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Hydrogen SOl ope Exchange 
Labelling Methods 

A Glance 
By Philip G. Williams 
National Tritium Labelling Facility, 
Lawrence Berkeley Laboratory, University of California, USA 

and Mervyn A. Long 
Department of Inorganic and Nuclear Chemistry, 
School of Chemistry, University of NSW 

Introduction 
Replacement of hydrogen by deuterium 

or tritium is an invaluable tool for 
chemists and biochemists. It allows the 
tracing of a tagged molecule through a 
reaction scheme or biological pathway, 
and can yield much information about 
the intermediate processes. 

A necessary precursor to these ex
periments is the appropriately labelled 
tracer. Many methods are available for 
the production of labelled compounds, 
and these fall into two main categories, ie 
synthesis and exchange. Synthesis of 
labelled substrates is widely used where 
high isotopic enrichment is required, eg 
to the level of one or more tritium atoms 
per molecule. This level of labelling is 
necessary where there is a large dilution 
factor before the actual measurement or 
detection of the labelled product. These 
methods rely heavily on the hydrogena
tion or catalytic dehalogenation of a 
suitable precursor, which must contain 
either a multiple bond or halogen. 

A large array of exchange methods ex
ist, whereby tritium or deuterium is 
catalytically induced to replace IH. The 
main advantage is that these are usually 
one-step methods, ie the reaction is 
carried out on the compound which is 
required in labelled form, and thus a 
"precursor" molecule is not required. 

A further characteristic of exchange 
methods is that often incorporation of 
isotope is general rather than specific, so 
that labelling may occur in many of the 
positions in a molecule, rather than just 
those dictated by a chemical reaction (as 
in synthetic methods). The intention of 
this article is to briefly review these non
synthetic, exchange methods. 

Analysis of labelled materials relies on 
low voltage mass spectrometry, liquid 
scintillation counting, chromatography, 
and NMR. HPLC and TLC methods are 
widely: used for radio-purification. JH 
NMR is a non-destructive tritium analysis 
technique that requires mCi of material,1 
and quickly and cleanly gives the position 
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and relative levels of incorporation of 
tritium. It is now routinely used by labell
ing agencies to assure quality products.2 

2H NMR has also been used for detecting 
the position of deuteration, to supple
ment the extent previously determined by 
mass spectrometry.J 

Metal Catalysed Labelling: 
One-step metal-catalysed exchange 

procedures for preparing deuterium and 
tritium labelled compounds are well 
documented. I.4.11 The methods are ex
perimentally simple - they involve the 
sealing of catalyst, substrate, and isotope 
source (D20, HTO or Tz) in an evacuated 
tube, and heating the tube for the desired 
time at a selected temperature. 

Reaction temperatures are normally in 
the range 50-20(JOC, and reaction times 
usually less that 24 hours. The specific 
activity of the isotope source directly con
trols the activity of the product in tritium 
experiments, and tritiated solvents, eg 
HTO, as isotope source, may be 
recovered and re-used, although with 
reduced isotopic abundance. 

The tritiated solvent (usually HTO) 
method is applicable to a wide range of 
compounds, and gives a lower lever of 
impurities than procedures such as gas ex
posure (for JH) and hydrogenation fH 
and JH). Any impurities in the product 
are easily removed since they arise from 
chemical degradation, not radiation 
damage, and are usually very different 
from the starting material. 

Compounds labelled by metal catalysis 
include amino acids, polycyclic aromatic 
hydrocarbons, heterocycles, alicyclic 
compounds and steroids.4 A range of 
metal catalysts have been investigated, in
cluding platinum, palladium, nickel, cop
per, iron, ruthenium, iridium, rhodium 
and osmium. The catalysts are employed 
as the oxides or chlorides, and reduction 
to the metal is effected by hydrogen, 
borohydride, or by the substrate during 
exchange (the self-activation process).12.1J 

Some disadvantages of the technique, 

are as follows. Firstly, an acceptable level 
of reproductibility can only be achieved 
by the use of extreme care in catalyst 
preparation, and this may be counter
productive in terms of time invested. This 
means that orientations and total ex
change levels can vary on seemingly,iden
tical samples - this is a characteristic of 
many heterogeneous catalytic techniques. 

