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1. INTRODUCTION

Biology and related disciplines—biochemistry, molecular
biology, and bio-organic chemistry-—are fields of study
where the use of isotope exchange has proved most fruitful.
The present development of a whole series of branches of
these sciences could not be imagined without the utilisation
of radioactive isotopes and some branches (for example, the
study of metabolism or biogenesis) have been placed on a
genuine scientific basis solely as a result of the application
of the isotope method. Isotope exchange has now come to be
widely used in biochemistry and bio-organic chemistry as a
method for the qualitative and quantitative analysis of
substances. The reason for this is that isotope exchange is
more sensitive by 4—6 orders of magnitude than spectroscopic
methods and moreover in most instances does not require
careful purification of the substances to be determined. It is
frequently actually unnecessary to isolate them or to commin-
ute the sample in which they are contained. The high sensi-
tivity of the isotope method is particularly important for
biological disciplines, because it permits a reliable determina-
tion of the substances at concentrations close to those at
which their biological activity is shown.

Since the sensitivity of the method is unambiguously related
to the specific radioactivity a of the labelled compound, there
has arisen in recent years a clear tendency to use tritium-
containing organic compounds instead of their analogues
labelled with *C. Indeed, when a single T atom is intro-
duced into a molecule, a ~30 ¢ mmol™ should be attained
theoretically, while the introduction of a single **C atom
yields only 64 uc mmol™. Since the molecules of organic com-
pounds contain in many instances tens of hydrogen atoms, it
is in principle possible to obtain tritiated compounds with a
amounting to several hundreds and more of ¢ mmol !. How-
ever, in practice preparations with a > 50~100 ¢ mmol™ are
rarely used, because under the conditions of high values of
a autoradiolysis is accelerated. Other advantages of tritium
are the possibility of introducing it by exchange methods
(i.e. into a "finished" molecule) and a much lower cost of
tritium-containing compounds compared with those labelled
with C. As regards other radioactive isotopes employed
(%%p, *p, 5, 1251, ete.), the region of their applicability is
naturally much narrower.

Thus tritium is nowadays the most important and most com-
mon radioactive isotope used in biology and related disciplines
and the problem of methods of synthesising tritium-labelled

biologically active substances (BAS)t has become extremely
urgent. These methods include chemical synthesis, biosyn-
thesis, synthesis with the aid of hot atoms, and exchange
methods (catalytic isotope exchange, the Wilzbach method and
its modifications, etc.), the exchange methods having a number
of advantages particularly in the preparation of labelled BAS
of complex structure—these are primarily single-stage syn-
thesis ("rapidity" of synthesis), universality, comparative
simplicity, and the possibility of obtaining high values of a.
This review is devoted to exchange methods for the
preparation of tritium-containing BAS; the exchange of
labile hydrogen atoms and homogeneous and heterogeneous
catalysis of the hydrogen—tritium exchange are considered
in detail. Furthermore, the review includes the method of
catalytic dehalogenation, which is strictly speaking one of the
synthetic methods. This is because of, firstly, its similarity
(both from the standpoint of the mechanism and from the
standpoint of the purely preparative aspect) to the hetero-
geneous catalysis of isotope exchange and, secondly, because
of the extremely great importance which the method has
assumed (particularly in recent years) for the preparation
of virtually all classes of labelled BAS, in the first place
peptides, proteins, and nucleotides. The Wilzbach method
and its modifications are not considered in this review.
Attention has been concentrated on studies published in the
last ten years; a compilation of earlier literature can be
found in Evans's monograph published in Russian transla-
tion' in 1970. Studies on deuterium are quoted only in those
cases where it is of interest to compare them with the corre-
sponding results for tritium or when such results for tritium
are not available at all but the latter could be obtained (judg-
ing from the studies using deuterium).

Il. EXCHANGE OF LABILE HYDROGEN ATOMS

On dissolution, compounds containing the >NH, —OH, and

—SH groups in protic tritium-containing solvents (HTO, MeOT,
EtOT, AcOT, etc.) are known to exchange rapidly the H

1 In the present review biologically active substances
(BAS) are understood to be both products of natural origin
(proteins, peptides, aminoacids, carbohydrates, nucleotides,
steroids, etc.) and synthetic preparations (medicinal agents,
pesticides, carcinogens, etec.).
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atoms of these groups (labile hydrogen atoms) for T even
under the usual conditions. If the solute is capable of
undergoing tautomeric transformations (for example keto—enol
or imine—enamine tautomerism), the H atoms linked to the C
atoms can also exchange with the tritium-containing solvent
under conditions (frequently fairly mild) under which a
tautomeric equilibrium is established (i.e. the stable H atoms
become labile).

The introduction of tritium in a labile position takes place
readily and reversibly, so that the reaction is as a rule of no
preparative value, since the labelled BAS obtained by this
method lose tritium completely on dissolution in the usual
solvents or on being employed in biological studies. However,
in certain cases tritium can be fairly simply transferred from
a labile to a stable position. An excellent example is pro-
vided by the synthesis of 5-fluorouracil-6-t 2~° and 5-bromo-
uracil-6-t ¢ from the corresponding orotic acids (I), which
readily exchange their carboxyl hydrogen on heating with
HTO or (the preferred method) *’® with a solution of T,O in
dioxan or dimethylformamide (DMF) (100 °C, 1 h). Such
solutions are obtained as a result of passing T, through a
suspension of PtO, in dioxan or DMF. Labelled orotic acids
(II) are then decarboxylated at 250—300 °C with formation of
the corresponding tritiated nucleic bases (III) having a £ 1-2
¢ mmol™. It has been shown’ that thymine-6-t can be
obtained similarly:

9 1 9
I
X "X X
/
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o’ \g/ \CcooH o/ \g/ \cooT o’ \g /N1
] : an am
X = Br, F, or Me.

The same principle constitutes the basis of a method for
the specific introduction of D or T into the a-position in
o-aminoacids (alanine, phenylalanine, glutamic acid, and
aspartic acid)®. The method involves the isotope exchange
of the carboxyl hydrogen in the corresponding N-acylamino-
malonic acid (IV) with D,0 or HTO and subsequent hydrolysis
and decarboxylation. All three stages can be carried out in a
single experiment:

RCONHCR' (COOH); —22—» RCONHCR' (COOT), —fisg~ RCOOH-+HNCT (R) COOH.

vy

111. HOMOGENEOUS CATALYSIS OF HYDROGEN ISOTOPE
EXCHANGE

Both base and acid catalysis as well as catalysis in the
presence of soluble transition metal salts have been used to
introduce tritium into BAS.

1. Base Catalysis

In base catalysis the isotope exchange process is initiated
as a result of attack by a B~ anion, which abstracts a proton
from the compound involved in exchange with formation of a
carbanion, which then combines with T*. If the intermediate
carbanion is an ambident species [for example, (V)], i.e. can
be protonated at two (or more) centres, the conditions for
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isotope exchange are the same as the conditions for tauto-
meric transformations and the latter can be frequently identi-
fied from the occurrence of isotope exchange:

RCH—C (R)=X —% s RCIZC R 225 K- —— RCT—C (R)=X+
)

FRE=CR)—XT ;
X=0, N—, c( .

In certain cases the deprotonation proceeds very readily.
Thus purine bases, nucleosides, and nucleotides exchange
hydrogen, albeit slowly, at C( s) even at pH 8 and room tem-
perature®!’, In the preparative synthesis of labelled purines
it is necessary to heat the latter with HTO at 85-100 °C; the
reaction time varies from 20 min (for DNA and nucleoside
triphosphates, which undergo hydrolysis under these condi-
tions) to several hours''™®, The rate of exchange is deter-
mined by both electronic and steric factors. The presence
of a ribofuranosyl residue facilitates the exchange: at 85 °C
adenosine exchanges at C(e) twice as fast as adenine which,
however, exchanges hydrogen at C(2) 2000 times faster than
at C( 8)e 14

The conformation of the macromolecule and the microstruc-
ture of the helix which determine the accessibility of a par-
ticular section of the nucleic acid molecule to water, exert a
significant influence'®™®: the exchange of H at Cq) with
HTO in the purine residues of a natural double helix DNA is
almost three times slower than for a mixture of the corre-
sponding polynucleotides; the double heélix RNA exchanges
even more slowly (by a factor of 30—40). Studies of the
kinetics of the exchange at different pH have shown'®~2?
that in reality the N(7)~protonated form (VI) and not the
purine molecule itself is deprotonated. The former is formed
very rapidly, while its conversion into the ylid (VII) is the
rate-limiting stage in the entire process:

g T+ Ty
7 + -
== X = o = X
N N
R R R R

VD (VD
Methylene groups activated by neighbouring electron-
accepting groups (CO, —COOR, —CN, etc.) exchange with

HTO at alkaline pH, usually with heating. For ketones, for
example camphor??, the exchange proceeds under conditions
identical with those for enolisation, and the isotope exchange
mechanism is in this case identical with the mechanism of
tautomeric keto—enol transformations. In order to introduce
T into the a-position relative to the oxo-group in testoster-
one, progesterone, and other 3-oxosteroids, a convenient
preparative method has been proposed®*?°. It consists in
passing a solution of the test substance in an organic solvent
through a column filled with basic alumina subjected to a pre-
liminary treatment with HTO. Tritium has been introduced
into the 2- and 4-positions of 3-oxo-5a-cholestan-26-yl
acetate (VIII) by a similar procedure—isotope exchange with
iso-PrOT in the presence of aqueous NaOH:2¢

(VIII)

The tritium atoms introduced by these procedures into the
steroid molecule are entirely stable in acid and neutral media,
but at pH > 10 they exchange for H to the extent of 80—95%
even at the usual temperature over a period of 24 h.
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Isotope exchange involving the hydrogen in a methylene
group activated by neighbouring carbonyl groups proceeds
readily in an alkaline medium also in aminosugars (pH 11-11.5;
20 °C; 48 h), as shown for example, for 2-acetamido-2-
deoxy-D-glucose?’, where deuterium can be introduced in the
2-position by this procedure with a high yield. Since alkaline
epimerisation also takes place under these conditions 2-acet-
amido-2-deoxy-D-mannose-2-C-d is formed as a side product.

