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PHIP (parahydrogen-induced polarisation) effects in the 'H
NMR spectra of the products of Rh-complex-catalysed al-
kyne hydrogenation brings to light the fact that the cis—trans
isomerisation of the formed olefin occurs through the forma-

tion of a o-bonded intermediate stabilised by the reversible
addition of a hydrogen molecule at the metal centre.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

It has been shown that under ordinary conditions hydro-
gen gas is a mixture of two kinds of molecules, known as
ortho- and parahydrogen, that correspond to the triplet and
the singlet state of the hydrogen molecule, respectively. The
concentrations of the two species in equilibrium are deter-
mined by Boltzmann averaging and are accordingly tem-
perature-dependent. At room temperature they are in a 3:1
ratio (due to the spin triplet/singlet ratio), but enrichment
of the para isomer can be easily obtained.l"! Upon carrying
out hydrogenation reactions with parahydrogen-enriched
mixtures, the alteration of the spin-level populations yields
dramatic changes in the '"H NMR spectra of the hydroge-
nated products (parahydrogen-induced polarisation ef-
fect).l121

The use of the parahydrogen-induced polarisation
(PHIP) effect in '"H NMR spectra has proved to be ex-
tremely valuable to assess the occurrence of low-concentra-
tion reaction products, which are undetectable under ordi-
nary conditions.! "1l Moreover, information on the occur-
ring reaction mechanism can be assessed by the simple ap-
pearance of a PHIP effect on a hydrogenation product even
when the molecule contains chemically and magnetically
equivalent protons.l'3-13]

In this article, we aim to solve the basic problem of olefin
isomerisation that takes place at Rh centres during hydro-
genation of alkyne substrates. Our goal is to evaluate
whether the use of parahydrogen can give new insights into
the mechanism of the cis—trans isomerisation process occur-
ring during catalytic hydrogenation with [Rh(diene)-
(diphos)]* complexes.!'®17]
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Results and Discussion

The substrate chosen for the hydrogenation catalysed by
[Rh(cyclooctadiene)(diphenylphosphanylbutane)][BF,] was
methyl 2-butynoate (1) (Scheme 1).

Hy H3C COOCHS3;
ch — CO0oC H3 cis
[Rh(COD)(dppb)][BF 4] H H
HaC H
>:< trans
H COOCH;3

Scheme 1. Hydrogenation of methyl 2-butynoate (1) leads to a mix-
ture of methyl cis- and frans-2-butenoate.

The reaction, which has been carried out in the NMR
tube, quickly leads to methyl trans-2-butenoate. The hydro-
genation reaction mechanism with [Rh(diene)(diphos)]*
catalysts usually leads to the cis isomer, but due to fast-
occurring cis—trans isomerisation, the predominant product
is the trans isomer. However, when parahydrogen (50%
para) is used, methyl cis-2-butenoate is clearly detected in
the '"H NMR spectrum by its enhanced signals (Figure 1a).
The trans isomer is also polarised, but the intensities of the
absorption/emission signals resulting from the PHIP effect
are significantly lower than those observed for the cis iso-
mer. It is noteworthy that in the completely relaxed spec-
trum the frans isomer is present in higher concentration
(Figure 1b): thus the PHIP experiment highlights the fact
that the cis isomer is formed in the first step of the catalytic
hydrogenation, and then isomerisation to the frans form
readily occurs.
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Figure 1. '"H NMR spectra (600 MHz, [D¢Jacetone, 298 K) of the
reaction mixture of 1 and parahydrogen (50 % enriched) in the pres-
ence of [Rh(COD)(dppb)][BF,] as catalyst: (a) spectrum recorded
20 s after direct addition of parahydrogen into the NMR tube;
(b) spectrum of the same reaction mixture recorded after 60 s.

In order to evaluate the kinetic constant value for the
isomerisation process, some experiments were carried out in
Schlenk tubes, by stirring a reaction mixture containing the
activated catalyst and methyl cis-2-butenoate exposed to a
hydrogen/Ar (1:1) atmosphere. Pure hydrogen was not used
in order to prevent hydrogenation of methyl 2-butenoate to
methyl butyrate. The reaction was followed by 'H NMR
spectroscopy. The detailed procedure is reported in the ex-
perimental section. The measurement was carried out in
acetone as well as in methanol solution, and showed that
the isomerisation reaction proceeds by a first order kinetics,
with rate constant values of k; = 42X 102s! and k, =
3.1 X107' s7! in acetone and methanol respectively.