Aliphatic hydrocarbons require more . 
stringent conditions for labelling than 
aromatics. Exchange can be poisoned by 
the presence of iodo or nitro groups in the 
substrate, and dehalogenation may occur 
with some compounds. Racemisation 
readily occurs in optically active com
pounds, and some other molecules show 
a tendency to disproportionate, eg 
cyclohexene, However, in many cases 
conditions can be chosen so as to control 
some or all of these unwanted reactions. 

A method of heterogeneous metal
catalysed exchange with tritium gas for 
compounds in solution has been 
developed at Amersham International,4 
and also published by Pri-Bar and 
Buchman. 14.16 

The procedure is usually conducted 
under neutral or alkaline conditions, eg 
phosphate buffer pH 7-10. It consists of 
simply stirring the solution of substrate 
(10-15 mg) in the presence of tritium gas 
and catalyst (present as the oxide or as a 
supported catalyst, 10-250 mg) for a 
period of 20 minutes to 20 hours. The 
method is used commercially, and is 
found to yield products of high specific 
activity quickly, simply, and with high 
radiochemical purity. 4 

Salts of many group VIII metals, such 
as potassium tetrachloroplatinite, are 
capable of catalysing homogeneous ex
change in aromatic and aliphatic hydro
carbonsY·18. Acetic acid, HCl and other 
reagents are usually necessary in the reac
tion mixture to ensure homogeneity, and 
to stabilise the catalyst against reduction 
to metal (with consequent precipitation). 

The orientation of exchange is very 
similar to that given by heterogeneous 
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TABLE 1 While BBrJ labelling gives similar 
orientations in aromatic compounds to 
other strong acids, the alkylaluminium 
chloride catalysts give little orientational 
specificity,29 and this is thought to be due 
to the high reactivity of the attacking 
species in the EtAlClz reactions. Steroids 
and other multi-ring compounds have 
been successfully labelled under very mild 
conditions by use of these catalysts.,J·J5.JJ 
with high purity products, and the techni
que is commonly used by labelling agen
cies for routine production of tritiated 
compounds.5 

Heterogeneous and Homogeneous Metal-Catalysed Exchange with Toluene. 

Catalyst Isotope Time Temp. 
Source 

He!. Pt HTO 100 

T, 72 100 

Hom. Pt HTO 10 120 

Het. Pd HTO 24 130 

T2 72 100 

Hom. Pd HTO 240 \30 

Raney Ni D20 130 

T2 72 100 

Hom.Ir HTO 8 160 

methods, while the reproducibility be
tween samples is better, and the activity 
of some substrates (notably nitrobenzene) 
toward exchange is higher. The mechan
ism of exchange has been closely studied, 
and heavily reviewed,19.2o and is currently 
held to be analogous to heterogeneous 
mechanisms.21 

Platinum is widely reported to be the 
most active metal for all the hetero
geneous and homogeneous metal
catalysed exchange methods, and a 
comparison of exchange levels and orien
tations under various reaction conditions 
is given in Table I. Figure I illustrates the 
utility of lH NMR as a tool in the assign
ment of the position of labelling and the 
purity of products from tritiation reac
tions. 

Acid Catalysed Labelling 
Strong mineral acids have been known 

to catalyse the labelling of organic com
pounds since the I 930s'and in recent years 
Lewis acids have also been found to be 
very effective catalysts for some groups 
of molecules. The literature of acid
catalysed exchange has been comprehen-

I 
I 

% Incorp. % Incorporation per H 
ortho meta para Methyl 

6.6 7.4 21.9 25.7 5.2 

40.5 <I 5.1 4.3 28.5 

36.3 <1 21.4 23.0 11.4 

39.7 Ring 50.7 16.5 

20.1 <I I 3.2 3.0 30.2 

41.0 No Orientation Data 

I 
Ring <45% 18.0 

16.1 5.5 12.2 17.3 15.8 

16.1 9.4 21.5 38.3 <1 

(adenine, glycine, and di- and tri-glycine). 
The alkylaluminium chlorides'9.J4 and 
BBr/J have also shown great promise as 
effective exchange catalysts, with some 
compounds being labelled to isotopic 
equilibrium in a few minutes at room 
temperature. 