Steroid lactones—cardiac glycosides of the digitoxin series
and their aglycones—exchange with HTO in DMF in the
presence of Et,N (30—80 °C, 2—-8 h), more than 95% of tritium
being incorporated in the lactone ring. Tritium-labelled
digitoxin, digitoxigenin, digoxin, gitoxigenin, and uabain

with a = 0.4-0.7 ¢ mmol™ have been obtained by this method?®.

Homogeneous base catalysis has also been used in the syn-
thesis of triol-15-t (XI).?° The 3-benzilate of the dimethyl
ester of marianoleic acid (IX) is tritiated in the a-position
relative to the methoxycarbonyl group on successive treat-
ment with triphenylmethylsodium and HTO and the resulting
labelled ester (X) was converted by acyloin condensation and
subsequent reduction into 15-tritioestriol (XI); this com-
pound contains a tritium atom in a position within the mole-
cule from which it cannot be removed by the water present

in living organisms:
COOMe
LX
0T CH,CO0T
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The isotope exchange between the N-t-butylamide of 2-(5-
benzyloxy-6-hydroxymethyl-2-pyridyl)-2-hydroxyacetic acid
(XII) and t-BuOT in the presence of t-BuONa takes place
readily (20 °C; 16 h). The resulting amide-a-t (XIII)
serves as the starting material for the synthesis (reduction
with B,H; and subsequent catalytic debenzylation) of the
labelled medicinal preparation pirbuterol (XIV):3°

HO—CH— CONHBu-t HO—CT—-CONHBu-t
‘ 7

<
—\ +BuOT /N
£ N ~tBuONa N -
> >
prci,6 CHiOH PhCH,0 CH,0H

(X1 (XII1)
HO—CT— CH,NHBu-t

é
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7N\
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The hydrogen atoms of the a-methylene group are mobile
not only in lactones, esters, and acid amides (as can be
seen from the examples quoted above) but also in the car-
boxylic acids themselves. The sodium or potassium salts of
aliphatic acids (ranging from butyric to stearic) are con-
verted in high yields into salts of a-labelled acids (XVI) and
(XVII) on heating with NaOH and D,O or HTO under severe
conditions (autoclave; 200 °C; 1-3 days) with intermediate
formation of the corresponding carbanions (XV):%

RCH,COOK -» RCHCOOK —» RCHTCOOK — RCT;COOK .
(XV) XV (XViII)
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The o-hydrogen atoms in lactic?, chrysanthemic®?, and
abscisic®* acids exchange for D or T under similar conditions
and in the last case tritium also enters the 4-position and the
methyl group linked to C(s); the preparation obtained has a
high activity.a = 6.5 ¢ mmol™.

The isotope exchange involving aminoacids is unsatisfactory
under these conditions. Labelled aminoacids are therefore
prepared by other, more complex methods; some of these
also involve isotope exchange catalysed by bases. For example,
under the influence of morpholine and an aqueous NaCN
solution, aromatic aldehydes are readily converted into mor-
pholinoacetonitriles (XVIII), which exchange hydrogen in the
o-position relative to the cyano-group on heating with D,0 aor
HTO (DMF or sulpholan; 100 °C; -~5h).3® Hydrolysis of the
labelled nitriles (XIX) leads to aldehydes containing tritium
in the formyl group; on disproportionation of these alde-
hydes via the Cannizzaro reaction, the corresponding benzyl-
o,a-t, alcohols (XX) are formed and are then converted by
familiar synthetic methods into aromatic aminoacids (phenyl-
alanine, tyrosine, and dihydroxyphenylalanine) labelled with
tritium in the B-position [compound (XXI)]:

/TN /N
ArCHO — ArCH—N JELLLISN Ar(I:T—N O - ArCTO —
| _ .
N N
v (XIX)
- ArCT,0H — ArCT,CH (NHy) COOH .
XX) (XX1)

A novel possibility for hydrogen isotope exchange in amino-
acids under the conditions of base catalysis was demonstrated
with deuterium for leucine (XXII),®® which is converted into
leucine-a, B, B~d; on boiling in D,0 in the presence of pyrid-
oxal (XXIII) and potassium alum. Under these conditions,
an equilibrium is established between leucine and pyridoxal,
on the one hand, and the ketoacid (XXVI) and pyridoxamine
(XXVII), on the other, with intermediate formation of the
corresponding Schiff bases (XXIV) and (XXV). The tautom-
erism of these bases (XXIV) = (XXV) in D,O is in fact
responsible for the hydrogen exchange in the a-position of
leucine, while the exchange in the B-position is in all probab-
ility a consequence of the keto—enol tautomerism of the keto-
acid (XXVI):

MesCHCH,CHNH, - RCHO = Me,CHCH,CIHN=CHR =
COOH

COOH
(XXI1) (XXI1D) (XXIV)
2 MeCHCH,C==NCH,;R & Me,CHCH,COCOOH - RCH,;NH,
COOH
(XXV) (XXvn (XXVII)
/CH,OH
7 N
R=N .
NI
\
Me OH

Numerous studies of the kinetics of hydrogen exchange in
peptides and proteins (see, for example, Refs.37—41) as well
as polyamides, treated as models of protein“l™*, indicate, in
the way already mentioned above for polynucleotides, a con-
siderable influence of the polymer matrix (particularly a
protein matrix) on the nature of the transition state and the
exchange mechanism. The rate of exchange is determined by
the steric accessibility of various sections of the protein
molecule to the solvent and is a minimum for the most ordered
structures. It has been shown for collagen"® that, as a
result of the rupture of intramolecular hydrogen bonds, the
exchange with D,0 is accelerated.
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The hydrogen atoms in aromatic compounds are also cap-
able of isotope exchange in an alkaline medium (NaOT or KOT
solutions in HTO or in HTO-DMF, MeONa in MeOT, and KNT,
in liquid NT,).*® The exchange is promoted by the presence
of methoxy-groups and particularly phenolic hydroxy-groups
as substituents in the aromatic ring, which has been used to
introduce tritium into the ortho- and para-positions relative
to the hydroxy-group in phenolic aminoacids"’ and in phe-
nolic alkaloids related to morphine*®™®!, Heteroaromatic com-
pounds and their hydro-derivatives also exchange under
analogous conditions; the exchange is most effective in
liquid NT,,"*® %! but experimental difficulties in studies using
this solvent limit its practical application. The exchange
involving nitrogen-containing heterocycles is greatly accel-
erated when powerful electron-accepting substituents (oxide
oxygen or a nitroso-group) are present at the nitrogen
atom"®5%%3  The mechanism of the exchange involves two
stages—the formation of a carbanion and its subequent inter-
action with the labelled medium; both the first stage (in the
exchange of methyl hydrogen atoms in ethyl-substituted
heterocycles)>? and the second stage (in the exchange of
hydrogen at C(;) in 2-substituted indoles)**** can be rate-
limiting.

2. Acid Catalysis

In the homogeneous acid catalysis of hydrogen isotope
exchange the intermediate carbonium ion plays the same role
as the carbanion in base catalysis (see above). The car-
bonium ion can be formed either as a result of the abstraction
of a hydride ion from the molecule or (more often) as a resuit
of the addition of T* or D* to an unsaturated carbon atom.
The latter version obtains in numerous hydrogen exchange
reactions in aromatic systems. The acid agents employed
(see the review of Burrish et al.5%) are strong protic acids
(sulphuric, phosphoric, perchloric, and trifluoroacetic),
weak acids (for example acetic), Lewis acids (AICl,, AlBr;,
and EtAICl,), and the complex H,TPO,.BF, (the so-called
Yavorsky reagent®’).

