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bstract

The study of reactions by NMR spectroscopy is normally limited by the poor detection limits offered by the method. An overview is presented
f how chemical reactions can be studied using parahydrogen-assisted NMR spectroscopy, where detected signals can have strengths that exceed

hose normally available by factors that approach 31,000.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Many metal complexes react with molecular hydrogen, form-
ng complexes with either discrete �2-H2 moieties or ‘classical’
etal-hydride ligands. NMR spectroscopy is often a convenient
ay to monitor these reactions and characterise their products
ecause the 1H nuclei of these ligands generally resonate in a

haracteristically high field region of the NMR spectrum. How-
ver, if the hydrogen addition reaction is unfavourable, or if
he product is rapidly consumed in a subsequent reaction, then

∗ Corresponding author. Tel.: +44 1904 432564; fax: +44 1904 432516.
E-mail address: sbd3@york.ac.uk (S.B. Duckett).
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lysis

he species will exist only in low concentration. This situation
ight be expected if the metal–hydrogen species is predicted to

ct as an intermediate in a catalytic process. Under these con-
itions, the low concentration of the metal–hydrogen species
ould render the NMR approach less effective as a tool for

haracterisation, due to the inherent insensitivity of the NMR
echnique. While kinetic evidence plays in important role in
etermining the mechanisms of such catalytic processes, and
heoretical methods may predict the existence and structure of
he associated reaction intermediates, the detection and charac-

erisation of these intermediate species remains essential. For
his reason, any method by which the sensitivity of NMR spec-
roscopy can be increased is potentially significant. One such
ethod is the use of parahydrogen (p-H2), molecular hydrogen

mailto:sbd3@york.ac.uk
dx.doi.org/10.1016/j.ccr.2008.01.028
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sense of the population difference associated with these transi-
tions. If the reaction with parahydrogen occurs in the Earth’s
relatively weak magnetic field, and the sample is subsequently
transferred into the strong magnetic field of the NMR spectrome-

Fig. 2. The energy levels of an AX spin system, with the population of each
S.B. Duckett, N.J. Wood / Coordination

nriched in the para nuclear spin state. This review summarises
he ways in which parahydrogen-enhanced NMR methods (often
eferred to as ParaHydrogen Induced Polarisation, or PHIP) have
ontributed to our understanding of reactions with molecular
ydrogen, with particular emphasis being placed on illustrating
ow the technique has contributed to the elucidation of reaction
echanisms.
The initial prediction [1] and demonstration [2] of this phe-

omenon was made by Bowers and Weitekamp in the late 1980’s.
ince the inception of this field of enquiry, the chemical [3–7]
nd theoretical [8,9] concepts that underpin the phenomenon
ave been periodically reviewed.

.1. The existence of spin-isomers of hydrogen

Molecular hydrogen exists as two isomers, termed para- and
rthohydrogen, which differ in their nuclear spin configurations.
he existence of these isomers derives from the Pauli princi-
le, which requires that the overall wavefunction describing
ermions (a class of particle to which protons belong) is anti-
ymmetric with respect to the exchange of nuclei. The overall
avefunction of hydrogen is composed of electronic, transla-

ional, vibrational, rotational and nuclear contributions; since
he electronic, translational, and vibrational components are
ll symmetric, it follows that the product of the rotational and
uclear contributions must be antisymmetric. Thus, symmetric
uclear configurations are restricted to antisymmetric rotational
tates (with J = 1, 3, 5, . . .), and antisymmetric nuclear con-
gurations are restricted to symmetric rotational states (with
= 0, 2, 4, . . .). In the case of molecular hydrogen, the ��,
�, and �� + �� nuclear configurations are symmetric, and are
ollectively termed orthohydrogen, while the ��–�� nuclear
onfiguration is antisymmetric, and is termed parahydrogen.
he difference in rotational states accessible to the two isomers

eads to a difference in energy—parahydrogen is more stable
han orthohydrogen, as it can access a lower energy rotational
tate. This difference in energy leads to a Boltzmann distribution
mong the isomers, with a greater equilibrium concentration of
arahydrogen favoured by lower temperatures. Interconversion
etween the ortho and para isomers is forbidden, but can occur
n the presence of paramagnetic material. Para-enriched hydro-
en can therefore be prepared by cooling hydrogen gas in the
resence of a suitable interconversion catalyst; isolation of the
as from the catalyst preserves the low-temperature equilibrium,
ven as the hydrogen returns to ambient temperature. In this
ay, essentially pure parahydrogen can be prepared by cooling

o 20 K (Fig. 1); alternatively, 50% para-enriched hydrogen can
e prepared in any well-equipped laboratory by cooling hydro-
en gas in a bath of liquid nitrogen (vide infra, Section 1.3). It
s also possible to prepare ortho-enriched hydrogen, by exploit-
ng the preferential adsorption of orthohydrogen on diamagnetic
urfaces at low temperatures [10].
.2. Parahydrogen-enhanced NMR

When dihydrogen reacts with a molecular species in a
pin-correlated manner, the initial spin configurations of the

s
a
s
p
A

Fig. 1. Apparatus used to generate pure parahydrogen.

ydrogen nuclei are often preserved in the product. In this way,
he use of parahydrogen as a reactant can selectively populate
he �� and �� spin states of the product; in other words, the
roduct has been synthesised in a specific nuclear spin state.
erhaps the easiest way to visualise this effect is in terms of an
X spin system, such as that which would be formed from the
xidative addition of dihydrogen to a metal centre that creates
wo chemically inequivalent hydride ligands; this situation is
epresented in Fig. 2.

