straightforward involving displacement of
ethylene from the diethylene complexes of rhodium(l) acetylacetonate [4] and
rhodium{I) hexafluoroacetylacetonate [9]. Carbon-13 NMR spectra were recorded as
approximately 0.2 M solutions in CD,Cl, or (CD;),CO in which the complexes were
highly soluble over the temperature range studied, and stable under an argon
atmosphere. The solvent resonance obscured the bound-olefinic CH, resonance in
certain cases.

(a) Divinylcyclohexanerhodium(l) acetylacetonare (1a). This was chosen as a
mono-substituted alkene complex in which the substituent cannot interact with the
metal. Its carbon-13 NMR spectrum is invariant over the temperature range 208 to
300 K and unchanged by addition of a molar equivalent of vinylcyclohexane. Two
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Fig. 1. Rotamers of a monosubstituted bis-olefin complex.
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distinct vinyl CH resonances are observed and in view of their non-interconversion
at room temperature correspond to the diastereomeric species 2a and 2b in ratio

3/1. endo-Rotameric forms are presumed to be disfavoured for steric reasons and
were below the limit of experimental detection (< 5%).

(b) Distyvrenerhodinm(l) acetvlacetonare (Ib). This complex bhas recently been
prepared [7]. and its carbon-13 NMR spectrum recorded although no information
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Fig. 2. Aromatic resonances of distyrenerhodium(I) acetylacetonate; upper spectrum plus free styrene.
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on dynamic processes was presented. The behaviour of 1b in solution is quite
different to that of la. At low temperature (< 263 K) one predominant rotamer
exists and up to three minor species are apparent. On raising the temperature the
C(2) resonance broadens. coalesces at about 283 K and sharpens somewhat at higher
temperatures. The exchange process is intramolecular since addition of a molar
excess of stvrene to the solution at 298 K causes little or no effect demonstrating
that intermolecular exchange is slow (Fig. 2). Similar behaviour was observed for the
para-methoxy- and para-nitro-styrene complexes (1¢ and 1d). In the aromatic region
of all three of these complexes one of the orrhio carbon atoms of the major isomer
resonated —~ 4.5 ppm downfield of its position in free styrene. and the mera carbon
atoms were ~ 0.7 ppm upfield of their position in free styrene. In the complex ortho
and mera carbon resonances due to minor isomers occurred at about the same
chemical shift as in free styrene.

These results are interpreted as the consequence of olefin rotation [6] with an
energy barrier of about 50 kJ mol~! at 283 K. This implies that endo-rotamers are
present at equilibrium here. unlike the case of 1a. A number of examples are known
where styrene coordinates partly or completely by the aromatic ring. Thus diphenyl-
phosphinoethanerhodium(i)-(methanol), cations react reversibly with a variety of
arenes. and the equilibrium constant for styrene complexation is sufficiently close to
that of other alkylbenzenes to suggest structure 3 for the complex. with little
double-bond participation. [10]. The X-ray crystal structure of distyrenebis(triphen-
vlphospine)ruthenium(0) has been reported and in this complex (4) one of the arenes
is canted towards the metal so that a Ru—C(1) distance of 2.75 A is observed [11].
On this basis, it seem likely that endo-rotamers of 1b are stabilized relative to those
of 1a by a weak interaction between the rhodium atom and ipse and orthe atoms of
the aromatic ring. The stereospecificity in complexation is interesting although the
evidence does not distinguish between ( RR) and ( RS) diastereomers.

(c¢) Distyrenerhodium(l) hexafluoroucerviuceronate and related compiexes. Perfluoro
substitution of an acetylacetonate ligand renders it far more w-acidic. enhancing the
facility of oxidative addition to the square planar state. Only one set of rhodium-
coupled olefinic resonances can be observed in the low temperature limiting spec-

Pho Ph
P\ + PhBP\ - “/
Rh— Ru
e Phyp?” r\ |
= i
(3) (4)

(5a, R = Ph
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trum of 5a below 233 K. Addition of free styrene causes significant line broadening
(@, ,,C(1)~ 30 Hz at 233 K), so that the “C and 'H olefinic resonances are 100
broad to observe above 260 K. Similar behaviour was shown by para-methoxy (5b).
para-nitro (5¢) and para-bromostyrene (5d) complexes. Observations of the onset of
exchange broadening. and measurements of linewidths of common resonances for
addition of molar equivalents of free olefin at a given temperature pernut the
construction of the following order for the rate of associative olefin exchange:
p-NO, > p-Br > p-H > p-OMe. This order reflects the increasing withdrawal of
electron density from the metal into the olefin =* orbital from methoxy- to
nitro-substituted styrenes. stabilising the putative 18e intermediate.

The corresponding complex with ortho-methoxystyrene (Se) gave static '*C and
'H NMR spectra over the temperature range 200 to 300 K. and addition of up to ten
molar equivalents of free olefin had no observable effect on the NMR spectra. This
behaviour was also shown with the acetylacetonate complex le, and both complexes
were a pale yellow colour in solution (the other complexes were typically deep
orange or red). Such behaviour is consistent with increased coordination about
rhodium involving coordination of one of the aryl ether oxygens to the metal [12].

(d) Bis(acrylic acidjrhodium(l) acerylacetonare (1f). This complex was readily
formed but proved to be too insoluble in CD,Cl, for NMR studies. In dilute
chloroform solution the C=0 stretch of the acid was 1710 cm ™! unchanged from
that of the free ligand. The KBr disc spectrum of If showed a shift to 1680 cm ™'
which may indicate intermolecular coordination of one carbonyl group to the
rhodium atom of another molecule in the solid state [13].

