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Abstract: An account of the use of stable isotopes (2H, 13C, 15N, 18O, 34S) for the study of organic and organometallic

reaction mechanism and structure, by way of kinetic determinations and modelling, NMR spectroscopy and mass

spectrometry is presented. The techniques discussed include use of kinetic isotope effects, label-facilitated nOe

experiments, cross-over experiments, stereoisotopochemical analysis, label-facilitated NMR analysis of enantiomers

using chiral-shift reagents and NMR in chiral liquid crystal matrices. The reactions in which these tools have been

applied are b-H elimination in Pd-s-alkyl complexes, the Bayliss–Hilman reaction, C–H insertion of stable carbenes,

ring-closing metathesis reactions, palladium-catalysed hydrosilyation, palladium-catalysed cycloisomerization,

anionic thia-Fries rearrangements, synthesis of proton sponges and their nitrogen stereodynamics, and transition

metal (Pd, Mo) catalysed allylic alkylation. Copyright # 2007 John Wiley & Sons, Ltd.
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Introduction

This paper highlights selected aspects of the research

programmes conducted in the author’s (GCLJ) labora-

tories over the last decade. The theme that unites the

work presented is the use of stable isotopic labelling

(2H, 13C, 15N, 18O and 34S) to facilitate the investigation

of structure and mechanism in organic and organome-

tallic reactions. The choice of material selected for

coverage is, quite naturally, biased by the author’s

perspective as to those topics where labelling provided

the most insight into the problem in hand and also by

the limitations of space inherent in an overview of this

kind.

The investigations routinely have involved organic or

organometallic synthesis, NMR or MS analysis and the

measurement and simulation of reaction kinetics or

product distribution analysis. Without doubt many of

these techniques are familiar, or indeed routine, to the

reader of J Label Compd Radiopharm. Nonetheless, we

hope that the reader will find interest in the discussion

of the strategy of the installation and deployment of the

isotopic labels. On occasion, where we have strayed

beyond the boundaries of routine techniques, in

particular with NMR spectroscopic methodology, the

emphasis of the description is as much on the

technique as it is the strategy. The topics that we have

chosen for this account have been subdivided into

three sections, based on the type of information that we

sought to attain through deployment of the isotopic

label: (i) the mode of cleavage of a particular bond

probed by kinetic isotope effects (KIEs), (ii) the molecu-

larity of individual steps in a reaction sequence and (iii)

cryptostereochemical issues probed by NMR through

isotopic desymmetrization techniques.

Deuterium kinetic isotope effects

In this first section we report on three studies where the

basics of the mechanism of the reaction of interest have

already been elucidated and where the process of

interest is the mode of cleavage of one particular bond

in the overall sequence. In such cases, the information

was deduced by comparison of the magnitude of the

experimental deuterium KIE with that anticipated, on

the basis of precedent, to be associated with this step.

In the second two examples the distinction is clear,

however, in the first we were misled for some consider-

able time because we did not appreciate that the
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observed KIE was not that attending the step in

question.

An unusually large primary-KIE accompanying a
syn-b-H elimination in a r-alkyl-Pd complex1

As part of our ongoing studies into the mechanism of

the cycloisomerization of dienes by transition metal

catalysts,2 we identified Pd-s-alkyl complex, 1a, as a

key intermediate in a pre-catalyst activation process.3

Complex 1a is unusually stable for a s-alkyl metal

bearing syn-beta-hydrogens (b-H), but does undergo b-

H elimination in the presence of a base such as Proton

Sponge (2) to yield the triene 3a (Scheme 1). In order to

distinguish between a syn and anti mechanism for this

elimination we probed the primary KIE attending this

process, known to be large (kH/kD ca. 6–7) for anti4 and

small (kH/kD ca. 2–3) for syn elimination. An unusually

large primary kH/kD value (6�1) in the competition of

1a and the 2H-labelled complex 1b suggested a general

base-catalysed anti-b-H elimination. However, subse-

quent diastereospecific 2H-labelling (1c, 1d) permitted

unambiguous study of the stereochemistry, and also

perturbed the E/Z partitioning through the KIE.