It can be seen from Fig. 2 that the use of para-enriched
ydrogen in a reaction of this type should lead to much
reater population differences between transitions than when
normal’ hydrogen is used. Since the intensity of the NMR sig-
als is critically dependent on this difference in population,
he parahydrogen-derived distribution (Fig. 2b) gives rise to

uch more intense signals than are observed with the stan-
ard Boltzmann-derived distribution (Fig. 2a); these signals also
xhibit a characteristic antiphase profile because of the inverted
pin state represented by line thickness. The transitions between energy levels
nd the corresponding NMR signals are shown, for a negative value of JAX: (a)
tandard Boltzmann-derived population distribution; (b) parahydrogen-derived
opulation distribution; (c) population distribution under parahydrogen-derived
LTADENA conditions.
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er, a related effect termed ALTADENA may occur (Fig. 2c); this
rises from selective population of only one of the product spin
tates, giving rise to two antiphase NMR signals [11,4]. Since
he ALTADENA effect can only be observed for a relatively
hort time its application in mechanistic studies is relatively
imited, although it has been involved in providing some sig-
ificant observations (vide infra, Section 2.2). It should also be
oted that the use of ortho-enriched hydrogen as a reactant also
eads to enhanced product resonances (with opposite phases to
he parahydrogen-derived signals) via selective population of
he product spin states. However, the signal enhancement in the
rthohydrogen case is necessarily of lower magnitude than that
rising from the use of parahydrogen, and it has consequently
ound less widespread use in the literature [10].

.3. Experimental considerations

In addition to the enrichment of hydrogen in the para spin
tate, there are a number of other requirements which must be
ulfilled in order to observe parahydrogen enhancement. First,
s described above, in order for there to be a selective popula-
ion of the �� and �� spin states of the product, the reaction
ith parahydrogen must proceed in a spin-correlated fashion.

n practice, this means that both parahydrogen nuclei must be
ransferred into the same product molecule, while maintaining
heir spin-spin coupling throughout the reaction. Furthermore,
n order for enhanced signals to be observed, it is also necessary
or the symmetry of the parahydrogen molecule to be broken at
ome stage during the addition process. Upon the fulfilment of
hese two conditions, it should be possible to observe enhanced
roton resonances; however, if the relaxation rate of the former
arahydrogen nuclei is fast relative to the rate of parahydrogen
ddition, the hydrogen spin states will equilibrate before they
an be interrogated. A final condition, then, is that the rate of
elaxation of the product 1H nuclei is relatively slow. For this
eason, the parahydrogen approach is generally unsuitable for
he examination of dihydrogen complexes, although Bargon and
o-workers have succeeded in polarising the protons of organic
olecules when they are hydrogenated by a dihydrogen complex

12].
If a system fulfils the physical requirements for exhibiting

arahydrogen enhancement, it is possible to observe the PHIP
ffect by NMR spectroscopy using certain pulse sequences. In
eneral, standard pulse sequences for the detection of 1H reso-
ances are inappropriate for this purpose; the pulse sequences
sed have generally been designed specifically or adapted from
xisting sequences. For instance, in a simple 1H NMR exper-
ment, the maximum proton enhancement is achieved by the
pplication of a π/4 (45◦) pulse, instead of the conventional
/2 (90◦) pulse. This, along with the other modifications neces-
ary for more complex parahydrogen NMR studies, is described
xtensively in existing literature reviews, and in the original
ublished reports of the pulse sequences [2,13–24]. Among

he advances detailed in these reports, it is particularly worth
oting that methods have been developed which allow the
arahydrogen-derived enhancement to be transferred to other
uclei by the use of appropriate NMR experiments, so that the
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i
e
h

istry Reviews 252 (2008) 2278–2291

haracterisation of species by this approach is by no means
estricted to 1H nuclei alone.

In addition, Bargon and co-workers [25] demonstrated, and
olman et al. have exploited [26], spontaneous polarisation

ransfer from para-H2 to heteronuclei such a 13C or 19F in
aturated molecules that are formed from unsaturated counter-
arts during rapid hydrogenation reactions in low field. Aime
t al. have published an elegant explanation of the mechanism
f polarisation transfer to X in AA′X and A2A2

′X spin systems
hat results from the hydrogenation of a double bond (where A
s 1H and X is 13C) [9].

An idiosyncrasy of the parahydrogen NMR approach is that,
nlike in conventional methods, it is not necessary to wait for
he nuclei to relax between pulses in order to derive the max-
mum signal. This is because, once a set of enhanced former
arahydrogen nuclei have been interrogated, they relax to the
ormal Boltzmann distribution of spin states, thereby ceasing to
e enhanced. In this way, each nucleus will only exhibit enhance-
ent once. Therefore, in order to maintain enhancement, it is

ecessary to keep creating new enhanced nuclei in the system, by
eacting new molecules of parahydrogen. This can be achieved
y transmitting para-enriched hydrogen to an NMR sample tube,
lready in place in the NMR spectrometer, by means of a cap-
llary [2,27–29]. A simpler system was developed by Eisenberg
nd co-workers, in which para-enriched hydrogen is generated
eparately, then introduced to a suitably degassed NMR sample
y transfer on a high vacuum line [3,7]. One disadvantage of this
pproach is that it generates a fixed atmosphere of para-enriched
ydrogen in the sample, which is gradually consumed as the
eaction progresses; in order to regenerate the enhancement,
he sample must be periodically removed from the spectrom-
ter, degassed and refilled. While this is adequate for the study
f many chemical reactions, and sufficiently simple that it can
e implemented using standard equipment in any moderately
ell-equipped research laboratory, the systems which produce
continuous purge of para-enriched hydrogen offer advantages
hen dealing with catalytic reactions in which the parahydrogen

s rapidly consumed.
In the case of the fixed atmosphere technique, the chemical

ystem can often be induced to exchange with fresh parahydro-
en, thus maintaining the degree of enhancement, by raising
he temperature of the sample. Of course, this may have the
ffect of consuming the parahydrogen too quickly, as well
s affecting the stability and dynamics of the chemical sys-
em under investigation. If necessary, the rate of parahydrogen
epletion can be reduced by lowering the concentration of the
ample; this may increase the longevity of the enhancement phe-
omenon, resulting (somewhat counter-intuitively) in signals of
reater magnitude over the course of a long NMR experiment.
or these reasons, careful choice of sample concentration and

emperature are essential. It is also necessary that the NMR
lassware used in these studies is clean, and that samples are
igorously degassed/purged, since the presence of a small quan-