Virtually all these agents have been used successfully to
introduce the tritium label into aromatic and heteroaromatic
compounds, although in certain cases, involving HTSO, at
elevated temperatures, undesirable side reactions do occur.
Howver, tritium has been introduced into l-phenylalanine and
its p-nitrophenyl ester with high yields on heating (90° to
100 °C, 48-72 h) with dilute HTSO, (or formed from SO, and
HTO), approximately 95% of the incorporated tritium being
contained in the benzene ring and approximately 5% in the
B-position®®. The exchange is accompanied by a slight (<4%)
racemisation; the value of a for the preparations obtained
amounts to several pc mmol™2,

In order to obtain other labelled tritiated aromatic amino-
acids with a of the same order of magnitude, 3—4 N solutions
of TCl in HTO are most frequently used (heating at 40—90 °C).
Under these conditions, 3-hydroxy-l-kynurenine exchanges
only in the benzene ring®® and 1-5-hydroxytryptophan
exchanges in the 2-, 4-, and 6-positions in the indole ring'
while the side chains are unaffected and the exchange does
not involve racemisation. On raising the temperature (100 °C,
several hours), it is possible to achieve the exchange of all
the hydrogen atoms in the benzene ring of L-5-hydroxy-
tryptophan®® and of the hydrogen atom in the 3- and 5-posi-
tions of tyrosine and in the 2-, 5-, and 6-positions of 3,4-
dihydroxyphenylalanine*’, while it has been shown with the
aid of deuterium that in tryptophan®? the hydrogen atoms in
the 2- and 6-positions exchange rapidly and those in the 4-,
5-, and 7-positions exchange slowly only in trifluoroacetic

60,61
>
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acid. Like tyrosine, 4-aminobenzoic acid also exchanges in
the 3- and 5-positions on heating with 3 N TC1 in HTO (90 °C,
36 h). This preparation with a = 2.5 yc mg™ has been used®®
to synthesise the tritium-labelled 4-methylpiperazide of 4-[N-
(7-trifluoromethylquinolinyl)amino Jbenzoic acid, which exerts
an effect on the central nervous system.

It has also been shown with the aid of deuterium that an
acid medium (DCl! in D,0 or AcOD) is suitable for the intro-
duction of the label not only into the benzene ring but also
into non-benzenoid aromatic and heteroaromatic natural prod-
ucts—azulenes®*%, indoles (in the 3-position)®®, chloro-
phylls®’, and porphyrins®®. In the same medium [DCl (TCl)
in AcOD (AcOT) at 120 °C] the a-hydrogen atoms of car-
boxylic and aminoacids exchange®® and also certain aliphatic
acids, for example stearic’’, exchange with HTO (130 °C,

48 h, a reaching 1 ¢ g™ after washing out the labile tritium)
without any extra acid additives.

As regards tritium-containing aminoacids (XXXI), the
latter are obtained most effectively by refluxing the Ac,0
in AcOT (the reagent is prepared by adding an excess of
Ac,0 to HTO) and subsequent treatment with HTO.”'™" In
this case the hydrogen atom in the a-position exchanges
exclusively (or almost exclusively) and the exchange is
accompanied by racemisation and does in fact occur for the
aminoacid (XXVIII) itself but involves the intermediate
azlactone (XXIX), which is converted into the tautomeric
form (XXX):

Ac,O A0 RCH—C=0 RC=C—OH
RCH—COOH——.RCH—COOH —== | 1 2 | | =
1 | * N O N O
NH, NHAc / N/
(XXVin —Me C—Me
(XXIX) (XXX)
RC=C—OT RCT-—C=0O RCT—COOH RCT—COOH |,
acoT || [ | |
— N\/O e N\/o — NHAc - NH,
C—Me C—Me (XXXD)

Despite the fact that DL-aminoacids are obtained by this
method, in combination with enzymatic resolution of racemates
it can be used also to obtain labelled L-aminoacids’®. An
analogous procedure (boiling with Ac,0 into AcOD followed
by treatment with D,0) has recently been proposed as a
method for the introduction of deuterium into the a-position
in aminoacids’®.

The use of the Yavorsky reagent (the complex H,TPO,.BF;)
as the tritiating agent for aromatic compounds and compounds
containing tertiary hydrogen has a number of advantages
(the exchange takes place even at room temperature and
there are no side reactions,which leads to radiochemical
purity of the products®’'7®); however, owing to the low
values of a (at most tens of pc mmol™?) attainable with its aid,
it is hardly used for the preparation of labelled BAS. Insec-
ticides (DDT, parathion, sevin, and their analogues)?’,
tropine, and mescalin’® are exceptions. Recently this list
was extended by including insulin (a = 6.5 pe mmol™! 7° and
also certain phenols (¢ = 10-80 uc mmol™), converted as a
result of esterification into labelled hypolipidemic agents
(including clofibrate)®®,

A modification of the Yavorsky reagent—the complex
AcOT.BF; (prepared by the successive addition of a slight
excess of Ac,0 and an equivalent amount of BF, to HTO)—
was proposed from the very beginning® specifically for the
introduction of the tritium label into BAS—aminoacids,
peptides, proteins (o-lipoprotein, ribonucleoprotein, somato-
tropin, and insulin), and cholesterol. The exchange takes
place under mild conditions (20—24 °C, approximately 20 h),
but certain proteins (human albumin and ovalbumin) are
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nevertheless denatured and the values of a attained do not
exceed 150 uc g1,

Lewis acids (AICl;, AlBr;, MeAlCl,, EtAlICl,, WCl;, SbCl;,
and BBr;) catalyse hydrogen isotope exchange mainly in
aromatic compounds and their use for labelled BAS is there-
fore extremely limited. Best results have been achieved for
polynuclear aromatic hydrocarbons—methylcholanthrene,
3,4-benzopyrene, and 9,10-dimethyl-1,2-benzanthracene,
which are powerful carcinogens and are widely used in
oncological research. After being kept with HTO and
AICl, in CS; for many days (14-50 days at 20 °C), these
hydrocarbons are converted into the corresponding gener-
ally labelled compounds with a = 20—-50 ¢ mmol™*.%2 The
attempts to use AlICIl; as the catalyst of the exchange between
HTO and uracil, adenine, and glycine or its peptides (in
CH,Cl, at 80 °C) were less successful®®*. Among all the cata-
lysts of this type, the most effective is apparently EtAICl,,
in the presence of which full equilibrium between aromatic
hydrocarbons is attained for benzene and its homologues and
derivatives after only 30 min at 20 °C.%* In this case the TCl
formed as a rsult of the partial hydrolysis of the catalyst
plays the role of a cocatalyst: the strong acid T*[EtAICl,],
obtained from TCl and EtAICl,, adds to the aromatic ring to
form the complex (XXXII). The equilibrium between the
hydrocarbon, the acid, and the complex is responsible for
the hydrogen exchange®’:

H T. T
- H -
THELAICL™ + \@@—* @ = @ + HTIEtAICL |

EtAICL
(XXXI11)

The catalysis by other Lewis acids proceeds via a similar
mechanism. It has been suggested®® that the HTO—EtAICl,
system be used for the introduction of tritium into alkanes
and cycloalkanes (including steroids) containing at least one
tertiary hydrogen atom. However, in order to attain satis-
factory values of a, a fairly high temperature (96 °C) is
necessary, which also promotes skeletal isomerisation reac-
tions in the intermediate carbonium ion, which leads to the
formation of labelled side products. For steroids or other
BAS, this method has not found any serious applications.

In catalysis by Lewis acids of the reaction involving the
exchange of H for D the experimental procedure is simplified,
since deuterated aromatic hydrocarbons (usually C,Dg) can
be employed as the labelled medium®*®7,

The hydrogen isotope exchange in an acidic (sometimes
weakly acidic) medium, initiated by various types of radiation
(ultraviolet radiation®®92, y-radiation®®°*, and the intrinsic
radiation of HTO with a high value of a °°'°®), constitutes a
special variety of homogeneous acid catalysis. Such exchange
involves both aromatic®® 9% and aliphatic®®~%® compounds (par-
ticularly carbohydrates®»%); the initiation is facilitated by
the addition to the medium of substances readily forming
radicals—potassium iodide®%®® and mercaptans®. In all cases
radicals are formed as an intermediate stage: for aromatic
compounds as a result of the addition of T* and for aliphatic
compounds as a result of the abstraction of H*, For example,
in the exchange between benzene and HTO in an acid medium
in the presence of KI irradiation induces primarily the decom-
position of the I~ ion into I' and a solvated electron®®. The
interaction of the latter with the cation H,TO* leads to H,0
and T°, the addition of which to the benzene molecule with
subsequent elimination of H from the radical {PhHT]" is
responsible for the incorporation of tritium into the aromatic
ring. In a weakly acid medium the solvated electrons can be
captured by benzene molecules with formation of the anion
[PhH]1™, which is converted into the radical [PhHT] as a
result of the interaction with the tritium-containing medium®°.
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On the basis of published data, isotope exchange initiated
by irradiation appears to be relatively unsuitable for the
preparative synthesis of labelled BAS, mainly because of
side reactions. Even for simple compounds, an inversion of
configuration is observed as a consequence of the homolysis
of the C—H bond of an asymmetric carbon atom. Thus the
isotope exchange between (+)-tartaric acid and HTO initiated
by y-radiation leads to a 1:1 mixture of labelled (+)- and
meso-tartaric acids, while a mixture of labelled meso- and
(¥)-tartaric acids is obtained from meso-tartaric acid under
these conditions®, The exchange between HTO and chiro-
inositol, initiated by the intrinsic radiation, leads similarly
to the formation of tritiated chiro-, myo-, and allo-inositols
(but not muco-inositol)%>, The greater ease of exchange of
the equatorial hydrogen atoms compared with the axial atoms
was noted in this instance.