A careful study of the kinetics and products

(1cd! 3cd) showed that reaction proceeded not by

an anti elimination involving 1þ 2, by instead a

stepwise mechanism involving a rapidly reversible

syn-b-H elimination coupled to Pd–H deprotonation

by 2 (Scheme 2), to give an NMR-observable Pd(0)

complex of 3. The coupling of the second prim-KIE to

the b-H elimination equilibrium gives rise to the

misleadingly large net kH/kD values.

Reevaluation of the mechanism of the Baylis–Hillman
reaction (BHR)5

The BHR has long fascinated organic chemists as it

assembles two simple species to generate an enone-

allylic alcohol.6 Reaction is facilitated by nucleophilic

catalysts, such as amines or phosphines, and kinetic

studies support the mechanism shown in Scheme 3.

The RLS (rate-limiting step) is commonly accepted as

being Step 2, based for example on the lack of a

primary KIE when the ‘Michael-acceptor’ a-carbon is

deuterated.7 However, the accelerating effect of protic

solvents and substantial autocatalysis in the absence

of them led us to propose that the rate-limiting event is

Step 3, which involves proton transfer from the a-keto

methine to the alkoxide in the zwitterionic intermediate

4, Scheme 3. To distinguish this from the classical

mechanism in which Step 2 is accelerated by activation

of the aldehyde by hydrogen bonding to the protic

solvent, 5, Scheme 3, we probed for a KIE in the initial

phase of the reaction before product concentration

builds up and thus proton transfer becomes increas-

ingly efficient.

A competition experiment followed by 1H NMR

between an equimolecular mixture of 6 and d-6

(Scheme 3) showed an increase of the mole fraction of

d-6 in the early stages of the reaction, which corre-

sponded to a primary KIE if Step 3 is the RLS. By

modelling the kinetics of this process, we were able to

extract a KIE ¼ 5� 2 for Step 3, which is attenuated to

1 when autocatalysis becomes substantial, consistent

with a change in the RLS from Step 3 to Step 2. This

change of RLS is early in the reaction (after about 10%)

Scheme 1 Base-induced b-H elimination in Pd complex 1.

Scheme 2 Mechanism for b-H elimination in Pd complex 1.
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explaining why it was overlooked in earlier studies

which concentrated on the full reaction evolution.8

These findings have considerable implications for

asymmetric catalysis of the BHR, and the position of

suitable hydrogen-bond donors for selective proton

transfer of one of the alkoxide diastereoisomers in the

presence of an aprotic solvent could led to high

enantioselectivities.9

Intermolecular insertion of an N,N-heterocyclic car-
bene into a non-acidic C–H bond10

As part of a project to investigate the fascinating

chemistry of N,N-heterocyclic carbenes (NHCs),11 we

prepared C(2)-[13C]-precursors to NHC 7. The

label facilitated the detection, by 13C{1H} NMR, of a

number of byproducts (5 ca. 2.5%) arising from

generation of 7 in toluene/(K-HMDS)2. One such side

product, which increased in proportion over a period

of weeks, emerged as that arising from formal insertion

into a C–H bond of the toluene (solvent) methyl group

to give the aminal 8, Scheme 4. This being the first

example of such an insertion reaction of an NHC into

a ‘non-acidic’ C–H bond, we investigated it in consider-

able detail.12 The reaction was found to be catalysed

by (K-HMDS)2, but the relationship between the rate

of insertion and the concentration of (K-HMDS)2
was complex.

Scheme 3 Mechanisms for the Baylis–Hillman reaction (BHR).