ity of paramagnetic material (such as oxygen) will catalyse the
nterconversion of the hydrogen spin isomer back to thermal
quilibrium, thus quenching the enhancement before the sample
as been examined.
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Despite these stipulations, parahydrogen-enhanced NMR
pectroscopy has emerged as a powerful spectroscopic tool.
he theoretical maximum possible enhancement depends on the
agnetic field strength of the NMR spectrometer (the inverse
oltzmann factor), corresponding to an enhancement factor of
pproximately 31,000 at 9.4 T [7]. Enhancement factors have
ecently been quantified which approach this magnitude, albeit
nder somewhat idealised conditions [30,31]. Enhancement fac-
ors between 102 and 103 are more commonly observed: these
nhancements translate directly into reductions in the amount
f instrument time required to perform an experiment, or (more
sually) greatly increased signals arising from low concentration
pecies, that may be undetectable using standard NMR experi-
ents. The lower than theoretical signal amplifications that are

bserved arise from effects that include the results of relaxation
nce the reaction products are formed, the dead-time overhead
ssociated with the NMR measurement, and the routine use of
45◦ excitation pulse.

.4. The scope of this review

For a technique offering unprecedented signal enhancements
f 1H nuclei derived from molecular hydrogen, it is perhaps
nsurprising that the parahydrogen approach has been primarily
pplied to the study of transition metal hydrides, and cat-
lytic reactions involving hydrogen such as hydrogenation and
ydroformylation. These aspects will be considered separately,
lthough there is of course a certain degree of overlap between
hem. It is not our intention for this review to be exhaustive:
elected highlights of the pre-2004 literature will be presented,
ollowed by a more thorough examination of the most relevant
ecent publications in the field. In addition, the use of in situ pho-
ochemistry to initiate and study parahydrogen-based reactions
ill also be explored in detail. Other developments, such as the
se of parahydrogen-derived systems in quantum information
rocessing and Magnetic Resonance Imaging, fall outside the
cope of this review.

. The use of parahydrogen in inorganic chemistry

The first correctly characterised demonstration of the parahy-
rogen effect was in the catalytic hydrogenation of acrylonitrile
y RhCl(PPh3)3, Wilkinson’s catalyst, in which large, antiphase
ignals were observed for propionitrile, the hydrogenation prod-
ct [2]. Weakly enhanced, broad resonances matching those
xpected for RhCl(H)2(PPh3)3 were observed in the high-field
egion of the spectrum, supporting the assertion that this species
cts as an intermediate in the hydrogenation reaction; this
pecies was to be examined in more detail on several occa-
ions (vide infra). The parahydrogen enhancement effect had
een observed previously by Eisenberg and co-workers, during

study of the reaction of Rh2(H)2(CO)2(dppm)2 with pheny-

acetylene, but attributed to CIDNP rather than parahydrogen
nhancement [32]. These events are detailed in Eisenberg’s early
eview [3].

s
e
D
c
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.1. The detection and investigation of metal hydride
pecies

The first detailed study of metal hydrides with parahydrogen
as reported by Eisenberg and co-workers [33], who exam-

ned the addition of parahydrogen to IrBr(CO)(PPh3)2 and
r(CN)(CO)(PPh3)2 as part of their investigations into the stere-
selectivity of dihydrogen oxidative addition [34]. The hydride
esonances of the corresponding H2 addition products showed
ubstantial enhancement. Subsequent reports extended these
nvestigations by varying the ligand sphere, and demonstrated
hat the heteronuclei 31P and 13C could also be enhanced through
he parahydrogen effect [13,14]. These studies also detailed
reliminary experiments into the reaction of IrCl(CO)(PPh3)2
ith parahydrogen, which was subsequently to be examined in
reater detail (vide infra).

These iridium complexes, such as Vaska’s complex and its
nalogues, are very well suited for study with parahydrogen.
n the case of IrCl(CO)(PPh3)2, the complex is easy to syn-
hesise, and the reaction with H2 proceeds to completion at
oom temperature. It is instructive to consider this system in
ore detail. The addition of parahydrogen yields the well-known

omplex IrCl(H)2(CO)(PPh3)2, indicated by the 1H NMR res-
nances at δ −7.02 and δ −17.6. These signals appear as
riplets of antiphase doublets, with triplet couplings of 18.8
nd 13.7 Hz, respectively; these arise from the mutually trans-
riented phosphine ligands, which resonate at δ 8.4 in the 31P
MR spectrum. The 5.7 Hz antiphase doublet coupling, which
ives the resonances their characteristic appearance, arises from
he coupling between the two hydride nuclei. The hydride res-
nances show an enhancement for around 90 seconds at 298 K,
ut if the sample temperature is raised to 343 K, at which tem-
erature the oxidative addition of hydrogen is reversible, the
esonances remain enhanced for many minutes. This system
herefore provides a good starting point from which to explore
he parahydrogen effect, and optimise the NMR methods which
re employed.

The reaction of RhCl(CO)(PPh3)2 with parahydrogen has
lso been investigated [35]. This system was considered inter-
sting because the addition of hydrogen to the complex had
ot been previously observed, unlike its well-known iridium
nalogue. The resultant enhanced resonances, and those of
he bromide and iodide analogues, indicated the formation of
ihydride halide-bridged dinuclear rhodium species in these
eactions (Fig. 3). Comparable results were obtained with the
Me3 analogue, although in this case one of the hydride lig-
nds was observed to bridge two rhodium centres [36]. Indeed,
hen the related complex RhI(CO)(PMe3)2 was reacted with
arahydrogen, five different products were observed [37]. These
pecies were characterized via PHIP enhanced methods and
erved to illustrate that complex reactions yielding previously
nseen species can be detected using this approach. A more
etailed account of the hydrogen addition chemistry of these

pecies was subsequently published, including activation param-
ters for hydride exchange, a general formation mechanism, and
FT calculations of related species [38]. These observations

omplemented the contemporary research into catalytic hydro-
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Fig. 3. Suggested route to the dinuclear rhodium species ob

enation of alkenes by RhCl(PPh3)3, in which related dinuclear
hodium species were observed (vide infra, Section 2.2).

