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Rhodium- and ruthenium-catalysed hydrogen
isotope exchange

W. J. S. Lockley** and D. Hesk"”

Metal-catalysed hydrogen isotope exchange has been widely used in the preparation of deuterium- and tritium-labelled
compounds. This review details the development and utility of homogeneous and heterogeneous rhodium and
ruthenium catalysts for the preparation of deuterium- and tritium-labelled compounds by hydrogen isotope exchange

methodology.
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Part I: Homogeneous Rh- and Ru-catalysed
hydrogen isotope exchange

Homogeneous rhodium catalysts

The first reports of the use of rhodium trichloride hydrate in
deuterium exchange appeared in 1975 as an alternative to the
tetrachloroplatinate system first reported in 1967 by Garnett.'
A solution of rhodium trichloride hydrate in a deuteroacetic
acid/deuterated water mixture was found to effectively catalyse
the deuteration of alkylbenzenes, halobenzenes and alkanes.
Although the rate of exchange was slower than the tetrachlor-
oplatinate system, no mineral acid stabilization was found to be
necessary, thus simplifying the experimental procedure. The
deuterium incorporation pattern in alkylbenzenes, which gen-
erally favoured terminal methyl and o-methylene exchange
over aromatic exchange, was similar to tetrachloroplatinate.
Similarly, the ortho-deactivation effect observed in alkyl and
halobenzenes with tetrachloroplatinate was also seen with
the rhodium trichloride system. A notable drawback of the
rhodium trichloride system is its poor record in the labelling of
halobenzenes, the result of catalyst poisoning from small
amounts of hydrogen halide generated by dehalogenation.

Rhodium trichloride trihydrate was one of several catalysts
studied by Jones in the tritium labelling of simple aromatic and
aliphatic substrates, with *H-NMR spectrometry employed to
determine the regiospecificity of incorporation.? An interesting
selectivity difference in labelling 1,3,5-trimethylbenzene was
observed, with a heterogenous platinum catalyst exclusively
labelling the methyl groups, and rhodium trichloride trihydrate
in acetic acid showing regiospecific incorporation in the
aromatic ring.

In 1982 it was reported by Lockley that rhodium trichloride
trihydrate could be used to regiospecifically label chromone-2-
carboxylic acids in a DMF/deuterated water solvent at
105-110°C (Figure 1).2

In order to account for the high regiospecificity, it was
postulated that the carboxylate was directing the catalyst to
form a rhodium carbon bond and thus form a five-membered
cyclometallated intermediate. Hence, in the presence of
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Figure 1. RhCl3.3H,0-catalysed deuterium labelling of chromone-2-carboxylic acid.

R R
© H',O/ DMF/ 105-110°C ~ H- H
B ——

RhCl3.3H,0
R= CO,H, CO,Na, CONH,, CHoNH,, NHCOCH;

Figure 2. RhCl5.3H,0-catalysed hydrogen isotope exchange of simple aromatics.

deuterated water, dissociation of this intermediate would lead
to the regiospecific incorporation of deuterium. Additional
studies with both deuterium and tritium in model systems
showed broad applicability to regiospecific ortho hydrogen
isotope exchange in aromatic carboxylic acids, amides, anilides
and aralkylamines (Figure 2)2

The reaction proved to be tolerant of most functional groups,
with the only notable exception observed with ortho-halo and
ortho-methoxy benzoic acids, where some dehalogenation and
demethylation side reactions were observed. The regiospecifi-
city as measured by *H-NMR was consistently high, thus lending
further support to a proposed mechanism involving formation
of a five- or six-membered cyclometallate between the directing
group, the rhodium centre and the ortho position of the

]
“Division of Chemical Sciences, Faculty of Health and Medical Sciences,
University of Surrey, Guildford GU2 7XH, UK

%Merck Research Laboratories, 2015 Galloping Hill Road, Kenilworth, NJ 07033,
USA

*Correspondence to: W. J. S. Lockley, Division of Chemical Sciences, Faculty of
Health and Medical Sciences, University of Surrey, Guildford, UK.
E-mail: w.lockley@surrey@ac.uk

J. Label Compd. Radiopharm 2010, 53 704-715

Copyright © 2010 John Wiley & Sons, Ltd.