The permanent presence of the PHIP effect during the
isomerisation process indicates that the cis—trans transfor-
mation does not implicate the dissociation of hydrogen
atoms. Two possible mechanisms for the olefin cis—trans iso-
merisation have been proposed for similar systems.[!8-24
One involves the reversible addition of one hydrogen atom
to the olefin (Scheme 2a), while in the second a polar -
bonded intermediate of the type depicted in Scheme 2b is
formed. In the latter the negative charge on the carbon
atom is stabilised by electron-attracting groups, and the free
rotation around the C—C bond leads to the observed cis—
trans transformation, giving rise to the more stable trans
isomer as the final product.

Obviously, the observation of the PHIP effect on the
trans isomer rules out the occurrence of mechanism 2a. In
fact, if this mechanism was the operating one, it would be
unlikely that hydrogen elimination from the c-alkyl inter-
mediate invariably involves the same added hydrogen atom
(this would be necessary in order to maintain the spin cor-
relation in the resulting zrans molecule).

Mechanism 2b involves a Rh! centre, where the coordina-
tion sites formerly occupied by the cyclooctadiene ligand
(which is promptly eliminated as cyclooctene upon reaction
with H,) are occupied by two solvent molecules, while in
mechanism 2c the two vacant sites are occupied by one sol-
vent and one hydrogen molecule.>”! If the operating mecha-
nism was 2b, hydrogen would not have any role in the iso-
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Scheme 2. Possible pathways for the isomerisation process.

merisation process, and isomerisation would take place at
the same rate both in the presence and in the absence of
H,. In contrast, the reaction rate should be affected by the
presence of H, if mechanism 2c¢ was the operating one.
Therefore, in order to distinguish between the occurrence
of mechanisms 2b and 2c, the kinetic rate constant mea-
surement was repeated under the same experimental condi-
tions used before, but by replacing hydrogen with an inert
gas (Ar). It was found that isomerisation does not take
place at all in the absence of H,. This leads to the conclu-
sion that H, has an active role in the isomerisation process,
possibly as depicted in Scheme 2c. It is known that the posi-
tive charge which is formed on the metal upon the metal-
olefin linkage m—o bond transformation is stabilised by re-
versible hydrogen molecule coordination at the Rh cen-
trel?%271 (Scheme 2¢) competing against solvent coordina-
tion. In this regard, the difference between the two kinetic
constant values determined in methanol and acetone solu-
tion may be due to a greater coordinative capability of ace-
tone with respect to methanol in the present system, slow-
ing down hydrogen coordination. In fact, even if methanol
is usually considered as a better coordinating solvent with
respect to acetone, it has been reported that in some cases
they could show opposite behaviour, depending on many
factors such as hard-soft character of both the solvent and
the metal ion, other ligands already present at the metal,
and a possible second coordination sphere effect.[?8-2°]

The rate of hydrogen binding at the Rh centre in the
olefin complex should therefore determine the cis—trans iso-
merisation process. It is noteworthy that, effectively, the
para—ortho conversion in the presence of the catalyst used
in this work is four orders of magnitude slower than the
cis—trans isomerisation process carried out under the same
experimental conditions (in methanol solution, Kpara ortho =
4.2% 1072 s71.1301 Thus, if the proposed 2c mechanism for
olefin isomerisation is correct, one can conclude that only
a very minor number of interactions at the metal centre
results in a net para—ortho transformation. In other words,
the polarisation of parahydrogen decreases at a rate which
is considerably lower than the binding of H, molecules to
the metal centres, i.e. the lifetime of the Rh—H, interactions
is very short and does not significantly affect the ortho/para
ratio. This appears to be consistent with recent findings re-
porting the observation of a PHIP effect on molecules
4349
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which are parahydrogenated with heterogeneous cata-
lysts.?!T Obviously, the spin relaxations induced in systems
with long molecular correlation times (here represented by
the immobilised catalysts) are largely diminished by the
short lifetime of the H, molecules at the metal centres.
These considerations may be relevant for the exploitation
of PHIP effects in heterogeneous catalysis.[3]

Conclusions

The detection of the PHIP effect in conjunction with ki-
netic measurements allowed to get more insight into the
mechanism of olefin isomerisation during catalytic alkyne
hydrogenation. It was found that hydrogen coordination is
necessary but no H-scrambling takes place between the co-
ordinated H, molecule and the H atoms on the coordinated
olefin. The isomerisation step involves an intermediate con-
taining one solvent and one hydrogen molecule bound to
the Rh centre, whereas the organic fragment is freely rotat-
ing at the Rh—C o-bond.

Experimental Section

'"H NMR PHIP spectra were recorded with a Bruker Avance-600
spectrometer operating at 600 MHz. '"H NMR spectra for kinetic
evaluations were recorded with an EX-400 JEOL spectrometer op-
erating at 400 MHz.