Initial examinations of the reactivity of IrCl(CO)(PPh3)2 with
arahydrogen had demonstrated that, at 343 K and 3 atm, condi-
ions under which the addition reaction is reversible, the hydride
esonances of the well-known product IrCl(H)2(CO)(PPh3)2 are
olarised. The reaction of IrCl(CO)(PPh3)2 and the related com-
lex IrCl(PPh3)3 with parahydrogen was investigated further
y 2D NOESY methods [20,21]. These experiments revealed
hat, at 343 K, the intermolecular exchange of hydride lig-
nds with free hydrogen was much more rapid in the case of
rCl(PPh3)3 than for IrCl(CO)(PPh3)2. Repeating the experi-
ents on IrCl(PPh3)3 with increasing concentrations of free
Ph3 yielded some intriguing results: small increases caused

he intramolecular hydride-hydride exchange peaks to increase,
nd the intermolecular hydride-hydrogen exchange peak to
ecrease. However, further increases in the PPh3 concentration
ad the effect of decreasing the intramolecular hydride-hydride
xchange peaks. This was interpreted to mean that the loss
f a PPh3 ligand produces IrCl(H)2(PPh3)2, which can then
ither recoordinate PPh3 or eliminate H2. The suppression of
ntramolecular hydride exchange at high PPh3 concentrations
as interpreted as evidence that the two hydride ligands of the

ntermediate IrCl(H)2(PPh3)2 retain distinct identities (Fig. 4),
mplying that the intermediate adopts a square pyramidal struc-
ure in solution, comparable with that of IrCl(H)2(PtBu2Ph)2
39].

Subsequent investigations into the reactivity of
rCl(CO)(PPh3)2 revealed that, when the initial addition
f parahydrogen was conducted at 298 K, a second hydride-
ontaining product was observed in addition to the usual
roduct, which was only observable because of the enhance-
ent afforded by the parahydrogen methodology [40]. This
econd product was revealed to be the product of hydrogen addi-
ion over the P–Ir–P axis of IrCl(CO)(PPh3)2, rather than the
sual addition over the Cl–Ir–CO axis, resulting in the forma-
ion of a previously unknown isomer of IrCl(H)2(CO)(PPh3)2

g
w
t

d in the reaction of RhCl(CO)(PPh3)2 with parahydrogen.

ontaining mutually cis phosphines (Fig. 5). The hydride
igands of this complex appear as a second-order resonance at
−9.10 in the 1H NMR spectrum. By using a pulse sequence
hich suppressed all non-enhanced resonances, the authors
ere able to directly compare the enhanced signals of both

somers, and thereby estimate the difference in the free energy
f activation between the two hydrogen addition pathways. This
stimate showed that hydrogen addition over the Cl–Ir–CO
xis was favoured by 11 kJ mol−1 at 295 K, which is in good
greement with the value of 9.5 kJmol−1 calculated for the
losely related complex IrCl(CO)(PMe3)2 [41]. These results
ere complemented by further studies on the PMe3 and AsPh3

nalogues [42]. In general, the observations made on the
eaction of parahydrogen with IrCl(CO)(PPh3)2 support its
se as a test system; observation of the minor isomer of H2
ddition indicates that the sensitivity of the experimental set-up
s adequate.

A more recent study on this system focused on the reaction of
rCl(CO)(PPh3)2 with parahydrogen in the presence of low con-
entrations of nitrogen donor molecules such as pyridine [43].
hese experiments yielded transient, well-enhanced hydride sig-
als for the products, with the general structure shown in Fig. 6.
t was reported that, in approximately one minute of instrument
ime, diagnostic signals could be detected at concentrations of
.1 �M, corresponding to the detection of 50 pmoles of the N-
onor substrate. The degree of enhancement in this system was
reat enough to allow the detection of the 15N chemical shift
f the coordinated N-donor, at natural abundance, in less than
5 min of instrument time. The methodology was also extended
o include molecules of biological relevance, such as purine and
denine; in these cases, several different isomers of each prod-
ct were detected, corresponding to coordination via different
itrogen atoms in the substrate.
The same authors performed NMR studies with parahydro-
en and Ru(H)2(CO)2L2 (L = PMe3, PMe2Ph, and AsMe2Ph),
hich revealed that these species actually exist in three geome-

ries, ccc, cct-L and cct-CO, in contrast to earlier literature
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Fig. 4. The proposed reaction pathways for IrCl(CO)(PPh3)2 and IrCl(PPh3)3 in the presence of hydrogen and PPh3.
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the S–Ir–CO axis is significantly lower than that for H2 addition
over the S–Ir–P axis.
Fig. 5. The two isomeric products o

eports [44–46]. Thus when L = PMe3, the ccc form is only
isible when parahydrogen is used to amplify its spectral
eatures. In contrast, when L = AsMe2Ph, the ccc and cct-

isomers are present in similar quantities. These complexes
ere found to undergo a number of dynamic processes, which
ere investigated using magnetisation transfer methods. Where
2 = dppe = 1,2-bis(diphenylphosphino)ethane, interchange of
ydride positions within the ccc isomer was shown to be accom-
anied by synchronised CO and phosphorus centre exchange.
he authors also asserted that, since the reactions led to
omplexes with polarised resonances, the [Ru(CO)2L2]-type
ntermediates in these reactions must have singlet electronic
onfigurations, since a triplet configuration would have the
ffect of equilibrating the H2 to its statistical mixture of
rtho and para isomers. This contrasts with the comparable
ron systems, which were shown in subsequent investigations
o produce normal (i.e. non-enhanced) resonances, implying
hat the intermediate in this system has a triplet electronic

onfiguration. This account was later followed by a detailed
nvestigation of the photochemical reactivity of Fe(CO)3(dppe)
nd Ru(CO)3(dppe) with parahydrogen (vide infra, Section
.4) [47].

F
p

rogen addition to IrCl(CO)(PPh3)2.