W. J. S. Lockley and D. Hesk

Journal of

Radiopharmaceuticals

aromatic ring. Further studies into the scope of the catalyst
showed it could also be used to regiospecifically label some
heterocyclic structures. The catalyst was also applied to the
deuteration and tritiation of a broad range of pharmaceutical
structures containing one or more of the required directing
groups. The reaction proved to work in the majority of cases,
although its utility is limited by degradation of some substrates
under the reaction conditions.* The procedure has also been
employed for the synthesis of a range of tritiated chromone
carboxylate drugs at medium to high specific activity (Figure 3).
The preparation of a high specific activity form of cromoglycate,
an anti-allergy agent, is given below.*

To sodium cromoglycate (acid form, R1=R2=H, 5mg) and
rhodium trichloride trihydrate (1 mg) in N,N-dimethylformamide
(400 ul) was added tritiated water (>90%T, 25 Ci). The reaction
vial was then sealed and heated at 90°C for 24 h. After removal of
volatile and exchangeable tritium by sequential evaporation of
methanol, a portion (ca. 40%) of the labelled compound was
isolated by high-performance liquid chromatography using an
ODS stationary phase and a methanol/ag. ammonium acetate
gradient. This procedure yielded 59 mCi of the labelled cromogly-
cate (R1=T, R2=NH,,) with a specific activity of 16.5 Ci/mmol.

More recent work by Nakagawa and co-workers confirmed
the high regiospecifity of deuterium incorporation in benzoic
acid and its alkali metal salts using rhodium trichloride trihydrate
as catalyst.

Despite the effectiveness of the catalyst, rhodium trichloride
trihydrate does degrade slowly during the course of the reaction,
making detailed kinetic studies difficult. Ruthenium acetylaceto-
nate was subsequently identified as a more stable system,
although it shows a much narrower scope of activity, as it is
confined to the labelling of carboxylic acids. During kinetic
studies, using ruthenium acetylacetonate, it was shown that the
reaction was relatively insensitive to substituent effects, as there
was only a modest three-fold increase in rate when going from an
electron-donating subsitutent in p-toluic acid to a highly electron-
withdrawing substituent in p-nitrobenzoic acid (Figure 4).°
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Figure 3. RhCl5.3H,0-catalysed tritium labelling of cromoglycate.
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Figure 4. Detritiation of p-nitro, p-chloro and p-methyl benzoic acids.

It was noted that the conditions of detritiation were some-
what removed from the synthetic tritiation conditions and thus
the kinetic data should be interpreted with some caution.
Nevertheless, assuming a valid correlation between the condi-
tions, this small positive Hammett reaction constant (p) showed
that the reaction was promoted by electron-withdrawing
groups. This enabled us to postulate that the rate-determining
step of the reaction involved dissociation of the carboxylate
oxygen-ruthenium bond, rather than formation of the ruthenium
benzoate complex, as a small negative p value would have been
expected in the latter case. Furthermore, the small p value ruled out
formation of the ruthenium-carbon bond as the rate-determining
step, as a large negative p value (—6 to —12) would have been
expected in this case, such as is typically seen in electrophilic
aromatic substitution reactions. Additional studies showed that
lowering the pH reduced the rate, suggesting that the anionic form
of the substrate had the highest reaction rate. Nevertheless, the
reaction was devoid of a salt effect, suggesting that the rate-
determining step was unlikely to involve reaction between the
benzoate and a positively charged form of the catalyst.

More recently, a series of rhodium(lll) hydride complexes were
evaluated as catalysts for the regiospecific deuterium exchange
of benzo[h]quinoline in deuteroacetone (Figure 5).

Electron-donating phosphine ligands were found to be critical
for catalyst activity. The most effective catalyst was further
screened against a series of arenes and was generally found to
be effective in promoting ortho-deuteration via a presumed five-
membered cyclometallated intermediate through the hetero-
aromatic nitrogen. A deuterium incorporation in the range of
60-70% was seen with most substrates after a 2-day reaction
(Figure 6).