Scheme 4 Uncatalysed and catalysed C–H insertion of carbene 7.
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Deuterium labelling at the toluene methyl group

([D8]-, [D1]-, and [D0]-toluene) resulted in a moderate

primary (kH=kD ¼ 4:2ð�0:6Þ) and large secondary

(kH=kD ¼ 1:18ð�0:08Þ) KIEs for [D1]-toluene in C6D6

and [D0]toluene/[D8]toluene as reactant and solvent.

These values, together with rates of reaction measured

for para-substituted toluenes (r ¼ 4:8ð�0:3Þ), were

consistent with a rate-limiting C–H deprotonation

reaction proceeding via a late transition state. The

installation of the 13C-label in 7 also facilitated a

careful study of the 13C{1H} NMR spectra of [13C1]-[Dn]-

8 arising from the deuterated toluenes, which demon-

strated that the HMDS anion was not an active base in

this process: there was no evidence for cross-over

exchange through bulk phase H-HMDS/D-HMDS.

Further study of the 13C NMR shift of C(2) in 7 as a

function of [(K-HMDS)2] concentration revealed equili-

brium complexation leading us to propose a dual-

manifold mechanism involving [(K-HMDS)2]-catalysed

and uncatalysed processes, as shown in Scheme 4.

Molecularity

In this section we describe four reactions in which we

wished to probe the molecularity of the net transforma-

tion, which, in particular for catalytic systems, can be

quite opaque when one attempts to address this

through measurements of the global reaction kinetics.

Here then the use of one or more isotopic labels can be

used in great effect to confirm and indeed quantify the

transfer of molecular components between identical

and non-identical species.

Ring-closing metathesis of enynes: Evidence for an
‘Ene-then-yne’ pathway13

The Ru-catalysed ring-closing metathesis (RCM) of

enynes has been widely developed and a mechanism

involving an ‘yne-then-ene’ sequence (cycle A,

Scheme 5) is commonly postulated. When the reaction

is carried out in the presence of ethylene, higher yields

are obtained and side reactions such as epimerization

and homo-cross-metathesis are inhibited.14 The origin

of the beneficial effect of ethylene has been ascribed to

the attenuation of unproductive resting states in

equilibrium with the ruthenium methylidene

(½Ru� ¼ CH2) in the catalytic cycle. An alternative

mechanism involving an ‘ene-then-yne’ sequence (cycle

B, Scheme 5) has also been proposed2c,15 for the RCM

of enynes. Two different 2H- and 13C-labelling strate-

gies have allowed us to probe the origin of the ethylene

acceleration and its relationship to the mechanistic

dichotomy in this reaction.

The use of stereospecifically labelled enynes (E)-2H-9

and (Z)-2H-9 provided us with evidence for an ‘ene-

then-yne’ mechanism (cycle B, Scheme 5). Specifically,

any net diastereoselectivity in the formation and

breakdown of the 2H-ruthenacyclobutane 11 inter-

mediate, Scheme 6, will translate into E/Z selectivity

in the products, as the relative configuration of the

CHD and CHR centres in 11 are determined by the

geometry of the alkene substrate. This is not compa-

tible with cycle A, Scheme 5, which involves ring

opening of ruthenacyclobutene 12 with no C-based

stereogenic centres in the ring.

This ‘ene-then-yne’ mechanism also explained the

effect of ethylene, by way of a secondary cycle (cycle Bii,

Scheme 5). This possibility was investigated using a

dual-substrate, dual-labelling strategy conducting the

reaction under [13C2]-ethylene (Scheme 7). The analy-

sis of relative 13C/12C incorporation in the two

products (more 13C is incorporated in the more

accelerated substrate) confirmed that the reaction

proceeded predominantly through pathway Bi/Bii

under ethylene. The use of 2H-labelled reference

products to quantify the level of post-turnover

Scheme 5 Two different cycles (A and B) for Ru-catalysed enyne RCM, together with a mechanism for ethylene acceleration.
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incorporation, allowed comparison of 13C/12C incor-

porations arising through productive turnover of the

catalyst.