A 

An advantage of these, and other acid 
systems, is that vacuum techniques are 
not required and hence the experimental 
procedure is relatively simple. Some 
results of acid catalysed exchange of 
toluene are given in Table 2. 

Base Catalysed Labelling 
Most organic compounds can be 

regarded as carbon acids, even if very 
weak, and treatment with sufficiently 
strong base can lead to hydrogen isotope 
exchange. Labelled compounds produced 
in this way can be used as tracers provid
ed that the acidity of the compound and 
the basicity of its solution medium are 
known. 

sively reviewed by Shatenshtein22 and by B 
Thomas." 

The exchange of aromatic compounds 
and alkanes containing a tertiary carbon 
atom with acids is facile, while other 
saturated hydrocarbons seem only to 
isomerise or decompose. Some acids 
which have been investigated as aromatic 
e1ectrophilic substitution catalysts'l·27 are 
tritiated sulphuric acid, tritluoroacetic 
acid and the complex acid T(F1BOPOJ Hz}, 
of which the latter is by far the most ef
fective, being some 200 times faster than 
sulphuric acid. The addition of SbF5 to 
tluorosulphonic acid yields a powerful ex
change catalyst. 28 

Lewis acids have been shown to have 
extreme reactivity as hydrogen isotope ex-
change catalysts.29.JJ Tritiated water pro
moted aluminium chloride was very ef
fective in labelling benzene derivatives 
(2000 times faster than HTS04), pyridine, 
pyrimidines, saturated hydrocarbons, 
and some compounds which were only 
slightly soluble in the reaction medium 

i i •• 0 I 0 , i • iii • , Iii • , Iii •• i ' , , • i • i , 'i; , , • 
7.0 '.0 11.0 ~ 1.0 2.0 1.0 

Figure 1. N,MR spectra of toluene labelled by raney nickel-catalysed exchange with '0 
gas, for eight hours at room temperature. 
A. 320 MHz proton decoupled J H Spectrum, and 
B. 300 MHz I H Spectrum. 
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TABLE 2 

Acid Catalysed Exchange of Toluene. 

Catalyst Isotope Time Temp. 
Source 

TH2P04·BF3 HTO I 31.5 

EtAICI2 HTO I 25 

C6HST I 25 

BBr3 HTO 24 70 

NbCIS HTO I 25 

TaClS HTO 0.1 25 

WCI6 HTO 0.1 25 

A variety of ketones and other organic 
compounds difficult to label by other ex
change methods, eg nitromethane, have 
been labelled by base catalysis. The level 
of activity attainable is limited by the 
specific activity of the isotope source. 
Reviews of base-catalysed exchangel8•39 

and comparisons between the products of 
metal- and base-catalysed procedures40 

are available, and some typical results are 
summarised elsewhere.6 

Irradiated Silica Gel Catalysts 

% Incorp. % Incorporation per H 
onho I meta 1 para Methyl 

10 No brientatlon Data 

90 20.0 I 20.0 I 20.0 <I 

lDO No Orientation Data 

59 31.0 5.1 27.0 <I 

60 No Orientation Data 

N IOri I D 10 ,0

1 

entatrn ata 

10 No,Orientalon Data 

(water, gas, or labelled benzene) and by 
the exact experimental conditions. 