Following on from their investigations of stereoselectiv-
ty at Ir(I) centres, Eisenberg and co-workers investigated
he reaction of parahydrogen with the square planar complex
r(S2CNEt2)(CO)(PPh3) [48]. This reaction led to three isomeric
ridium dihydrides; the two products with chemically inequiv-
lent hydrides both exhibited PHIP effects, with one of the
somers enhanced over the other by a factor of 170. This differen-
ial enhancement was interpreted in terms of kinetic selectivity,
emonstrating that the activation barrier for H2 addition over
ig. 6. The product of the reaction of IrCl(CO)(PPh3)2 with parahydrogen and
yridine. Products of similar geometry are formed with purine and adenine.
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Fig. 7. The kinetic and thermodynamic products of parahy

Aime et al. studied the addition of hydrogen to a tri-osmium
luster species, Os3(CO)10(NCCH3)2, using PHIP methods
49]. The authors observed that the cluster reacted with parahy-
rogen, yielding an unexpectedly enhanced resonance for the
hemically and magnetically equivalent bridging hydride lig-
nds of the product Os3(CO)10(H)2. It was proposed that this
nhancement arises from the intermediacy of another dihydride
luster, in which the two former parahydrogen nuclei are mag-
etically inequivalent and therefore polarised; this intermediate
hen converts rapidly into the observed product, with the effect
hat the two equivalent hydrides retain a ‘memory’ of their
nequivalence, which manifests itself in their enhancement. The
ame group made similar observations on the reversible addition
nd elimination of hydrogen at a tri-ruthenium cluster species,
u3(CO)11(NCCH3), in which the molecular hydrogen reso-
ance in the resultant 1H NMR spectrum appears as a strongly
nhanced emission signal [50]. The authors proposed that this
ccurred via the intermediacy of a cluster species with two
nequivalent hydride ligands; the rate of hydrogen elimination
rom this species is fast relative to the 1H relaxation times, result-
ng in the eliminated dihydrogen molecule retaining a degree
f polarisation. In a subsequent investigation, the authors used
HIP methods and isotopic substitution to delineate the mech-
nisms of hydrogen exchange in Os3(CO)10(H)2, identifying a
reviously unobserved tetrahydride intermediate [51].

While conducting parallel studies into alkene and alkyne
ydrogenation by tri-ruthenium clusters (vide infra, Sec-
ion 2.2), Duckett and co-workers investigated mechanisms
or cluster isomerisation using parahydrogen methods [52].
hese investigations, conducted on the tri-ruthenium clus-

ers Ru3(CO)10(PMe2Ph)2 and Ru(CO)10(PPh3)2, used EXSY
xperiments to monitor the interconversion of the three isomers
f each cluster; the activation parameters of these processes were
easured, and their solvent dependency was also investigated.

imilar processes in a series of �3-quinolyl tri-osmium clusters
ere studied by Aime and co-workers [53].
The industrially significant complexes [Rh(CO)2I2]− and

Ir(CO)2I2]− were previously thought not to react with hydro-

l
p
u
t

en addition to IrCl(CO)(CpFe(�5-C5H3(PPh2)CH2SPh)).

en directly. Studies with parahydrogen demonstrated that both
omplexes react with hydrogen to form ccc-[Rh(CO)2(H)2I2]−
nd ccc-[Ir(CO)2(H)2I2]−, respectively. The latter complex was
ound to undergo H2 elimination, for which the activation param-
ters (�H /= = 106 ± 10 kJ mol−1, �S /= = 60 ± 6 J K−1 mol−1)
ere determined by magnetisation transfer experiments [54].
hese studies were complemented by those of Permin and Eisen-
erg, who employed parahydrogen to study the related complex
Ir(CO)2Br2]− and its reactions with SnBr2 [55].

Duckett and co-workers determined the activation parameters
or hydrogen site exchange in the reaction of rhodium phosphine
omplexes with parahydrogen and pyridine [56]. In this inves-
igation, complexes of the type RhCl(PR3)2L (L = phosphine,
lkene) were shown to react with parahydrogen and pyridine,
o yield mono- and di-nuclear pyridine complexes. While not
xhibiting enhancement under normal conditions, hydrogen
ycling in the system was promoted by the addition of 1-
henyl-1-propyne as a sacrificial hydrogenation substrate, thus
endering the complexes enhanced. Diffusion-ordered spec-
roscopy and isotopic labelling studies were used to confirm
he identities of the products.

Duckett and co-workers returned to the subject of stere-
selectivity of dihydrogen addition to square planar iridium
ystems in a more recent study [57]. In this investigation,
rCl(CO)(CpFe(�5-C5H3(PPh2)CH2SR)) [R = Ph and tBu],
ontaining a �2: P, S ligand, was shown to undergo H2 addi-
ion across the S–Ir–CO axis under kinetic control to form two
istinct diastereoisomeric products. These products were then
hown to rearrange via sulfur dissociation to ultimately form a
ingle diastereoisomer, the thermodynamic product as shown in
ig. 7.

A related study focused on the reactivity towards dihydro-
en of two chiral iridium complexes, IrI(CO)(R-BINAP) and
Ir(CO)2(R-BINAP)][SbF6] [58]. These reactions show high

evels of selectivity in both their kinetic and thermodynamic
roducts. For IrI(CO)(R-BINAP), the kinetic H2 addition prod-
ct is formed by addition across the P–Ir–CO axis, yielding
wo diastereomers, which convert to two related thermody-
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amic isomers that can be formed via oxidative addition across
he P–Ir–I axis. The presence of C2 symmetry in [Ir(CO)2(R-
INAP)][SbF6] again leads to two diastereomers in the reaction
ith H2. In both complexes, only the kinetic products showed

ny polarisation when parahydrogen was used.

.2. Studies of catalytic hydrogenation with parahydrogen

The initial study by Bowers and Weitekamp [2] of the
ydrogenation of acrylonitrile by RhCl(PPh3)3 was followed
y a report by Eisenberg and co-workers into the action of
u(H)2(H2)(PPh3)3 as a hydrogenation catalyst [59]. In the

eaction of d4-ethene and d8-styrene, large enhanced antiphase
H resonances were observed for the hydrogenated products.
owever, when methyl acrylate or phenylacetylene were used

s substrates, significantly different results were obtained: the
roduct resonances were still polarised, but they each appeared
ither entirely with ‘emission’ character or ‘absorption’ char-
cter. Other alkynes exhibited the same phenomenon. These
bservations of ‘net polarisation’ were interpreted in terms of
he ALTADENA effect previously discussed by Pravica and

eitekamp [11], and arising as a consequence of the hydro-
enation occurring in the Earth’s weak magnetic field rather
han inside the spectrometer. This was regarded as evidence that
he latter substrates were hydrogenated at a much higher rate,
s the reactions effectively occurred before the sample could be
xamined.