Intermolecular chirality transfer from silicon to
carbon16

Although the Pd-catalysed hydrosilylation of alkenes by

achiral silanes has been studied in great detail,17 the

subtleties of the stereochemical details of the individual

steps in this process remain to be explored. The

mechanism for this reaction has been proposed as a

‘two-silicon cycle’ involving a silane-mediated pre-

catalyst activation followed by a three-step propagation

sequence.

The same model can be applied to the reaction with

chiral silanes (when the silane is Si-stereogenic), where

the chirality transfer from carbon to silicon can occur

at one or both of two stages (Step 2 or Step 3,

Scheme 8). We recently reported a mechanistic study

of this process based on stereoisotopochemical probes

(2H and 29Si) in catalytic cross-over experiments that

validate the proposed two-silicon cycle and reveal

which step (2 versus 3) gives rise to the highly efficient

silicon-to-carbon chirality transfer occurring in this

process.

A series of experiments using [13C]-13 and [2H]-13, in

which conversion and [alkene]/[Pd] were varied, were

analysed by 29Si{1H} NMR, exploiting a combination of
1JSiC and g-2H isotope shifts (Scheme 9). A single

kinetic model, based on the two-silicon cycle, shown

Scheme 6 RCM of stereospecifically 2H-labelled enynes 9.

Scheme 7 A dual-substrate, dual-labelling strategy to probe for ethylene acceleration by cycle Bii (Scheme 5).
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in Scheme 9 in which a PKIE of 2.5 attends cleavage

of Si-2H in Step 3 and in which scrambling is

inversely proportional to [alkene], gave an excellent

fit for the 2H/13C distribution in the products

(14, Scheme 9).

By analysis of the cross-over products from the

reaction of (SiR)-13 (97% ee) with an achiral 2H-labelled

silane we showed that the highly efficient silicon-to-

carbon chirality transfer must occur in Step 2 of the

mechanism outlined in Scheme 8. In addition it is

found that asymmetric amplification can occur when

non-racemic silane is employed. Through the use of

quasiscalemic silane (non-racemic silane in which one

enantiomer is isotopically differentiable from the other)

we demonstrated that this arises from chirality match/

mismatch effects in Step 3.

Palladium-catalysed cycloisomerization of dienes3,18

The transition-metal catalysed cycloisomerization of

dienes is a powerful method for the synthesis of carbo-

and heterocycles.2 A variety of catalysts have been

reported for this reaction and different mechanisms

have been proposed. We have focussed on the Pd

catalysed reaction and identified a number of pre-

catalysts that give rise to different products. For

Scheme 8 A ‘two-silicon cycle’ for Pd-catalysed alkene hydrosilylation with highly efficient chirality transfer (Step 2).

Scheme 9 Comparison of observed isotope distributions in hydrosilylation products arising from labelled silanes, with those
predicted from kinetic modelling of the mechanism in Scheme 8.
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example, [(MeCN)2Pd(allyl)]OTf and [(tBuCN)2PdCl2])

give different kinetic selectivity for the cycloisomeriza-

tion of 15, which suggests (erroneously) that the

mechanisms of the processes are unrelated (Scheme

10). Thus, the kinetic product from the reaction

employing the cationic complex as pro-catalyst is the

exo-alkene 16, which is then isomerized to the

thermodynamically more stable compounds 17 and

18. However, the neutral, chloride-bearing complex

effects an extremely selective cycloisomerization of 15

directly to 17, without free 16 being an intermediate

and without significant subsequent isomerization of

the kinetic product (17 to 18) until complete consump-

tion of 15.

To study the mechanisms of these reactions, we

needed to be able to track the origin and destination of

the hydride migrations that we suspected took place.

To do this we have developed reliable and practical

synthetic routes for the synthesis of a large range of

single 2H-, 13C- and double (2H, 13C)-labelled variants

of 15 with defined regiochemistry and alkene geometry.