(e) Bis(methy! acrviate)rhodiunyl) acerviacetonate (1g). Unlike the acid If. the
solution and KBr disc infrared spectra of ester 1g were identical. v 1730 cm™'. In the
1*C NMR spectrum the C(1) and C(2) resonances are quite close. 8 78.3 and 74.9
(centred) ppm. At low temperatures the spectrum of the olefinic region is quite
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Fig. 3. Olefinic resonances of rotamers of bis(methyl acrylate)rhodium(l) acetylacetonate.
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complex (Fig. 3) and shows that both endo and exo rotamers of both diastereomers
must be present. This is reminiscent of the multiplicity of isomers observed in the
proton NMR spectrum of bis(methoxyethyiene)rhodium(l) acetylacetonate by
Herberhold and co-workers [8]. At least ten rhodium coupled signals are observed.
compared to a maximum of sixteen if all possible rotamers were present (Fig. 1).
Since the two endo-endo isomers will show substantial non-bonded interactions it is
unlikely that these are present in observable concentration. Nevertheless. this
spectrum implies that the exo-exo and exo-endo rotamers are of comparable energy.

(f) Bis(vinvl acerazejrhodium (1) acerylacetonare. Reaction of diethylenerhodium(l)
acetylacetonate with one mole of vinyl acetate gives a statistical mixture of mono-
and di-vinyl acetate complexes together with starting material. The '*C NMR
spectrum at 301 K reveals both the diethylene complex at 59.5 ppm (olefinic
resonances) and the divinyl acetate complex (1h) at 42.9 (C(1)). together with the
mixed complex with coordinated ethylene at 61.4 ppm and coordinated vinyl acetate
(C(1)) at 42.6 ppm. On cooling. the ethylene carbon resonance of the mixed complex
broadens to a coalescence point at 223 K. becoming two sharp doublets at 193 K
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Fig. 4. Carbonyl region of bis(vinyl acetate)rhodium(l) acetylacetonate.
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(6a) (6b)

{14]. Evidently. the olefin is rotating rapidly at room temperature. but slowly on an
NMR time scale at low temperatures with AG;2; = 40 kJ mol ™.

The carbon-13 NMR spectrum of the C(1) region of the divinyl acetate complex
(1h) shows that three major species are present at low temperatures. As the
temperature is raised. the two upfield signals broaden and coalesce at circa 245 K.
but coalescence of the resulting major and minor species occurs only above 300 K.
This duality of behaviour is mirrored in the carbonyl region of the spectrum. The
separate acetylacetonate resonances coalesce below 250 K. but the separate acetate
resonances only at 270 K (Fig. 4). It is known that vinyl acetate functions as a
bidentate ligand towards cationic rhodium biphosphines [15]. Since exchange with
free vinyl acetate does not cause dynamic broadening in the temperature range
studied it is tempting to speculate that the dynamic process involved at low
temperatures is isomerisation without dissociation but at higher temperatures olefin
rotation also occurs. A possible mechanism for this isomerisation involves the
oxygen coordinated species 6a in which the acetylacetonate carbons may be equiva-
lenced by pseudorotation (6a = 6b) [16].

Conclusions

A considerable diversity of dynamic and structural behaviour is exhibited by
substituted alkenerhodium(I) complexes. With a simple bulky alkvl group. exo-
geometry of the substituent is preferred and there i1s only slow exchange of
coordinated and free olefin. With a carbomethoxy group there 1s a greatly increased
proportion of endo-rotamers but there 1s no evidence for carbonyl coordination to
the metal. With an O-acetyi substituent there is some evidence for an intramolecular
isomerisation via an oxygen-coordinated intermediate. With styrene and substituted
styrene complexes there may be weak phenyl coordination increasing the population
of endo rotameric forms. orrho-Methoxy-substituted styrene complexes show static
behaviour in solution with one of the o-OMe groups binding to the metal. Selective
asymmetric catalysis depends on the proper orientation of functional groups both in
the olefinic substrate and counter ligands. These studies show that subtle factors are
involved and both steric and electronic effects. the latter requiring weak coordina-
tion to the metal are important.

Experimental

Solvents and reagents were purified by conventional methods [17]. All manipula-
tions involving air-sensitive compounds were performed on a vacuum-line using

{Continued on p. 92)
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standard Schlenk-tube techniques. Proton NMR spectra were recorded at 90 MHz
on a Perkin—-Elmer R32 and at 200 MHz on a Bruker SY200. Carbon NMR spectra
were recorded on a Bruker SY200 and a Bruker WH90 with independent tempera-
ture calibration for which we thank Dr. M.J.T. Robinson. Spectra were recorded
typically on the accumulation of 1200 transients stored in disc mode and processed
with 1.5 Hz line broadening. Free energies of activation for the exchange processes
were estimated at the coalescence temperature according to the equation [18]

. h _Av
AG” = —RT ln(ﬁ)(—f
solutions in the stated solvent using a Perkin—Elmer 297 spectrophotometer. Com-
bustion analyses were performed by Dr. F.B. Strauss (University of Oxford) and
Mrs. M. Cocks (University of Durham).

Di-n’-styrene-2.4-pentanedionato-0, O’ -rhodium(I) (1b). To di-n’-ethene-2.4-penta-
nedionato-0.0’-thodium(I) (0.216 g. 0.84 mmol) in dry ether (5 cm’) was added
styrene (0.195 cm’®, 1.70 mmol) by syringe and the solution stirred for 15 min. Under
a stream of argon. the colour darkened from orange to red and solvent was removed
in vacuo to give a dark-red oil which crystallised from pentane ether (2/1. —30°C)
to give an orange solid. m.p. 106°C (0.34 g. 98%). Physical. spectroscopic and
analytical data are recorded in Tables 1 and 2. Other complexes were prepared by
minor modifications to this method.

). Infrared spectra were recorded as KBr discs or as
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