Kirss and Eisenberg then investigated the catalytic
ydrogenation of phenylacetylene by three different
hodium complexes, RhCl(PPh3)3, [Rh(COD)(PPh3)2]+

nd [Rh(COD)(dppe)]+ [60]. In the reaction with RhCl(PPh3)3,
he product styrene exhibited weakly enhanced 1H signals for
ts gem and trans protons, with the enhancement dwindling over

few minutes. The authors interpreted this as evidence that,
long with the catalytic hydrogenation, a competing reaction is
ccurring, in which the parahydrogen molecules undergo rapid,
eversible oxidation to the rhodium centre. Since this promotes
arahydrogen/orthohydrogen equilibration, the para-enriched
ydrogen is depleted, leading to weak, short-lived polarisation.
his is consistent with the established reversible H2 addition to
hCl(PPh3)3 [61]. When the two cationic catalysts were tested
nder the same conditions, the resultant product resonances
ere strongly enhanced and relatively long-lived, indicating

hat the rate of hydrogenation under these conditions is much
reater than the rate of para/ortho equilibration.

Bargon et al. made significant observations on the hydrogena-
ion of dihydrofuran by RhCl(PPh3)3 [62]. In the hydrogenation
f 2,5-dihydrofuran, polarised resonances were observed for
oth the � and � protons of the product THF molecule; this
as rationalised as a consequence of scalar coupling between

he protons, although polarisation transfer via nOe was also
ited as a possible explanation. The group conducted similar
ork into the rhodium-catalysed hydrogenation of 1,4-dihydro-

,4-epoxynaphthalene to 1,4-epoxytetralin, using RhCl(PPh3)3
nd [Rh(COD)(Ph-�-glup-OH)]+ as catalysts [63]. The dif-
erent catalysts produced different polarisation patterns in the
H NMR spectra of the hydrogenation products. The authors

t
w
o
o

istry Reviews 252 (2008) 2278–2291 2285

emonstrated that these features could be interpreted in terms of
ifferent degrees of singlet/triplet mixing which occurred dur-
ng the course of each reaction, and could be computationally
odelled as a function of how long the former parahydrogen 1H

uclei spent occupying magnetically inequivalent positions on
he catalyst [64,65]. The action of these catalysts in the hydro-
enation of an allene species, 1-methoxypropa-1,2-diene, was
lso investigated, in which the magnitudes of the enhanced res-
nances were used as a probe for regioselectivity in the reaction
66]. Further rhodium-catalysed hydrogenation reactions with
arahydrogen were also reported by this group [67,68].

Eisenberg and co-workers used the parahydrogen effect as a
echanistic probe in the study of the hydrogenation of pheny-

acetylene to styrene by Ru(BINAP)(OAc)2 [4]. Previous work
ad shown that, when this reaction was effected by the dimeric
pecies Rh2(CO)2(dppm)2(H)2, the polarisation in the product
tyrene resonances was distributed equally between the gem and
rans protons, with any weak polarisation at the cis proton arising
rom cross-relaxation; this is the expected result from simple cis-
ddition of hydrogen across the phenylacetylene triple bond. In
he Ru(BINAP)(OAc)2-mediated system, the cis and trans pro-
ons appeared equally enhanced, while the gem proton appeared
etter enhanced than either. The authors concluded that the reac-
ion does not proceed exclusively by simple cis-addition.

Chinn and Eisenberg subsequently used the parahydrogen
ffect as a means of quantifying the rate of catalytic hydrogena-
ion of the prochiral alkene ethyl (Z)-�-acetamidocinnamate by
Rh(NBD)(chiraphos)]BF4 [69]. The polarisation of the product
roton resonances was monitored over time, and the decay of the
nhancement was modelled to determine the rate of hydrogena-
ion. Data collected in this way matched that obtained using
tandard methods, confirming that parahydrogen methods can
ield quantitative rate information.

Eisenberg and co-workers also conducted a detailed inves-
igation into the mechanism of alkene hydrogenation by
hCl(PPh3)3 [70,71]. In the course of these studies, using a wide

ange of alkene substrates, a previously unobserved dinuclear
hodium alkene dihydride species was characterised (Fig. 8). In
he reaction with styrene, enhanced resonances consistent with
mononuclear rhodium alkene dihydride were observed, which
ere attributed to a catalytic intermediate. Subsequent studies

nto the dinuclear rhodium species, and related systems, revealed
irect evidence for their activity as hydrogenation catalysts:
arahydrogen-modified EXSY methods were used to observe
agnetisation transfer from parahydrogen, through a dinuclear

ntermediate, and into the hydrogenated product [24,72].
Bargon and co-workers reported an investigation into the

eversibility of hydrogen transfer in catalysis [73]. In this
tudy, [Rh(COD)(Ph-�-glup-OH)]BF4 was used to catalytically
ydrogenate itaconic acid, a substituted alkene, with parahydro-
en. Polarised signals were observed for the two gem protons
f the alkene starting material, as well as for the hydrogenated
roduct; this was interpreted as evidence that, in addition to

he expected alkene hydrogenation reaction, hydrogen exchange
ith the gem protons was occurring. Similar results were
bserved in the hydrogenation of styrene [74]. In their study
f the hydrogenation of cyclooctadiene by the same catalyst,
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Fig. 8. Products observed in the reaction o

ime et al. observed the same gem-enhancement, but found
hat conducting the reaction with D2 did not result in deu-
erium incorporation in the product [75]. They concluded that
he enhancement arises from polarisation transfer from the
arahydrogen-derived hydride ligands to the alkene via the
uclear Overhauser effect.