The reaction of the symmetrical and unsymmetrical

labelled substrates, as well as cross-over experiments

were carried out in the presence of the two different Pd-

catalysts (Scheme 11).

Analysis of the labelled products by 1H, 2H and 13C

NMR, and the study of the effects of alkene substitution

and alkene isomerization led us to propose a Pd-H

based mechanism in both cases (Scheme 12). The

difference in selectivity between the two complexes can

be explained simply by the presence/absence of the

chloride ion in the systems employed. In the absence of

chloride ion (which blocks one coordination site on the

palladium) the incoming substrate molecule can bind

in a bidentate manner before departure of the product

just generated. This allows the incoming substrate to

capture the palladium-bound hydride, thus displacing

the product.18b

Mechanistic studies on the anionic thia fries rearran-
gement19

The LDA-mediated rearrangement of aryl triflates to

give aryl triflones was discovered in the group a few

years ago19a and has recently been applied in the

preparation of modified enantiomerically pure BINOL

ligands for the asymmetric In-mediated allylation of

hydrazones (up to 99% ee).20 Problems in terms of a

lack of generality of the reaction (the aryl group

strongly influences the outcome) led us to conduct a

detailed mechanistic study. In order to probe the

molecularity of this reaction and to test if benzyne

intermediates are involved, we designed a series of

cross-over experiments involving aryl triflate 19 con-

taining isotopic labels on the aromatic ring, on the

sulphur, and on the phenolic oxygen.

The synthesis of the triflate 2H-19 was straightfor-

ward, starting from commercially available 4-bromo-2-

chlorophenol, using the triflate to protect the phenol

during Grignard reaction. The synthesis of 18O-19 was

achieved using K18OH, prepared in situ, to effect a

nucleophilic aromatic substitution of fluoride on chlor-

ofluorobenzene, thus yielding the requisite 18O-phenol

precursor of the triflate. However, the synthesis of the
34S-labelled triflate 34S-19 was more challenging, as

the only 34S-starting material available to us was

100 mg of the elemental form, i.e. 34S8, Scheme 13.

The reaction of an equimolecular mixture of 2H-19

and 34S-19 in the presence of 1 equivalent of LDA in

THF was analysed by mass spectrometry (Scheme 14).

The observed mass spectra and a simulation of the

product distributions expected from reaction without

cross-over showed a good fit, confirming an intramole-

cular rearrangement as opposed to an anionic chain

reaction.21

Mass spectrometric analysis of the product of reac-

tion of 18O-19 (85%) with LDA, showed that the

Scheme 10 Catalyst-dependent outcome in the cycloisomerization of diene 15.
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daughter-ion arising from C–S cleavage and loss of

SO2CF, was 18O-labelled (85%) revealing that the aryl-

O bond was not broken during rearrangement and thus

eliminating benzyne intermediates.

Cryptostereochemistry

In this final section the key aspect of the reaction or

structures that are of interest is the stereochemistry. In

the cases presented, the structures that we desired to

probe contained elements of molecular symmetry

(rotational or mirror plane) that serve to make inter-

pretation, e.g. of NMR spectra, highly ambiguous. This

is a common phenomenon in the study of asymmetric

catalysis where C2-symmetry is often a desirable and

deliberately installed feature in chiral ligand architec-

ture. The strategic deployment of an isotopic label can

break such symmetry in a non-perturbing manner, so

as to facilitate informative spectroscopic analysis.

Stereodynamics of an N,N-chiral ‘proton sponge’22

The N,N,N0,N0-tetraalkylated derivatives of 1,8-diami-

nonaphthalene are characterized by their high pKa

values (ca. 12–17) and ‘sluggish’ behaviour: they are

very poor nucleophiles and are protonated–deproto-

nated slowly. These features have led them being

referred as ‘Proton Sponges’. As part of a programme

investigating H-bonding, we have studied the stereo-

dynamics of chiral ‘Proton Sponges’, including their

protonated forms, which have a stereogenic centre

at both nitrogen atoms and can exist as three

stereoisomers: a C2 symmetric pair of enantiomers

[RNRN/SNSN]-20/20 H+I� or [dl]-20/20 H+I�, and an

Scheme 11 Pd-catalysed cycloisomerization of single 2H-, 13C- and double (2H, 13C)-labelled variants of 15.
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Scheme 12 Mechanism deduced for the Pd-catalysed cycloisomerization of 15.