3. Catalysis by Transition Metal Salts

From the point of view of the synthesis of labelled BAS,
the preparative value of the last of the varieties of homo-
geneous catalysis considered here—isotope exchange with
HTO in the presence of soluble chloroplatinates (Na,PtCl,
and K,PtCl,)—is low. This exchange also proceeds in an
acid medium (acetic acid is added to homogenise the solution,
while hydrochloric acid prevents the precipitation of metallic
platinum) and requires an increased temperature (from 50°
to 130 °C).°771%' The mechanism of the exchange involves
the formation of a complex of the type of a m-complex from
the substrate and the transition metal®®. The method
described is therefore effective primarily for the hydrogen
atoms of an aromatic ring, polynuclear compounds (napthal-
ene, anthracene, and phenanthrene) exchanging specifically
in the B-position. A comparative study!?? has shown that
catalysis by K,PtCl, is preferable (requires a lower tempera-
ture and a shorter time) than heterogeneous catalysis of the
exchange with the solvent in the presence of platinum for the
introduction of the deuterium label into hexoestrol, oestrone,
testosterone, and cholesterol.

The homogeneous catalysis by mercury(II) chloride of the
isotope exchange between a nucleoside [2-acetamido-6-chloro-
9-(2'-deoxy-3', 5'-di-0-p-toluyl-D-ribofuranosyl)-9H -purine ]
and tritium-containing aromatic solvents—benzene and
toluene (refluxing for 0.5 h)—has also been described®®?.
Under these comparatively mild conditions, the efficiency of
the exchange is low (a for the labelled nucleoside is smaller
by a factor of approximately 10* than for the initial solvent)
and the incorporated tritium is distributed between the pur-
ine and the carbohydrate moieties of the nucleoside molecule
in proportions of 84 : 16.

IV. HETEROGENEOUS CATALYSIS OF HYDROGEN ISOTOPE
EXCHANGE

The methods for the homogeneous catalysis of isotope
exchange examined above make it possible to obtain tritium-
containing compounds with a high value of a (of the order of
several tens of ¢ mmol™ or at least several ¢ mmol™) in only a
few cases. In contrast to these procedures, in heterogene-
ous catalysis such high values of a can be obtained much
more readily which constitutes the main advantage of this
group of methods. In heterogeneous catalysis of isotope
exchange in solution, both tritium-containing solvents
(usually water) and gaseous T, can serve as sources of
tritium.
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1. Exchange with Tritium-Containing Solvents

In this case the experimental procedure usually consists in
prolonged heating of a mixture of the test substance, the
tritium-containing solvent, and the catalyst. The method has
come to be widely employed since the 1950s and a compilation
of early studies on this problem (up to 1964) can be found in
the first edition of Evans's monograph!®®. The method is
nowadays widely used and one of the largest centres of iso-
tope production in the world—the Radiochemical Centre in
Amersham—uses it for the industrial manufacture of a wide
variety of tritium-labelled compounds, including a large
number of BAS.

Table 1. Biologically active substances labelled by the
method of heterogeneous catalytic exchange with the solvent
(catalyst—Pt black)*.

Substance o of soventss| £ | Time,h | vield, % |7 SEPO%CY
Solvent—HTO

DL-Alanine . 5{1) .8 }38 }g 30 1 %832
Anisomycin

DL-Aspartic acid €35 | 1% 15 o8 366
DL-Valine 1.08 120 16 80 20
Vitamin By 80 140 20 50 4604
Glycine 1.04 100 8.5 58 176
DL-Glutamic acid 1.8 130 15 15 74
Guanine 70 145 20 50 150
Guanosine 90 130 16 20 481
Deoxyguanosine 87 120 3 0.2 1000
Deoxycytidine 70 130 16 0.4 1527
DL-3 ,4-Dihydroxyphenylalanine 1.35 125 16 35 268
DL-Isoleucine 1.8 155 16 40 314
Isonicotinoylhydrazine 100 125 16 72 1323
Coumarin 6.3 130 18 34 2242
DL-Leucine 0.54 120 66 47 103
S-Methylcytosine 100 130 16 10 15 600
Nicotine 35 100 72 33 82
Pyridoxin 200 120 16 3 1500
DL-Setine 1.44 130 15 80 138
Stilboestrol 10 140 5 42 295
DL-Tyrosine 1.35 150 17 48 102
DL-Tryptophan 1.44 100 18 28 685
DL-Phenylalanine 2.18 140 16 50 1800

Solvent—70% AcOT

Adenine 87 130 . 14 70 439
Adenosine 83 110 8 5 680
Androstenedione 40 450 48 50 3400
1,2-Benzanthracene 150 150 16 40 855
3,4-Benzopyrene 25 160 16 64 451
Hypoxanthine 50 150 15 30 630
Deoxyadenosine 87 100 8.5 7 627
Deoxyuridine 33 100 5 20 385
9,10-Dimethy)-1,2- .

‘benzanthracene 30 150 16 50 3250
Inosine 50 100 20 8 842"
Corticosterone acetate 38 130 16 32 1590
Caffeine 25 150 16 36 1280
2-Methylcholanthrene 225 145 16 14 3150
Orotic acid 250 140 15 85 115
Prednisolone 160 150 5 10 685
Progesterone 88 140 16 43 509
Theophylline 75 140 16 24 1480
Thymidine 100 170 15 20 8600
Uracil 50 155 18 50 482
Uridine % 120 16 35 4008
Cholesterol 180 155 16 23 1620
Cytosine 40 100 20 40 300
Oestradiol 200 140 16 21 174
Oestrone 14 130 90 568 188

*Reaction mixture—0.2—0.5 g of substance with 50—100 wt.$%
of catalyst in 2—4 ml of solvent.
**The values for the exchange with aminoacids and coumarin
are quoted in ¢ mmol™; in all other cases they are expressed
in ¢ ml™t,
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In the exchange with the solvent the catalysts can be vir-
tually all Group Vill metals—platinum, palladium, cobalt,
nickel, ruthenium, rhodium, and iridium—which are pre-
pared by reducing their salts with NaBH, or by reducing
their oxides with T, (or D,) %5719 gnd are used as such
(platinum black, palladium black, etc.) or on various car-
riers (silica gel, activated charcoal, Al1,0;, BaCO,, CaCO,).
In Amersham preference is given to the platinum catalyst'®,
but a high efficiency of the nickel (Raney nickel) and
chrome-nickel catalysts has also been reported'’®!!’, In
choosing the catalyst, account must be taken of its influence
on the intramolecular distribution of the added tritium (as a
rule, platinum and palladium are less specific; for further
details, see below) and also the fact that arsenic, sulphur,
and certain nitrogen-containing compounds poison many (but
not all) catalysts.

The ‘-ost common medium in heterogeneous catalytic
exchauye in solution is HTO itself and also a 70: 30 mixture
of AcOT and HTO. In order to attain high values of a, a
temperature of approximately 120—150 °C and a treatment
time ranging from 2 to 20 h (in rare instances significantly
longer—up to 65—90 h) are required. Under these condi-
tions, tritium is introduced into the majority of low-molecu-
lar-weight BAS. The side reactions can be the migration of
the A-bond (in unsaturated compounds), partial hydrolytic
cleavage, and (when AcOT is used) acetylation, but the
labelled side products have approximately the same value of
a as the main compound. As a result, their separation does
not as a rule present a specially difficult problem (which is
an advantage over the Wilzbach method and its modifica-
tions). The activity a of the products naturally depends on
the molar activity of the solvent and reaches up to 80% of
the latter under most favourable conditions.

Table 1 presents specific results achieved by the Radio-
chemical Centre in the preparation by the method described
(with platinum black as the catalyst) of certain low-molec-
ular-weight BAS.°% Evidently the ease of introduction of
tritium into various compounds of even the same class (for
example into aminoacids) is varied. In the majority of cases
the exchange of the hydrogen in aromatic rings is easier
than in aliphatic residues. One should also note that the
values of a quoted in Table 1 for readily exchanging sub-
stances are by no means limiting values. Thus the synthesis
of adenosine triphosphate with a = 23.3 ¢ mmol™ as a result
of the platinum-catalysed exchange with HTO has been
reported recently?’.

As regards the classes of BAS not mentioned in Table 1,
the exchange with HTO in the presence of platinum (140 °C,
20—70 h) has been used to introduce tritium into terpenes
(~2 pe mg™);}!! the possibility of using the "self-activating"
PtO, (HTO, 130 °C, 48 h) as a catalyst rather than platinum
has been demonstrated for carbohydrates in relation to
(-)-inositol (@ = 3.39 pc mmol™).'? However, Raney nickel,
which catalyses the exchange between D,0 and o-methyl-D-
mannopyranoside, B-methyl-D-galactopyranoside, 1,2-O-iso-
propylidene-a-glucofuranose, o,a-trehalose, melezitose,
raffinose, and sucrose (100 °C, 10 h), is more promising for
the introduction of a label into carbohydrates!®?,

The principal disadvantages of the method under consider-
ation are the use of very large amounts (up to 500 and more
curies) of HTO and the relative severity of the exchange con-
ditions. In order to overcome the first of these disadvan-
tages, it has been suggested****** that the labelled water
required for the exchange be obtained by oxidising gaseous
T, with a suspension of PtO, in AcOH, dioxan, or methanol in
the apparatus where the exchange itself takes place; the
exchange is catalysed by platinum formed on reduction of
PtO,, which makes it possible to obtain tritiated water with
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the maximum specific activity, to remove the excess T,, and
in many cases to eliminate the problem of the dissolution of
the starting material. With the aid of this modification of the
method, folic acid and uridine with a = 1-3 ¢ mmol™* were
obtained (AcOH, 120 °C, 24 h),!!® while under milder condi-
tions (dioxan or MeOH, ~20 °C, 4-24 h) geraniol, linalool,
gibberelic acid, hydroxytetracyclin, and phenylalanine were
synthesised with a ranging from 50 to 500 pc mmol™1 1%