Significant observations were made by Bargon
nd co-workers on the hydrogenation of styrene by
Rh(COD)(dppb)]BF4, in which an intermediate catalyst–
roduct complex was characterised [76]. Addition of styrene
o the precatalyst in the presence of parahydrogen gave rise to
he expected enhanced proton resonances for the hydrogenated
roduct ethylbenzene, and another set of enhanced proton
esonances with identical coupling characteristics, appearing

t higher field. These were attributed to the ethyl protons of
he catalyst–ethylbenzene complex, still enhanced from their
ormation from parahydrogen, but coordinated to the metal
entre via the arene functionality (Fig. 9). More evidence for

ig. 9. Simplified mechanism for the hydrogenation of styrene by
Rh(COD)(dppb)]+, showing the catalyst–product complex.
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l(PPh3)3 with parahydrogen and styrene.

he structure was obtained from NOESY experiments [77]. The
uthors also investigated the kinetics of the reaction [22].

Another significant set of observations was reported by
lazina et al. [78]. In this study, the tri-ruthenium clus-

ers [Ru3(CO)12−x(PPh3)x] (x = 1,2) were used to hydrogenate
lkynes and alkenes using parahydrogen. Kinetic studies using
XSY methods revealed that the hydrogen addition products of

he clusters can interconvert, and catalyse hydrogenation at dif-
erent rates. Changing the solvent from chloroform to benzene
ad the effect of inducing some cluster fragmentation, result-
ng in the observation of a mononuclear ruthenium species. This
pecies was also observed to be catalytically active; EXSY meth-
ds were then used to directly compare the hydrogenation rates
f the tri-ruthenium clusters with that of the mononuclear ruthe-
ium fragment (Fig. 10). The system was investigated in more
etail by varying the composition of the cluster.

A report of the use of parahydrogen as a mechanistic probe
as made by Elsevier and co-workers [28]. In their study of

he semi-hydrogenation of several alkynes by a highly active
alladium catalyst, they observed that in each case the major
roduct, the (Z)-alkene, gave rise to enhanced 1H resonances
n the NMR spectrum, while the minor product, the (E)-alkene,
id not. The authors concluded that the hydrogenation reaction
roceeds via a pairwise addition of the two hydrogen atoms of
2 to the substrate, and furthermore, that the (E)-alkene product
oes not arise from direct hydrogenation but from isomerisation
f the (Z)-alkene product. The relatively modest enhancement of
hese species was interpreted as a consequence of the proposed
echanism, which involves heterolytic activation of dihydro-

en.
Recent reports have demonstrated that the parahydrogen
ffect can be used to enhance organic ligands within the coordi-
ation sphere of a metal atom. Duckett and co-workers initially
emonstrated that, in the catalytic hydrogenation of dipheny-
acetylene by Pd(bcope)(OTf)2, enhanced resonances could



S.B. Duckett, N.J. Wood / Coordination Chemistry Reviews 252 (2008) 2278–2291 2287

Fig. 10. Proposed catalytic cycle for the hydrogenation of diphenylacetylene by Ru3(H)(�-H)(CO)9(PPh3)2 taken from references [79,80].

Fig. 11. Mechanism of alkyne hydrogenation by Pd(bcope)(OTf)2, showing alkene formation and isomerisation.
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e observed for intermediate species containing alkyl ligands
erived from the hydrogenation of the alkyne substrate, but not
ontaining discrete hydride ligands [81]. While the key inter-
ediate was initially formulated as a palladium alkyl hydride

pecies, subsequent experiments demonstrated it to be a cationic
alladium alkyl species, stabilised by an additional interaction
etween the metal centre and the aromatic moiety of the coordi-
ated substrate [82]. In this later report, Duckett and co-workers
sed isotopically labelled alkyne substrate to delineate the
pecies involved in the catalytic hydrogenation. The observation
nd characterisation of solvent-stabilised, cationic palladium
ydride and alkenyl species was interpreted as evidence that
he catalysis occurred through a cationic route (Fig. 11). How-
ver, upon altering the bidentate phosphine to the unsymmetrical
bucope, a neutral palladium dihydride species was observed,
ndicating that a neutral reaction pathway may also be accessible.
hese conclusions were supported by an earlier report detailing
xperimental observations and DFT calculations on the hydro-
enation of alkynes by the related complex Pd(PEt3)2(OTf)2
83].

.3. Studies of catalytic hydroformylation with
arahydrogen

The first report of parahydrogen enhancement in hydro-
ormylation was made by Permin and Eisenberg, in which
rans-PtCl(COEt)(PPh3)2, activated with SnCl2, was reacted
ith parahydrogen [84]. The resultant 1H NMR spectrum

evealed that propanal was produced, with all of the reso-
ances appearing normal except that of the aldehydic proton,
hich appeared as an enhanced emission signal. This was

specially significant, as it was the first observed incidence
f enhancement occurring from the transfer of only one pro-
on to the product. Similar results were observed when the
elated complex cis-PtCl2(CO)(PPh3)-SnCl2 was used to cat-
lytically hydroformylate 1-hexene. The occurrence of this
ne-proton enhancement was rationalised as a result of the
arahydrogen undergoing oxidative addition to the metal
entre, forming an intermediate in which the two former
arahydrogen nuclei are strongly coupled; this must occur
mmediately prior to the elimination of the aldehyde prod-
ct containing only one of the former parahydrogen nuclei,
n the aldehydic position. The postulated platinum inter-

ediate was not observed, but a comparable intermediate
as observed in the study of Ir(COEt)(CO)(dppe), a hydro-

ormylation model system, which also exhibited one-proton
nhancement under appropriate conditions. In a subsequent
eport, Eisenberg and co-workers isolated several similar irid-
um complexes with the large bite angle bidentate phosphine
antphos as a supporting ligand [85]. The use of parahydrogen
llowed the observation of the proprionyl dihydride complex
r(H)2(COEt)(CO)(xantphos), a key intermediate in the hydro-
ormylation reaction.
Another use of parahydrogen enhancement in monitoring
ydroformylation was reported by Godard et al., in which
llyl complexes such as Ir(�3-C3H5)(CO)(PPh3)2 were used
s catalyst precursors [86]. In the presence of a mixture of

w
m
w
d

istry Reviews 252 (2008) 2278–2291

arahydrogen and carbon monoxide, two significant interme-
iates were detected via their enhanced signals, corresponding
o an acyl dihydride complex and an alkyl dihydride complex.
he parahydrogen enhancement, in conjunction with extensive