Scheme 13 Synthesis of 2H-, 18O- and 34S-labelled isotopomers of orthochloro benzene triflate 19.
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achiral form [RNSN]-20/20 H+I� or [meso]-20/20 H+I�

(Scheme 15).

The 1H NMR spectrum of 20 H+I� in CDCl3 indicated

that one diastereomer was present in excess

(88.5:11.5) and that the stereochemistry had been

efficiently ‘locked’, at the NMR timescale, by protona-

tion. The [dl]-20/20 H+I� pair was crystallized from this

mixture and its structure determined by X-ray crystal-

lography. However, on dissolution in CDCl3, the two

forms ([dl]-20 H+I� and [meso]-20 H+I�) rapidly

(55 min) equilibrated to give a constant mixture of

88.5:11.5. Both isomers gave near identical NMR

spectra with only small differences in chemical shift

due to the similarity and symmetry of the molecules,

making stereochemical assignment troublesome. How-

ever, the major and minor isomers could be distin-

guished by NMR studies (1H n.O.e. difference

experiments at 500MHz) of the isotopically desymme-

trized 13C-20 H+I� prepared by methylation of 21 with
13CH3I/NaH and dissolving the resultant 13C-22 in
12CH3I (Scheme 16).

These studies demonstrated that the thermodynami-

cally favoured diastereomer in solution was the chiral

[dl] form. An identical sequence of n.O.e. experiments

was performed on the free base equilibrium mixture of

[dl]- and [meso]-[13C-20], obtained by treatment of 13C-

20 H+I� with 4m aqueous NaOH (Scheme 15), and

again the [dl] form was assigned as the major isomer.

The rate of interconversion of [dl]- and [meso]-[13C-

20] was fast enough to allow rate constants to be

determined by full band-shape analysis of the 13C NMR

signals arising from the well-dispersed methyl groups

Scheme 14 Cross-over (negative) experiment with 2H- and 34S-labelled aryl triflate.

Scheme 15 Synthesis of chiral Proton Sponge 20.
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at variable temperatures. The kinetics and stereody-

namic processes for the interconversion of the proto-

nated forms, [dl]- and [meso] 13C-20 H+I�, were again

studied by 13C NMR spectroscopy but using rapid

temperature drop methods and selective magnetization

transfer experiments. The results obtained permitted

comparison of activation parameters between the

N-stereodynamic processes involving the protonated

and the free base 20. This led us to propose a pseudo-

unimolecular mechanism for the interconversion of the

protonated forms, and suggested that the hydrogen

bond was not of any unusual enthalpic strength or

‘special character’.

To further study this hydrogen bond we prepared a

number of 15N-labelled 1,8-diaminonaphthalenes so

that we could determine experimental values for 2HJNN,

the NMR coupling between the two amines through the

hydrogen bond, (Scheme 17).

The 2HJNN values for the non-symmetrical free base

and protonated species 15N2-24 and 15N2-24 H+I�

(Scheme 17) were determined directly from their
15N{1H} NMR spectra, where they displayed well-