The last example demonstrates that, as stated above, the
attainment of a high value of a requires an increased tem-
perature. This disadvantage of the method significantly
restricts the range of BAS to which it can be applied, since
biopolymers (particularly polypeptides and proteins) decom-
pose on heating in most instances, while optically active
aminoacids racemise. Thus, although L-phenylalanine
exchanges with HTO at 30 °C in the presence of platinum
without racemisation (since the side chain is not involved and
more than 90% of the incorporated tritium is localised in the
benzene ring), the overall degree of incorporation of tritium
is small, while at 130 °C generally labelled DL-phenylalanine
is obtained!®. A high degree of racemisation (20—50% of the
D-form) under the conditions of the exchange with HTO at
120—150 °C has also been noted'®® for L-tyrosine, L-trypto-
phan, and L-methionine, while the degree of racemisation in
the case of arginine, lysine, and leucine did not exceed 5%
and the values of a were below 200 uc mmol™?,

In addition it has been shown with the aid of deuterium
that the hydrogen isotope exchange involving the aromatic
ring and catalysed by platinum under mild conditions is
observed for phenylalanine and its tripeptide, but hardly
occurs for the phenylalanyl and tyrosyl residues in proteins
such as lysozyme and ribonuclease (the possible causes are
steric hindrance to the adsorption of these residues on the
catalyst or irreversible poisoning of the catalyst by the
protein)!!®. Nevertheless, it is most likely that conforma-
tional factors play a decisive role, because, after prolonged
treatment (40 °C, 72 h) with 35 ¢ HTO and platinum black,
it was possible to obtain labelled ribonuclease with a =17.3
c mmol™; the bulk of the tritium was present in the valine,
lysine, arginine, and glutamic acid residues??’, Under the
same conditions, tritium was introduced into oxidised ribo-
nuclease much less effectively (¢ = 0.2 ¢ mmol™)—mainly
into histidine and sulphur-containing and aromatic aminoacid
residues. Tritium-containing polypeptides—ochratoxins A,
B, and C (yield 80%, a up to 3 ¢ mmol™})—have been
obtained!’® with the aid of heterogeneous catalytic exchange
with the solvent (a mixture of HTO and AcOT, platinum
black, 80 °C), ochratoxin A being labelled mainly (to an
extent greater than 80%) in the phenylalanyl residue*!®.

One of the slight disadvantages of the method is the uncer-
tainty in the predicted location of tritium in the labelled
compound obtained. These compounds are referred to as
generally labelled or indefinitely labelled (in contrast to
specifically labelled and uniformly labelled). The intramolec-
ular distribution of tritium depends on a number of factors
(primarily on temperature and on the nature of the catalyst)
and it has been stated!® that the reproducibility of the
results of studies of the intramolecular distribution are poorly
reproducible. The influence of temperature on the localisa-
tion of tritium in phenylalanine was noted above but even in
high-temperature exchange (135 °C, 18 h), accompanied by
complete racemisation, tritium is not distributed uniformly
between the side chain and the aromatic ring, but is concen-
trated mainly in the latter (in proportions of 27:73).120 A
definite selectivity also obtains in a number of other instan-
ces: in catalysis by platinum black uracil exchanges with
HTO mainly the hydrogen atoms in the 5- and 6-positions'?};
the exchange between (—)-inositol and HTO in the presence
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of PtO, leads to preferential (to the extent of 92.5%) inclusion
of tritium in the 1- and 6-positions!'’; the exchange of
sugars with D,0 in the presence of nickel takes place at C(s)
and C(;) much faster than at C(,) and C(;);*°? cobalt cata-
lyses the exchange of hydrogen in heterocycles exclusively
in the o-positioni°®, Poisoning of the catalyst also influences
the location of tritium: thus, when pyridine is added, the
exchange between HTO or D,0 and alkylbenzenes catalysed
by Pd/C is selectively inhibited in the ortho-position relative
to the alkyl group'?2,

As regards the mechanism of the heterogeneous catalysis
of the exchange with the solvent, it has been found that the
exchange on different catalysts takes place in different
ways. In the most common exchange of aromatic compounds
in the presence of platinum it has been suggested*?® (on the
basis of the results of a study of deuterium exchange) that a
nm-complex (XXXIII) is formed in the first stage. The com-
plex then either interacts with the deuterium (tritium) sorbed
on the catalyst (as a result of the dissociative chemisorption
of water), being converted via a transition state (XXXIV) into
the labelled compound (XXXV) ("associative mechanism"; A)
or ("dissociative mechanism"”; B) is first converted into a
o-complex (XXXVI), which reacts slowly with the deuterium
(tritium) sorbed on the catalyst to form the addition product

(XXXVII). The labelled compound (XXXV) is obtained from
the latter via the labelled m-complex (XXXVIII). The disso-

ciative mechanism is believed to be more probable!?3-125,

(XXXIV) (XXXV)

+ . @
(xxxm) R
Ct-—D

Ct = catalyst (XXXVI) (XXXVII) (XXXVIII)

2. Exchange with Gaseous Tritium

The use of gaseous T, as a source of tritium in the hetero-
geneous catalysis of hydrogen isotope exchange in solution
has a number of advantages over the use of tritium-contain-
ing solvents (see reviews'°®12°), These include primarily
the possibility of carrying out the exchange at the usual
temperature and of obtaining over a period of only several
hours labelled compounds with a 2 1~10 ¢ mmol™ (and some-
times even higher). The method consists in stirring a solu-
tion of 10—50 mg of the test substance in several millilitres of
a suitable solvent in-an atmosphere of 10—25 ¢ T, in the
presence of a catalyst. The overall radioactivity in the
experiment is thus approximately ten times lower than in the
exchange with a solvent. The exchange is faster if the
pressure of T, is equal to the atmospheric pressure, but this
condition is not obligatory and sometimes high values of a are
attained in several hours even at a pressure of 160 mmHg.?’
The reaction is carried out in a special vacuum system (for a
detailed description of such vacuum apparatus tested in
practice, see Mikhailov et al.'2?),

The influence of various factors (solvent, temperature,
and catalyst) on the exchange with T, has been inadequately
investigated, but it has been established that there are
apparently no special limitations as regards the choice of
the solvent. Both organic solvents (dioxan, methanol,
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hexane, CCl,, CS,, acetic acid, etc.)??%3? and water or
aqueous buffered solutions at neutral or alkaline pH are
used’®!, The isotope exchange between T, and organic sol-
vents is slight under these conditions; it increases slowly in
the series dioxan < tetrahydrofuran < ethyl acetate!3?, but
even ethyl acetate can be used successfully (for example, in
the exchange between T, and cholesterol)??, Satisfactory
results are obtained even at 20-25 °C, but there is evi-
dence!®™3%* that an increase of temperature to 6065 °C
makes it possible to increase a of the exchange products by a
factor of 2-3.

Palladium and platinum or their oxides (in the latter case
the exchange is preceded by the reduction of the oxides to
the metals) are most frequently used as catalysts'3**!3 gither
as such or deposited on various carriers (CaCO,, BaSO,,
activated charcoal, and Al,0,; in addition nickel®5,
Rh/A1,0,, 1*¢ and certain other catalysts are also employed).
The nature of the carrier is not important!®”>13%  although in
certain cases the use of CaCO, suppressed side reactions®3®,
The method of activation of the catalyst is more important:
in the preliminary reduction of PdO or PtO, by H, (instead of
T,) the value of a of the products decreases by a factor of
30"60.129’13"

Table 2. Compounds labelled with the aid of heterogenous
catalytic exchange with T, in solution'3! (catalyst—
PdO/BaS0,)*.

Compound sgf\{x tgn Time, h Yield, uc a, ¢ mmol-l

Adenosine 8,2 2 660 11.2
Adenosine monophosphate 10 16 205 -
Adenosine cyclic 3',5 -dlphosphatl 2** {0 16 290 28.3
Adenosine trlphosphnu | 8 16 84 13.0
Deoxyadenosine triphosphate 10 16 250 9.6
Inosine monophosphate 8 0,33 195 4.9
Guanosine triphosphate ] 8,2 0,5 28 1.6
Puromycin ) 8 0,5 28 3.75

*10—30 mg of substance with a.fourfold—fivefold excess (by

weight) of catalyst in 1.5—2.5 ml of phosphate buffer
(atmosphere of 10 ¢ T,).
**In an atmosphere of 25 ¢ T,.