3C labelling experiments, allowed these intermediates to be
ully characterised, and their reaction pathways determined. The
uthors also reported a similar study into hydroformylation using
o(�3-C3H5)(CO)2(PCy3), in which cobalt acyl intermediates
ith both linear and branched acyl substituents were detected, in

ddition to the corresponding aldehydes [87]. The enhancement
rovided by the parahydrogen was found to be transferred into
he organic ligand framework, thus allowing the characterisation
f intermediates which do not contain discrete hydride ligands,
irroring the contemporary development reported by Duckett

t al. in the field of hydrogenation catalysis (vide supra, Section
.2). This allowed a detailed investigation of the reaction to be
ccomplished.

.4. In situ photochemistry with parahydrogen

The characterisation of unstable complexes by NMR spec-
roscopy is normally limited by the warming effect of the air
tream that is utilised to lower samples into the NMR probe.
arious research groups, including those of Ball and Duck-
tt, have demonstrated that UV photolysis of samples within
he NMR probe can be used to generate species that may then
e characterised using conventional methods [88], while oth-
rs have used photo-CIDNP to determine kinetic parameters
89,90]. Duckett and co-workers refined this approach to allow
rradiation of the NMR tube using a 325 nm 25 mW He-Cd cw
aser on pressurised samples at low temperature, initially using
his method to study the reaction of CpRh(C2H3SiMe3)2 with
arahydrogen [91]. Under these conditions, PHIP-enhanced res-
nances are observed for the hydride ligands of the product
pRh(H)2(C2H3SiMe3).

Building on the prior studies on Ru(H)2(CO)2L2-type species
44,45], Duckett et al. investigated the photochemically induced
eneration of Ru(H)2(CO)2(dppe) from Ru(CO)3(dppe) and
arahydrogen [47]. The observation of enhanced hydride
esonances was interpreted as definitive evidence that the inter-
ediate [Ru(CO)2(dppe)] exists in a singlet electronic state, as

etailed previously (vide supra, section 2.1). This was confirmed
y the observation that, when a mixture of Ru(CO)3(dppe)
nd Fe(CO)3(dppe) was examined, only the signals for
u(H)2(CO)2(dppe) were polarised. Using the in situ irradiation
ethods allowed the chemical reaction between Ru(CO)3(L2)

where L2 = dppe or dpae, 1,2-bis(diphenylarsino)ethane) with
ure parahydrogen to be monitored in a very precise way, such
hat the scale of the parahydrogen effect could be quantified.
hese experiments showed that the spin state of the hydride
uclei in Ru(H)2(CO)2(dppe) had a purity of 89.8 ± 2.6% (from
2 measurements) [31,92]. Amazingly, to achieve compara-
le results by cooling would require a temperature of 6.6 mK,

hich is unmanageable in the liquid state, or an impractical
agnetic field of 0.44 MT at room temperature. In contrast,
hen Ru(CO)3(dpae) was examined, the corresponding dihy-
ride product spin state purity was determined to be 106 ± 4%
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Fig. 12. Proposed catalytic cycle for the hydrogenation of diphen

f the theoretical maximum. In other words, the state prepared
sing Ru(CO)3(dpae) as the precursor was indistinguishable
rom a pure spin state.

More recent studies involving in situ UV irradiation of solu-
ions containing parahydrogen and Ru(CO)3L2, where L = PPh3,
Me3, PCy3 and P(p-tolyl)3, have been described [93]. In

his case, two reactions are involved. The first involves loss
f CO, and results in the formation of the cis–cis–trans-

isomer of Ru(H)2(CO)2L2. In the second reaction, the
ormation of the complexes cis–cis–cis Ru(H)2(CO)2L2 and
u(H)2(CO)2(L)(solvent) (solvent = toluene, THF, pyridine) is

ndicated. In the case of L = PPh3, the normally invisible species
is–cis–trans-L Ru(H)2(CO)2L2 was shown to be an effective
ydrogenation catalyst with rate-limiting phosphine dissociation
roceeding at a rate of 2.2 s−1 in pyridine at 355 K (Fig. 12). Both
xperimental observations and theoretical calculations demon-
trated that H2 addition to the [Ru(CO)2L2] moiety proceeds
o form cis–cis–trans-L Ru(H)2(CO)2L2 as the major product
ia addition over the OC–Ru–CO axis. In a related paper the
eactivity of Ru(CO)2(PPh3)(dppe) towards hydrogen has been
escribed. Thermally, this complex undergoes PPh3 loss to form
u(H)2(CO)2(dppe) while photochemically CO loss occurs and
roducts of the type Ru(H)2(CO)(PPh3)(dppe) are detected [94].

. Conclusions

Parahydrogen studies of inorganic reactions have produced a
umber of important observations. These include the detection
f minor H2 addition products, the observation of true reac-
ion intermediates, and the probing of the kinetic significance
f these species. The approach has also made a significant con-
ribution to the study of cluster-based catalysis, where it has
nabled the differentiation and direct comparison of intact and
ragmentation-based reaction pathways. More recent advances
ave included the observation of one proton PHIP [84], studies

f surface adsorption of hydrogen [95], applications in Mag-
etic Resonance Imaging where transfer to heteronuclei has been
ffected [26]. Further studies in the field of quantum informa-
ion processing [96] and the use of parahydrogen enhancement
ylene, after photolysis of Ru(CO)3(PPh3)2, where sol = pyridine.

o facilitate the detection of low concentrations of biological
ubstrates [43] will doubtless all encourage other researchers to
se and develop this field yet further. For those that are interested
n taking up this challenge, starting out with Vaska’s complex
s likely to prove the easiest route to come to grips with this
nteresting phenomenon.
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