resolved AX systems with 2HJNN values of 3.7 and

6.70. However, for the time-average symmetrical spe-

cies 15N2-23, 15N2-23 H+I� 15N2-25 and 15N2-25 H+I�

(Scheme 17) the 15N{1H} NMR spectra were not

informative in terms of extracting 2HJNN values. We

thus focused on their 13C{1H} NMR, in particular on

C(1,8), where these carbons are desymmetrized from

an AA0X system, by the net isotope shift of the 13C

(observed nucleus (C1)) versus the 12C (99% non-

observed nucleus (C8)) to an ABX system. Full band-

shape analysis of the X-part of the spectrum allowed

extraction of the 2HJNN value for each compound from a

single spectrum. This approach differed from the

frequency-based approach employed previously, which

required a number of spectra be acquired, each at

different fields.23

Palladium24 and molybdenum25-catalysed asym-
metric allylic alkylation

The asymmetric Pd-catalysed addition of nucleophiles to

chiral but racemic allylic electrophiles (allylic alkylation)

has become a very popular reaction to test and compare

the efficacy of novel chiral ligands (‘L*’). The reaction is

often assumed to proceed via a meso-p-allyl-Pd inter-

mediate that is desymmetrized by the chiral Pd–L*

assembly. This has the effect of converging both

enantiomers of substrate on a single intermediate, from

which two enantiomeric products are generated. In

other words, the system should have no ‘memory’ of

which enantiomer of the substrate has been processed.

However, we became interested in testing whether

Scheme 16 Diastereoisomer assignment through n.O.e. studies facilitated by isotopic desymmetrization.

Scheme 17 Synthesis of all isomers of 15N-labelled N-methylated 1,8-diaminonaphthalenes.
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this assumption was always correct, in other words is

there a ‘memory effect’. To do this we developed a novel

stereochemical labelling method and a series of new

analytical methods based on NMR techniques to study

the stereochemical outcome of this reaction catalysed by

Pd and Mo complexes.

To study the memory effect in the reaction of

the cyclopentenyl esters of type 26, which react with

malonate carbanion to give 27, we prepared regiospe-

cifically (a-2H-labelled cyclopentenyl substrates

(� )-2H -26a-d (>99% 2H, a=g599=1) and also alkyl

-18O-labelled cyclopentenyl substrates (� )-18O-26a-b

(ca. 95% 18O) (Scheme 18).

When 2H-labelled 26 was reacted under Pd-catalysed

allylic alkylation conditions, it gave racemic 27, whose

a/g ratio was measured by 2H NMR spectroscopy and

giving an assay of the memory effect, Scheme 19, left.

Mixtures of (� )-18O-26a and (� )-18O-26b were reacted

under the same conditions to study the internal return

of the nucleofuge (RCO2) in the reaction. Finally, to

study the memory effect using enantiomerically pure

chiral ligands we developed a highly practical 13C

analytical method based on a combination of a chiral-

shift reagent, ðþÞ-Eu(hfc)3 (hfc ¼ [3-(heptafluoropropyl-

hydroxymethylene-ðþÞ-camphorate]) and 13C-2H isotope

shifts. Once calibrated, a conventional 13C{1H} NMR

experiment allowed simultaneous but individual mea-

surement of the ee values of 27 arising from (S)-26 and

(R)-26 in racemic (� )-26, by analysis of the C(40)H2
13C-

subspectrum (Scheme 19, right).

Scheme 18 Preparation of 2H- and 18O-labelled cyclopentenyl esters 26.

Scheme 19 Stereochemical pathways for reactions of enantiomers of 2H-labelled esters 26 and the combined 13C–2H isotope-
shift/ðþÞ-Eu(hfc)3 chiral-shift reagent method for their differentiation.
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This system permitted us to study the factors

affecting the memory effects arising from individual

enantiomers of substrate in a racemic sample, in the

presence of different chiral ligands. The profound effect

of chloride ions on memory effect and kinetic resolution

was also studied using this method.

We have also studied the regiochemical memory

effect on racemic iso-cinnamyl esters 28 (Scheme 20).

In this case, we could not employ the 2H-labelling

technique described before for the cyclic substrates

because the p-s-p diastereofacial equilibration of

the p-cinnamyl intermediates will cause the reaction

to lose its stereospecificity with regard to the 2H

label installed at the carbon bearing the nucleofuge.