Para-enriched hydrogen (50%) was prepared by storing H, with
Fe,O5 at 77 K for one hour.

Parahydrogenation reactions were carried out in a 5-mm NMR
tube equipped with a Young valve. The catalyst
[Rh(COD)(dppb)][BF,] (10 mm in [Dglacetone) was activated by re-
action with normal hydrogen, the tube was then opened, and the
substrate methyl 2-butynoate (1) (100 mm) was quickly added. The
tube was frozen, and parahydrogen (1.2 atm) was introduced (cor-
responding to 3.8 atm at room temp.); the sample was then warmed
to room temp., shaken for ten seconds and introduced into the
spectrometer. Single-scan '"H NMR spectra (with 45° pulses) were
recorded at different times (from 20 to 120 s) after the introduction
of the sample in the spectrometer.

Kinetic measurements were carried out as follows: Inside a Schlenk
tube, equipped with a rubber septum, [Rh(COD)(dppb)][BF,]
(15 mg) was suspended in deuterated solvent (CD;OD or [Dgl-
acetone, 2.5 mL), this suspension was frozen and degassed, and H,
(1 atm) was introduced into the tube. The resulting mixture was
stirred at room temp. until complete dissolution of the catalyst: this
indicated the activation of the catalyst by hydrogenation of the
COD ligand. The clear orange solution was then frozen again, and
H, was replaced with a 1:1 mixture of H, and Ar, or with Ar alone,
depending on the type of measurement. The tube was warmed up
to room temp., then a solution of methyl cis-2-butenoate (22 mg)
in CD3;0D or [Dglacetone (0.5 mL) was added by a syringe. Ali-
quots of 0.25 mL were taken at successive times and were analysed
by "H NMR spectroscopy. Concentrations of the cis and trans iso-
mers were determined by integration of the spectra, and were re-
ported as a function of time for the evaluation of the kinetic con-
stants.

Synthesis of 1: Compound 1 was prepared by esterification of 2-
butynoic acid: 2-butynoic acid (0.9 g, 10.6 mmol) in methanol
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(20 mL) was added to a solution of sulfuric acid (96%, 0.45 mL)
in methanol (10 mL). The mixture was stirred for four days at room
temp. Then water (25 mL) was added, and the ester was extracted
with diethyl ether (3 X20 mL). The organic solution was washed
with water, a saturated aqueous solution of sodium carbonate and
water again; then it was dried with sodium sulfate. The product
was filtered, and the solvent was evaporated under vacuum. The
yield was 67%. '"H NMR (400 MHz, [DgJacetone): 5 = 1.99 (s, 3
H), 3.70 (s, 3 H) ppm. 3C NMR (150 MHz, [DgJacetone): 6 =
153.38 (s), 85.02 (s), 71.73 (s), 51.56 (q), 1.99 (q) ppm.

Synthesis of Methyl cis-2-Butenoate: Inside a three-necked flask
equipped with valves for connection to a vacuum pump, a manom-
eter and a hydrogen reservoir, sodium 2-butynoate (1.16 g) was dis-
solved in methanol (15 mL). A mixture of Pd/BaSO, (20 mg), quin-
oline (20 mg) and water (3 pL ) was added, the flask was frozen in
liquid N, and degassed, then it was warmed to room temp., and
hydrogen (1.2 atm) was introduced. The reaction mixture changed
colour from brown to black, indicating that hydrogenation had
started. The mixture was stirred up to the end of hydrogen con-
sumption (about 2 h). Then it was filtered, and the solvent was
removed under vacuum. The residue was dissolved in water
(10 mL), HCI (37%, 0.8 mL) was added, and the obtained cis-2-
butenoic acid was extracted with diethyl ether (4 X 7 mL). The ether
solution was desiccated with sodium sulfate, filtered and dried un-
der vacuum. cis-2-Butenoic acid was then dissolved in methanol
(20 mL), and sulfuric acid (96%) (0.2 mL) was added. The solution
was stirred at room temp. for four days. Then water (20 mL) was
added, and the ester was extracted with diethyl ether (3 X 20 mL).
The organic solution was washed with water, a saturated aqueous
solution of sodium carbonate and water again; then it was dried
with sodium sulfate. The product was filtered, and the solvent was
evaporated under vacuum. The yield was 60%. 'H NMR
(400 MHz, [Dg¢lacetone): 6 = 2.09 (d, 3 H), 3.65 (s, 3 H), 5.77 (dd,
1 H); 6.38 (m, 1 H) ppm. 3C NMR (150 MHz, [DgJacetone): § =
167.14 (s), 146.6 (d), 121.2 (d), 51.2 (q), 15.0 (q) ppm.
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