Heterogeneous exchange with T, in solution has been used
successfully to introduce the label into carbohydrates,
nucleotides, steroids, and certain other BAS containing aro-
matic or heteroaromatic rings and in most cases the selectiv-
ity (or even specificity) of the exchange was noted. D-glu-
cose-1-t is obtained very readily (~20 °C, 1 h) as a result of
the exchange with T, in 0.1 M phosphate buffer in the pres-
ence of PAO/BaSO, (a = 5.4 ¢ mmol™*).}% Other aldoses—L-
and D-arabinoses, L- and D-fucoses, D-ribose, maltose, and
lactose—exchange just as specifically. The presence of the
aldehyde group is an obligatory condition for the exchange:
under analogous conditions, it is not possible to introduce
tritium into sorbitol, a- and R-methyl glucosides, or trehal-
ose!?, Tritium has been introduced by the above method
also into more complex compounds containing carbohydrate
residues: platinum catalyses the exchange of T, with the
aminoglycoside antibiotic sagamicin'®® and 30% Pd/C catalyses
the exchange with heparin [water—ethylcarbitol (monoethyl
ether of diethylene glycol), ~20 °C, 48 h];*® nucleosides
and nucleotides as well as the antibiotic puromycin with a
high value of @ and a radiochemical purity of 90—98% have
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been obtained by exchange in the presence of PdO/BaSO, in
phosphate buffer (Table 2).%

Hydrogen in the 8-position exchanges most readily in
purine derivatives'®!; among pyrimidines, tritium is intro-
duced selectively in the 6-position in 5-hydroxyuracil and
5-aminouracil (5% Pd/BaSO,, water, 23 °C, 3 h) with a =0.35
and 2.36 ¢ mmol ™ respectively'?’

It is noteworthy that tritium introduced into galactosyl-
ceramide and glucosylceramide (10 ¢ T,, 10% Pd/C, on chloro-
form—methanol in the presence of pyridine, ~20 °C) is almost
fully localised (to an extent greater than 98%) in the
sphingolipid part of the molecule and of that more than 80% is
in the aliphatic acid residue*!.

The exchange of T, with steroids—cholesterol (a up to
1 ¢ mmol™}) 133142 gnd oestrogens (oestrone, oestriol, and
oestradiol; a = 1.5 ¢ mmol™) *3*!*3—is catalysed by palla-
dium or platinum, best results being obtained using benzo-
ates in organic solvents (ethyl acetate or dioxan) with sub-
sequent hydrolysis.

Among aminoacids, L-phenylalanine exchanges very readily
with T, in solution in the presence of PtO, 13* or PdO/BaSO,
131 In the latter case (phosphate buffer, pH 7, 20 °C, 1 h)
a > 1 c mmol™ was attained. The exchange is not accom-
panied by racemisation and involves almost exclusively (to an
extent greater than 95%) the benzyl CH, group (the 3-posi-
tion). Under analogous conditions, it was possible to obtain
labelled L-alanine with a equal to only 10 pc mmol™.3! This
example illustrates strikingly the extreme ease of the
exchange of the benzyl hydrogen atoms in the a-position,
which has been confirmed also in other cases'?® and has been
used to introduce tritium into a series of BAS containing
benzyl or analogous groups. These compounds include, for
example, folic acid (XXXIX), in which more than 60% of the
incorporated tritium is localised in the 9-position after
exchange with T, (10% Pd/Ca0,, 4 N KOH, ~20 °C, 1 h,

= 30-36 ¢ mmol™!), and 2-(3,4-dihydroxyphenyl)ethylamine
(dopamine) (XLI), which belongs to the class of catechol-
amines, where more than 90% of the tritium label is intro-
duced into the 2-position of the side chain after exchange
with T, (Pd0/BaS0O,, phosphate buffer, ~20 °C, 2 h, a = 1
¢ mmol™) .3 1t is of interest to note that a compound related
to folic acid—the medicinal preparation methotrexate (XL)—
contains only 30% of the incorporated tritium in the 9-position
(the conditions of the exchange were the same as for folic
acid), evidently due to steric hindrance caused by the
neighbouring methyl group'**:

SN
‘) CH, HO—\ >—CH,CH4NH,
\/ '

) NR’
kN/\N

(XXXIX): R=OH, R'=H|

(XLI)

/ CH,COOH

|
(IZONHCHCOOH

(XL): R=NH,, R'=Me .

5-(3-Methylaminopropyl)- and 5-(3-dimethylaminopropyl)-
10,11-dihydro-5H-dibenzold, flazepins (the medicinal prepa-
rations desipramin and imipramin) as well as 5-(3-methyl-
aminopropylidene)- and 5-(3-dimethylaminopropylidene-10,11-
dihydro-5H-dibenzola, d Jcyclopentenes (the medicinal
preparations nortriptyline and amitriptyline), which exhibit
a powerful antidepressant activity, exchange with T, (PdO,
methanol, ~20 °C, 45 min, a = 45, 15, 2, and 1.7 ¢ mmol
respectively) almost exclusively at the methylene group
located between the two aromatic rings'*®. Among other label-
led medicinal substances obtained by exchange with T, and
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exhibiting a high value of a, mention should be made of
DL-propranol (PtdO, dioxan, 4.5 h, yields 37%, a =27.3

¢ mmol )!*® and 1-(1-phenyleyclohexyl)piperidine (the med-
icinal preparation phencyclidine) (PdO, methanol, yield 25%,
a = 4 ¢ mmol™) 1%’

The number of biologically active substances which can be
selected for the introduction of the tritium label by exchange
with T, in solution is limited by the side reduction of certain
groups and by the saturation of multiple bonds. Thus the
attempt to introduce tritium into uridine by the above method
(PdO/BaSO,, phosphate buffer, 1 h) led only to dihydro-
uridine-5,6-t.*** However these limitations are not absolute:
for example, the exchange of aldoses mentioned above is not
accompanied by the reduction of the aldehyde group. As
regards unsaturated compounds, the saturation and isotope
exchange of the latter proceed competitively and depend
markedly on the conditions (catalyst and temperature). Thus
the activation energy for the exchange involving cyclohexene
in the presence of Rh(PPh;),Cl (homogeneous catalyst) is
higher than for saturation and the latter is the main process
at 30 °C, but at 60 °C the exchange proceeds more readily

In the isotope exchange between T, and tricyclic anti-
depressants (see above) in the presence of palladium (from
PdO) the degree of retention of the double bond is much
greater than in the presence of PtO, or PdO/BaSO,. Even
better results are achieved when the stages involving the
reduction of PdO to palladium and the exchange with anti-
depressants are separated and are carried out consecutively**®,
In the platinum-catalysed reduction of 38-hydroxyandrost-4-
en-17-one (XLII) by tritium the saturation and isotope
exchange also proceeds simultaneously: in the labelled
3B~-hydroxyandrostan-17-one (XLIII) obtained the tritium is
distributed between the 4a-, 5a-, and 6a-positions in the
proportions 37:43: 20:**°

HO

T
(XLID) TOT

(XLIID)

As in heterogeneous catalysis of the exchange with the
solvent, the mechanism of the exchange with gaseous T, (or
D,) is different for different catalysts (see, for example,
Rudakov et al.%). In particular, for substituted aromatic
compounds, chemisorption on the surface of the platinum or
palladium catalysts in the form of m-complexes has been
postulated5?:152 while in the case of the nickel catalyst the
formation of o,m-complexes is more likely'®®. The mechanism
of the exchange with T, in aqueous media cannot be regarded
as finally established; it has only been demonstrated that the
substrate exchanges directly with T, and not with water'3. In
the discussion of the ionic and radical versions of this mecha-
nism preference was given to the latter**!, which presupposes
the homolysis of the C—H bond in the substrate RH in the first
stage with formation of an intermediate free radical, adsorbed
on the catalyst surface. This radical then interacts with the T
atoms obtained as a result of the dissociation of T, on the
catalyst, which leads to incorporation of the tritium in the
substrate. This mechanism agrees well with, for example,
the finding that cholest-8(14)-en-3-ol (XLIV) exchanges with
D, (Pd catalyst, alcohol) the allyl hydrogen atoms at C(,) and
and C(ls) . Evidently these most mobile atoms are split off
with formation of an intermediate w-allyl complex'52:

(XLIV)
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V. CATALYTIC DEHALOGENATION

The method used for catalytic dehalogenation (stirring of
the solution of the test substance in an atmosphere of gase-
ous T, in the presence of the catalyst) is identical with the
method for heterogeneous exchange with T, (and also with
that for catalytic reduction by T,); in essence, catalytic
dehalogenation differs from exchange by the fact that the T
atom replaces a halogen atom rather than a hydrogen atom in
the substrate molecule. We thus have the chemical reaction
RX + T, » RT + TX and catalytic dehalogenation is accord-
ingly one of the synthetic methods for the preparation of
tritium-containing compounds. However, as already stated
above, the inclusion of this method in the present review is
justified, firstly, by the fact that it is most general for the
synthesis of labelled BAS of different classes, and, secondly,
because of its evident theoretical and practical similarity to
exchange methods.

The advantages of the catalytic dehalogenation method are
fairly clear. In the first place it makes it possible to obtain
compounds with a high value of a and in many cases close to
the theoretical value (29 ¢ mmol™) corresponding to the com-
plete substitution of one halogen atom by tritium. It is very
significant that catalytic dehalogenation proceeds under very
mild conditions (even at temperatures approximately in the
range 0—5 °C and at a T, pressure of approximately 150—200
mmHg) and goes almost to completion in several hours. This
can be explained by the greater thermodynamic ease of sub-
stitution of a halogen by T compared with substitution of H
by T and by the fact that, owing to the smaller carbon—
halogen bond dissociation energies compared with the C—H
dissociation energies, the activation energy for dehalogena-
tion is lower than for the isotope exchange of H for T. An
important advantage is also the specificity of the introduc-
tion of the tritium label, determined by the position of the
halogen in the molecule of the initial halogen-containing com-
pound. However one should note the side reactions—isotope
exchange and saturation of multiple bonds—can infringe the
specificity and in certain cases (which are admittedly very
few) the infringement can be very considerable!®3155,

The formation, together with the labelled compound, of
tritiated hydrogen halides TX, which are catalytic poisons,
can be included among the disadvantages of the method. In
order to bind these poisons, KOH, NaOH, NH,, Et,N or BaCO,
are added to the solution, which also displaces the equilib-
rium, accelerates the dehalogenation, and suppresses side
reactions. The necessary initial halogen-substituted com-
pounds are in most cases fairly readily available.