As we needed two elements of stereochemical

information in the labelling system to track both the

regio- and stereochemical processes, we chose to

deploy a 2H label at the terminus of the alkene unit

in 28 and with a set (Z)-stereochemistry. The conse-

quence of this labelling strategy, is the possibility of

the generation of six products, all of which must

be resolved for simultaneous analysis of both the

regioselectivity and stereoselectivity arising from

both enantiomers of (� )-(1Z)-[2H]-28 (Scheme 20).

To analyse this mixture of compounds we used a

method pioneered by Courtieu et al. that involves

acquiring 2H{1H}-NMR spectra of samples dissolved in

a chiral liquid crystal matrix (CLCM) consisting in a

solution of poly benzyl-l-glutamate in CH2Cl2.26 The

anisotropy, induced through partial ordering, causes

quadrupolar coupling (D|nQ|) to be manifested in the
2H{1H}-NMR spectrum. By using a matrix of the

appropriate concentration and viscosity we were able

to resolve all six components, each appearing as a

doublet in the 2H{1H}-NMR spectrum with a different

chemical shift (linear versus branched; the chemical

shift anisotropy is negligible) or different quadrupolar

coupling (D|nQ|). By synthesis of the reference

Scheme 20 Stereochemical pathways for reactions of enantiomers of 2H-labelled allylic esters 28.
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mixtures of the expected products (employing Pd-, Mo-

and W-catalysed reactions) we were able to assign all

six doublets (Scheme 21).

Compared with the Pd-catalysed reaction, the Mo-

catalysed alkylation version is much less commonly

applied and little is known about the mechanism. To

study the stereochemical course of this reaction we

have applied similar labelling strategies and NMR

techniques to that we employed in the study of the

Pd-catalysed reaction. The availability of the labelled

substrates 28 and 31 as single 2H-labelled enantio-

mers together with the analysis of the products of their

reaction in the presence of Mo complexes by 2H{1H}

NMR spectroscopy in the CLCM described above,

allowed the stereochemical pathways of the reaction

to be distinguished as either inversion–inversion (like

Pd) or an unprecedented retention–retention pathway.

Finally, correlation of solution phase NMR studies of

intermediates with the single crystal X-ray structure of

a p-allyl intermediate isolated from this reaction,

together with the 2H labelled analysis provided the

means to conclusively establish the stereochemistry for

both the oxidative addition and nucleophilic displace-

ment steps for the Mo-catalysed allylic alkylation as

being ret–ret (Scheme 22).

Outlook

In terms of our current and future directions in

structural and mechanistic investigation of organic

and organometallic reactions, stable isotopic labelling

will not just continue to play a pivotal role, but will

increase in scope of application and technique. More-

over, as our experience with isotopic label installation

increases, and our confidence grows accordingly, we

have become ever more ambitious in terms of the types

Scheme 21 2H{1H}-NMR spectra of reference samples of 29 and 30 dissolved in a chiral liquid crystal matrix (CLCM).
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of challenging structures that we are willing to attempt

to build. To set the scene, we end this paper with the

structure of a chiral ligand (32). The ligand is

decadeuterated (d10) with two P-stereogenic centres,

chiral by virtue of isotopic substitution, and thus has

four stereogenic centres in total. We have completed a

formal total synthesis of this molecule, as >97% a

single diastereoisotopomer in >99% ee, in an 11-step

synthesis starting from PCl3, Scheme 23. This d10-

labelled system (and it’s C2-symmetric P-diastereoiso-

topomer) will soon provide us with the tools to explore

the three-dimensional structure of Pd-allyl complexes

of this ligand using NMR spectroscopy}a goal that has

eluded us for over a decade.27

Scheme 22 Stereochemical outcome in Mo-catalysed allylation as deduced by 2H{1H} NMR spectroscopy in a CLCM, 1H NMR nOe
studies and X-ray crystallography of isolated intermediate allyl (shown).

Scheme 23 .
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