In initial work, a wide range of submit
ted aromatics were labelled by exchange 
with a small quantity of high specific ac
tivity tritiated water, over HY zeolite.46 

3H NMR analysis of the products 
showed a strong preference for the ortho
para isotope distribution typical of elec
trophilic substitution mechanisms. No 
labelling was observed within the alkyl 
substituents of straight-chain alkyl 
aromatics. In branched alkyl aromatics, 
alkyl exchange was confined to the beta 
carbon atoms of molecules branched at 
the alpha carbon, suggesting a similar 
mechanism to that published for alkane 
exchange with strong mineral acids.sl 

The use of perdeuterobenzene or 
tritiated benzene as isotope sources for 

. the labelling of aromatic hydrocarbons 
over Y, Mordenite and ZSM-S zeolites 
has been studied in considerable detail.47 

Exchange was observed at temperatures 
as low as 40°C in toluene, but 
temperatures up to 125°C were necessary 
to promote efficient labelling of less ac
tive aromatics such as halobenzenes. 

The result of using tritiated benzene as 
isotope source is an almost random 
distribution of isotope within the 
aromatic ring, in contrast to the ortho
para orientations obtained with tritiated 
water. This phenomenon has been ex
plored in considerable detail using 
specifically labelled toluenes in "back ex
change" experiments,48 and the results 
explained in terms of the relative ac
cessibility of the isotope pool to the 
catalyst surface. 

The zeolite exchange method was ex
tended to the use of tritium gas as isotope 
source by the incorporation of platinum 
and palladium into the catalyst.49 This 
modification allowed the production of 
higher activity products, and saturated 
compounds became readily accessible to 
hibelling. 

The inclusion of the metal leads to 
alkyl labelling as observed over unsup
ported metal catalysts, while the aromatic 
orientation which accompanies the alkyl 
labelling is typically ortho-para, ie zeolite 
catalysed.48 Hence it is possible to pro
duce a unique labelling pattern in alkyl~ 
benzenes by use of a metal-zeolite 
catalyst. The mechanism of these ex
change processes has been describecf'9'so 

in terms of hydrogen spillover and the 
constraints of the zeolite pore geometry. 

The zeolite procedure represents a 
clean, efficient method of labelling simple 
organic compounds to high specific ac
tivities, without the complications of 
intramolecular substituent shifts observed 
in Lewis acid labelling of disubstituted 
aromatics29 and the biphenyl production 
observed in some noble metal exchange 
procedures. The method is simple, and 
vacuum techniques are only necessary if 
the activity of the noble metals is to be 
utilised. However, the technique has not 
been tested on large molecules, and these 
are expected to bl! inactive towards ex
change since the relatively small pore 
dimensions of zeolites prevents access of 
large molecules to most of the catalytical
ly active sites. 

TABLE 3 

The use of gamma-irradiated silica gel 
as a catalyst for tritium labelling has been 
reported by Odell and co-workers.41 .42 In 
a typical experiment, silica gel is degassed 
under vacuum at 500°C, irradiated in a 
6OCO source to a total dose of 1 MRad, 
then exposed to tritium gas. The 
radiation-induced colour is bleached by 
the tritium absorption, indicating that 
trapped radicals in the silica matrix are 
quenched by the dissociation of the 
tritium gas. The substrate is subsequently 
vacuum distilled onto the activated gel. 
The results of alkylbenzene and alkane 
labelling indicate that the reaction is 
essentially electrophilic in nature. Subse
quent work"3 presents esr evidence to sug
gest that aromatic compounds are weakly 
complexed to aluminium sites during at
tack by T+ on the substitution site. 

Exchange of Toluene Catalysed by Y Zeolite. 

Zeolite Catalysed Exchange 
Zeolites (crystalline aluminosilicates) 

are active catalysts for a large number of 
organic reactions.44

•
4s In general, they 

catalyse isotope exchange46-S0 at tempera
tures considerably below those used 
commercially to activate hydrocarbon 
conversion and related important in
dustrial processes. Their activity can also 
be modified and enhanced by loading 
them with catalyti<;ally active metals, and 
a sample of labelling results is given in 
Table 3. 