As already mentioned, the experimental conditions for
catalytic dehalogenation are almost the same as in the isotope
exchange with T,. The amounts of T, used vary from several
curies at pressures ranging from 100 to 760 mmHg. The
range of solvents employed is very wide—aqueous alkalis,
ethanol, methanol, dioxan, DMF etc. (water and alkaline
agents enumerated above are added to the organic solvents
when necessary).

Palladium (in the form of a black or on various carriers—
activated charcoal, CaCO;, BaSO,, and Al,0,) is most often
used as the catalyst; more rarely employed are platinum,
nickel (Raney catalyst), and rhodium and more rarely still—
osmium, iridium, and ruthenium. It is recommended that
catalysts on carriers be employed, since this increases the
active surface area and decreases the risk of poisoning of
the catalyst. Satisfactory results are obtained when Pd/C
and Rh/CaCO, or Rh/Al,O, are used simultaneously for the
dehalogenation of peptides and proteins!®*1%!, The ease of
substitution of a halogen by tritium decreases in the sequence

I >Br > Cl > F in conformity with the increase of the carbon—
halooen bhond strencth Tt ic tharafana nvafannad o o e
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with the corresponding iodides, particularly since even
debromination sometimes proceeds unsatisfactorily®®’,
although, for example, 5-bromonicotinic acid is converted
into labelled nicotinic acid in 94% yield (5% Pd/CaCO,, tetra-
hydrofuran, in the presence of BaCO,, 20 °C, 8 h).®? How-
ever, in general the rate of reductive deiodination is several
times greater than that of debromination (in the series of
halogenobenzenes at approximately 20 °C, in the dark, and
in the absence of a catalyst by a factor of 5.5) %% and
exceeds even more the rate of dechlorination and defluorina-
tion. Thus the homolytic dissociation of the carbon—halogen
bond is the rate-limiting stage of the reaction and as a
result of this it is in many instances possible to achieve the
selective introduction of tritium into polyhalogeno-com-
pounds183-165

Although catalytic dehalogenation has been used success-
fully for the introduction of the tritium label in virtually all
classes of BAS, the method is most valuable in the prepara-
tion of labelled aminoacids, peptides, proteins, nucleotides,
nucleosides, and nucleic bases. Catalytic dehalogenation
is the main method for the synthesis of all aromatic amino-
acids specifically labelled in the aromatic ring and having a
high value of a (Table 3). In all cases dehalogenation is not
accompanied by racemisation and leads to compounds with a
high radiochemical purity. Hydrogenolysis in an atmosphere
of pure T, yielded aminoacids with high values of a [for
example, 14 ¢ mmol™* for L~tyrosine-3-t;°%*¢® i other cases
a mixture of T, and H, was used*¢”17%],

Table 3. Labelled aminoacids obtained by catalytic dehalo-
genation.

Aminoacid Initial halogen-con- Catalyst Medium Chemical | Refs.
taining compound yield, %
L-Phenylalanine- L-2,4-dibromopheny)- | Pd/CaCO3 aqueous 90-100 | 166
249 alanine ethanol
3,4-Dihydroxy- methyl ester of 0,0’, [Pd/C dioxan 54 167
phenylalani N-triacetyl-2,5,6- (Et3N)
2,563 tribromo-3 4-dihy-
droxyphenyl-
alanine
3,4-Dihydroxy- 2,5,6-tribromo-3,4- Pd/CaCO3 aqueous 90-100 | 166
phenylalanine- dihydroxyphenyl- ethanol
2,563 alanine (KOH)
3,4-Dihydroxy- methyl ester of 0,0', |Pd/C dioxan 72 167
phenylalanine- N-triacetyl-6-bromo- (Et3N)
6-t 3,4-dihydroxy-
phenylalanine
L-Tyrosine-3-t 3.odo-L-tyrosine 10% Pd/C aqueous about 90 | 168
methanol
(KOH)
L-Tyrosine-3-t 3-iodo-L-tyrosine Pd/CaCO3 aqueous 90-100 | 166
ethanol
L-Tyrosine-3,5-¢ 3,5-di-iodo-L- Pd/CaCO3 aqueous 90-100 [166
tyrosine ethanol
L-Tyrosine-3,5-t3 3,5-di-iodo-L- Raney Ni water 90-100 |169
tyrosine (NaOH)
L-Tyrosine-3,5¢9 3,5-di-iodo-L- Raney Ni water - 169
tyrosine (NaOH)
DL-Tryptophan-5-¢] S-bromo-DL- 10% Pd/C water - 170
. tryptophan (KOH)
DL-Tryptophan-5-¢ S-bromo-DL-~ Pd/CaCO3 aqueous 90-100 [166
tryptophan ethanol
DL-Tryptophan4-f{  4-chloro-DL- 10% Pd/C water - 170
tryptophan (KOH)
L-Histidine-2,5-t9 2,5-di-iodo-L- Pd/CaCO3 aqueous - 166
histidine ethanol
(KOH)

The halogen can be substituted by tritium in the same way
not only in the aromatic aminoacids themselves but also in
their residues forming part of the composition of peptides
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and proteins. The interest of investigators was concen-
trated mainly on labelled peptide hormones (oxytocin, vaso-
pressin, angiotensin (II), corticotropin, and c-melanotropin)
and their analogues, for which values a of the order of
several tens of ¢ mmol™! were attained. The results are
presented in Table 4, which shows that the method is suit-
able for peptide molecules of different sizes (from 3 to 61
aminoacid residues). In all cases the dehalogenation was
carried out at room temperature and almost all the labelled
compounds of the peptide-protein type enumerated in Table 4
were obtained from iodine-containing precursors, i.e. pep-
tides incorporating 3, 5-di-iodotyrosine or 4-iodophenyl-
alanine. The only exceptions are compounds Nos.3—6, which
were synthesised from brominated precursors (containing
3,5-dibromotyrosine) or chlorinated precursors (containing
4-chlorophenylalanine). In one case (No.12) acetamido-D-
alanyl(4-amino-3,5-di-iodo)-L-phenylalanine was dehalogen-
ated and not the halogeno-analogue of the labelled peptide,
the resulting tritium-containing dipeptide being converted
into the labelled analogue of a-melanotropin by the usual
methods of peptide synthesis.

The halogen is introduced into the initial halogenopeptides
by various methods. Peptide synthesis makes it possible to
obtain from a halogenoaminoacid halogenopeptides with a
fixed position of the halogen, which is known exactly. The
need for halogenopeptides of this kind stimulated the
development of peptide syntheses from 3,5-di-iodo-L-tyro-
sine'’®. Another method consists in the treatment of the
peptide (or of one of its synthetic precursors) with I, in a
chloroform—methanol-water mixture (iodination of tyrosine
residues in the 3- and 5-positions in the benzene ring)'’® or
with iodine chloride, which iodinates the tyrosine ring or
the histidine side chain depending on the conditions®®®.

Catalytic dehalogenation is used very widely (particularly
in recent times) for the synthesis of tritium-labelled nucleic
bases, nucleosides, and their monophosphates. The label is
introduced both into various positions of the nucleus of the
base (usually with the aid of debromination) and into the
methyl group (with the aid of dechlorination); for the com-
pounds obtained, a varies in the range 5—25 ¢ mmol™? (Table
5).

Despite the fact that the conversion of the labelled bases
into labelled nucleosides and their phosphates does not give
rise to serious difficulties, it is frequently preferred to obtain
the latter directly by the catalytic dehalogenation of the corre-
sponding bromo-compounds. The same catalysts are used as
a rule (Pd/BaSO,, Pd/C) and the solvent usually consists of
aqueous solutions of alkalis, the same values of a being
attained (5-25 ¢ mmol™), Adenosine-8-t, }7%1871%0 gyano-
sine-8-t, 18%1% inosine-8-~t, 1%° uridine-5-t, 1797181 2-deoxy-
uridine-5-t, }7%!® cytidine-5-t, % adenosine monophosphate-
8-1,170:191:192 3 denosine cyclic phosphate-8-t, 17%'°3 and
uridine monophosphate-5-t 17° have been obtained in this
way, but the yields did not exceed 50—60% owing to the
reduced reactivity of the initial bromine-containing com-
pounds. The latter is apparently determined by the exis-
tence in solution of a secondary structure stabilised by
intramolecular forces'’?. The weakening of this stabilisation
increases both the yield and the value of a of the labelled
nucleosides and nucleoside phosphates obtained.

In order to convert the labelled monophosphates into
labelled triphosphates, enzymatic phosphorylation is used.
As in the case of peptides, the manufacture of tritium-con-
taining nucleoside phosphates stimulated the development of
methods for the synthesis of the monophosphates of the cor-
responding bromonucleosides®®",
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Table 4. Labelled peptides and proteins obtained by catalytic dehalogenation.
No. Substance n* Labelled aminoacid residue Catalyst Medium Yield,| a2, ¢ mmoll |Refs.
%
1 | Thyroliberin (releasing factor of 3 | histidine Pd/AlL03 phosphate buffer (pH 7.3) - 60 171
thyrotropine)
2 Angiotensin IT 8 tyrosine 5% Pd/CaCO3 phosphate buffer - 56.3 172
3 Asparaginel -valine5 - 8 tyrosine-3,5-13 10% Pd/C aqueous DMF (Et3N) - 2-3 173
angiotensin II
4 | Lysine8~desglycineamide- 8 | tyrosine2-3,5-r3 Pd/Al,03 acetic acid - - 174
vasopressin
5 | Lysine8-vasopressin 9 | tyrosine2-3,59 Pd/AlH03 acetic acid - 12 174
6 Lysine8 -vasopressin 9 phenylxlanine3-4-t Pd/Al;03 acetic acid - - 174
7 | Lysine8-vasopressin 9 10% Pd/ Al,03 phosphate buffer - 10 175
8 Lysine®-vasopressin 9 tyxosine2-3.5-12 5% Pd/CaCO3 aqueous methanol - 25 176
9 Arginine8 -vasopressin 9 tyrosine-3,5-12 5% Pd/CaCO3 aqueous methanol - 17 176
10 Oxytocin 9 tyrosine-3,5-t3 5% Pd/CaCO3 methanol-ethyl acetate (1:1) - 20 176
11 Oxytocin 9 tyrosine** Pd/CaCO3 phosphate buffer (pH 6.4) - 35 177
12 D-alananinel-4-azido-L-phenyl- 13 4-azidophenylalanine-3,5-£7 Pd/C with - - 11 160
alanine7-norvalin4-a-melanotropin Rh/CaCO3
13 | N-Bromoacetyl-D-alaninel -glycine3{13 | tyrosine2-3,5-t5 5% Pd/C with DMF 76 { 11-20 161
norvaline4 -a-melanotropin 5% Rh/CaCO3
14 N-Diazoacetalglycinel —norvaline4- {13 tyx:.\sine2 ~3,5-1) ditto DMF 81 21-36 161
a-melanotropin
15 | D-Serinel ~lysine17,18-cortico- 18 | tyrosine2-3,5.1) » DMF 57 17 156
tropin~(1-18)-octadecapeptide
16 B-Corticotropin-(1-24)-tetra- 24 tyrou'nez-3,5-t2 ” DMF 42 29 156
cosapeptide (tetracosactrin,
synacthen)
17 p-Corticotropin-(1-24)-tetra- 24 tyrosine23 -3,512 » DMF 20 46 155
cosapeptide
18 p-Corticotropin-(1-24)-tetra- 24 phenylalanine7-4- ” DMF 18 27 157
cosapeptide
19 Human corticotropin 39 tyrusi.n523—3,5~t2 ” DMF 30 25 158
20 | o-Neurotoxin from Najanigricolis  [61 | histidine Pd-Rh/Al303 phosphate buffer (pH 7) 14 159
*Here n is the number of aminoacid residues.
**Tentatively.
Table 5. Labelled nucleic bases and their analogues obtained yields exceeding 90% and with a = 10 ¢ mmol™*:1%®
by catalytic dehalogenation. R
Labelled com- Initial compound Catalyst Medium Yield, | a, _IE) T,/Pd
pound %  |cmmoll| Refs.
R'O R'0 Br R'o
Uracil-5- S-bromouracil Pd/BaSO4 aqueous KOH |95-100 | 20-24 | 179 (XLV) (XLvi) (XLVII)
Uracil-5+¢ S-iodouracil Pt black 25 180 C 3 s s :
Uracil5.t S-iodouracil 5% Pd/BasOy aqueous KOH _ 2 181 SFero.ld:: (XLVIII) wx"ch an aromat{c A ring, particularly the
Uracil-6-t 6;’bmm}t:—2,4— 5% Pd/BaSO4 acet‘ic - 5-25 | 182 derivatives of oestradiol, are readily brominated (NBS) or
imet - dri : . s . sas
pyrimiding anhydride iodinated (I, in aqueous methanol) in the 2- and 4-positions,
_%_yhtosin&s-r g-ioglocymsine fZ% Pgél;;sts)g :queousKOH by ” lgi which makes it possible to obtain subsequently by catalytic
ine g i 0 5 1 . . N
methylt ethyDuracil 3524 loxan dehalogenation the steroid compounds (XLIX) labelled with
myrglm; S%hﬁr%’:’r . 5% Pd/BaSO4 aqu_e;us acetic [ 77 15 154 tritium in these positions; oestradiol-2,4-t, (Raney Ni, aque-
methyl- methyluraci aclK 169 . 199
5-Ethyluracil- 4-chloro-5-ethyl- | Pd/C aqueous meth- 85 - 183 ous NaOH), 09?&}'101_2’4_t2 (Pd/C catalyst), 16-oxo-
4 uracil anolic NaOH oestradiol-2,4-t and isomeric oestra-1,3,5 -trienols-
5-Methylcytosine- | 5-(chloromethyl)- | PAO dimethylk - 8 184 ’ 2 ’3, (10) tm;eln?us
methyl-t cytosine acetamide 2,4-t, (5% Pd/Al,O,, ethyl acetate, a = 15—28 ¢ mmol’ ).
2,3-Dihydro-1,3- | S-bromo-2,3- 5% Pd/BaSO4 ethanol 64 | 11 185 The introduction of tritium into the 16-position in the 3a,
oxazine-2,5- di-hydro-1,3- . .
dione-5-t* oxazine-2,6- 170~dihydroxypregnane molecule has also been achieved by
) dione debromination (Pd/C catalyst):2°2
Ad 8-t 8-br d Pd black DMF 85-90 15 186,
187 " R w

*Synonym— 3-oxauracil-5-t.

For steroids, the method of catalytic dehalogenation is
particularly valuable, since it makes it possible to introduce
the tritium label not only into a specific position and with

retention of the A-bond, but also stereospecifically.

Since

steroids of type (XLV) are brominated by N-bromosuccin-
imide (NBS) exclusively in the 7a-position, the dehydro-
bromination of the resulting bromosteroids (XLVI) using
Pd/C or PdCaCO, leads to 7o-labelled steroids (XLVII).
Cholesterol-Ta-t, pregnenolone-7o-t, and dehydroepi-
androsterone-Ta-t 135719 ywere obtained by this method in

&XLvViD

X=Br.|
Vitamin K, labelled in the 6-position of the naphthoquinone

nucleus (obtained from 6-bromo-2-methylnaphthaquinone with

subsequent synthetic stages;
5 °C), 2°% g-tocopherol-(5-methyl-T) (obtained from 5-chloro-

methyl-o-tocopherol ;

R (XLIX)

(Pd/C, aqueous alcoholic NaOH,

Pd/C catalyst),?’* the antibiotic tetra-

cycline-(7-T) (obtained from 7-chlorotetracycline, Pd/C,
dioxan in the presence of tributylamine, a = 5 ¢ mmol™?), 2%
the alkaloids papaverine (obtained from 6'-bromopapaverine;
10% Pd/C, dioxan containing Et,N, a = 43 ¢ mmol™; dehalo-
genation accompanied by exchange in methoxy-groups)!®®
and O-benzoylecgonine-(benzoyl-2-T) [obtained from
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0-(2-iodobenzoyl) ecgonine; Pd/C catalyst, a =21 pec mg11,2%
the carcinogenic polycyclic aromatic hydrocarbon 7,8-diben-
zoyloxy-7,8,9,10-tetrahydrobenzo{alpyrene, indefinitely
labelled in the pyrene nucleus (obtained from a mixture of
the corresponding bromopyrenes; Pd black, dioxan contain-
ing EtsN, a =1.25 ¢ mmol™*),?°7 N-(2-imidazolidinylidene )-2, 6-
dichloroaniline-4-t—the medicinal preparation clonidine
exhibiting a hypotensive activity (obtained from the corre-
sponding 4-bromo-derivative; Pd/C, tetrahydrofuran,

@ = 1.6 ¢ mmol '),'%5 and the cardiac preparations practol
[practolol? (Ed.of Translation)] and isopractol [isopractolol?
(Ed.of Translation)] (obtained from 3,5-dibromo~4-hydroxy-
acetanilide with subsequent synthetic stages; 10% Pd/C,
methanol containing Et N, yield 86%, a = 20 ¢ mmol™®) 208
should be mentioned as examples of the application of the
method of catalytic dehalogenation for the synthesis of
labelled BAS of other types.

In conclusion one should note that catalytic dehalogenation
is not the only method for the replacement of a halogen by
tritium. For this purpose, the following procedures have
been recommended in recent years: reduction with sodium
amalgam in HTO,2°® reduction with zinc and CH,COOT in
ether [in the conversion of 17a-bromopregnenolone into
pregnenolone-17a-t]1,%!° reduction with Zn—Cu alloy in
organic solvents in the presence of HTO (in the introduction
of deuterium into the 3-exo-position of camphor starting from
3-bromocamphor),?!! electrochemical reduction in HTO [in the
synthesis of uracil-5-t and deoxyuracil-5-t from the corre-
sponding 5-bromo-derivatives]2'2°2'*  gnd finally simple
heating of certain 5-iodopyrimidines (orotic acid, uracil,
cytosine, and their derivatives) in dimethyl sulphoxide con-
taining 5% HTO.?!* However, in all the instances enumerated
the activity a of the resulting preparations was appreciably
lower than in catalytic dehalogenation.
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