Analytical techniques such as radio-glc 
and 3H NMR spectroscopy were used to 
show that the level and distribution of 
isotope within the exchanged molecule is 
influenced by the guest metal, by the 
zeolite structure, by the isotope source 
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Catalyst 

HNaY 

Pt-HNaY 

Pd-HNaY 

Isotope 
Source 

HTO 

C6HST 

T2 

HTO 

HTO 

C6D6 

T2 

lITO 

lITO 

C6D6 

T2 

Time Temp. Vacuum? 

1.5 175 N 

24 lDO N 

168 ISO Y 

24 150 N 

48 150 Y 

168 125 Y 

72 1DO Y 

72 150 N 

48 150 Y 

168 125 Y 

96 1DO Y 

% Incorp. % Incorporation per H 
onho meta para Methyl 

12.5 28.7 <I 42.5 <I 

58.0 18.0 20.0 24.0 <I 

10.6 24.0 15.5 18.7 <I 

44.5 19.5 8.5 43.9 <1 

79.3 3.2 25.3 19.4 7.9 

67.9 12.7 15.6 39.0 1.5 

56.1 14.6 6.0 42.0 5.6 

33.6 9.1 0.7 22.5 19.3 

42.9 1.0 <1 2.1 32.0 

36.4 No Orientation Data 

50.2 3.0J <1 115.8] 26.1 

,J 

L· • 



Radiation Induced LabeWng Techniques 
Wilzbach labelling has been the most 

widely used labelling procedure since its 
discovery in 1956.l2.l3 The method in
volves exposing the substrate to Curie 
quantities of tritium gas for a period of 
time, typically days or weeks. The ex
change is radiation induced, and conse
quently, much of the sample activity, eg 
70 per cent, is often present in highly 
labelled byproducts. In addition, the in
corporation levels achieved are usually 
low. 

One variation on the technique in
volves using very high specific HTO in 
place of T2• Reactions have been conduct
ed under vacuum at ambient or elevated 
temperatures over periods of 1-2 
months.l4.ll Although long exposure 
times are still required and low specific 
activities are obtained, generally less than 
3070 of the total activity incorporated is 
present in byproducts. 

Recently, new reports of microwave 
and hot wire activation modifications of 
the Wilzbach technique have 
appeared.l6-l8 The microwave studies ap
pear to confirm earlier conclusions that it 
is difficult to control degradation of the 
target molecule, while still obtaining ex
tensive labelling. Re-investigations of 
thermal atom labelling methods show 
promise, especially for molecules of 
biological interest, with products having 
activities in the region of 10-20 Ci mmol-) 
reported.l8 The absolute purity of these 
products is, however, still in some doubt. 
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INTERNATIONAL BI-CENTENARY 
CONFERENCE OF THE RACI-NZlC, 

Hobart, January, 1988 
Preliminat'f Announcement: Chemistry 

: Today for Tomorrow's Wortd - The first 
; joint conference of the RACI and NZIC is 

to be held in Hobart. Tasmania. January 
19-25. 1988. The program will include 
plenary and other lectures. poster ses
sions. excursion visits to industries and 
govemment science establishments and 
pre- and post-conference tours of Tas
mania. The lecture program has been 
arranged for the period 19-22 January 
and will cover presentation and discus
sions in the following prOVisional topic 
areas as relating to the work of chemists 
and the profeSSion of chemistry: chemis-

, try in agriculture. chemistry in the pulp 
and paper industry. education policies for 
chemistry. energy and mineral chemistry. 
food chemistry, govemment-industry 
SCience policy. hazardous chemicals in 
transport and handling, marine chemis
try. drugs natural products and essential 

I oils. waste management and en
vironmental matters. 
A trade exhibition will also be held. I 
A first circular. with reply card inviting I 
expressions of interest in these or other 
areas. will be circulated shortly. 

Correspondence should be addressed to: I' 

Dr J. Bonham. ARACI 
Secretary, RACI-NZIC Conference ----,I 
PO Box 405 
Sandy Bay. Tasmania 7005 
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This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 
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