Additional amounts of deuterium (ca. 20%) were also
incorporated in the a-position of the pyridine. Longer reaction
times, up to 9 days, often resulted in almost complete
deuterium exchange in the ortho positions. Oxygen proved to
be a weaker directing group as shown by the lower incorpora-
tion observed in 2-phenylpyridine-N-oxide and the lack of any
aromatic incorporation observed in acetophenone. While this
catalyst offers a potentially viable deuterium labelling method,
the use of [Dg]acetone as the isotope source precludes its utility
for tritium labelling. Furthermore, attempts to utilize D,O and
CDs0D as sources of isotope were unsuccessful due to the poor
solubility of the catalyst in these solvents.

The complexes RhH[P(iPr)s]s and RhyH,(uN,)[P(Cy)s)ls were
reported by Otsuka® to promote deuterium exchange in pyridine
and simple mono-substituted aromatics as shown in Figure 7.

The substrate (5mmol), DO (25 mmole), RhH[P(iPr)sls
(0.1 mmol) were heated in THF (3 ml) at 80 °C for 20 h.

98% 5%

Figure 5. Deuteration of benzo[hlquinoline catalysed by [Rh(benzo[h]quinoli-
ne)(H)(PPh,Bn),(acetone]PFs.
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Figure 7. RhH[P(iPr)s];-catalysed deuteration of pyridine.

In the simple aromatics studied, such as toluene and anisole,
the deuterium was broadly distributed across all available
aromatic sites. The author's proposed mechanism suggests
that in the presence of D,0O, the initial step of the reaction
involves a reversible oxidative addition of D,O to RhH[P(iPr)s]5
followed by reductive elimination of DHO from the adduct
to form RhD[P(iPr)s]3. The catalytic cycle is then completed
by oxidative addition of ArH, followed by reductive elimination
of ArD from the adduct RhHD(ANI[P(iPr)s]s. This mechanism
also accounts for the lack of regiospecificity of deuterium
incorporation, as there is no preference for one particular
aromatic position over another. Deuterium incorporation
was also seen in the methyl groups of toluene and anisole,
which was postulated to occur via formation of a four- or
five-membered cyclometallated intermediate involving the
methyl group.

The remaining two examples in this section of the review arise
from the area of catalytic C-H activation. In this area, research is
more focused on the use of deuterium to study the mechanism
of C-H activation as opposed to the identification of improved
catalysts for hydrogen isotope exchange labelling. Nevertheless
there are a few complexes reported in these studies that can
promote deuterium exchange in simple aromatic and aliphatic
substrates and hence could be worthy of further investigation.
In studies of C-H activation of hydrocarbons, Enders® reported a
rhodium(l) complex containing a hemilabile quinolyl-cyclopen-
tadienyl ligand, which catalysed H/D exchange in olefins in the
presence of visible light with perdeuterobenzene acting as the
isotope source (Figure 8).

Figure 8. Bis(y>ethylene)l;®-2,3,4,5-tetramethyl-1-(8-quinolyl)cyclopentadienyl]
rhodium(l).

P'Bu,
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Figure 9. [(2,6-bis[(di-tertbutylphosphino)methyllpyridine)Rh(phenoxide)]-catalysed
deuteration of benzene.

The complex is activated by irradiation with a high pressure
mercury lamp, which results in the reversible loss of one of the
ethylene ligands. Oxidative addition of perdeuterobenzene is
followed by insertion of the ethylene ligand into the Rh-D bond.
Hydride elimination followed by a reductive elimination of
[Dsldeuterobenzene regenerates the partially deuterated mono-
ethylene complex. Completion of several catalytic cycles results
in complete deuteration of the ethylene ligand. The complex is
also active with substituted olefins such as 2,2-dimethylbutene
and vinyltrimethylsilane, where a preference for o over f
exchange was observed. In contrast, 1,2-disubstituted olefins
were found to be too sterically hindered for oxidative addition to
the rhodium metal centre. While potentially useful for the
deuterium labelling of olefins, the use of perdeuterobenzene as
the isotope source precludes a similar tritium-labelling approach.

The pincer complex [(2,6-bis[(di-tertbutylphosphino)methyl]-
pyridine)Rh(phenoxide)] was effective in catalysing the deutera-
tion of benzene using deuterated water at 100°C over the

course of 100 h (Figure 9)."°
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No decomposition of the catalyst was observed under these
conditions. The catalyst was also heated with perdeuterotoluene
in water at 100°C for 335 h. Analysis (by '"H NMR only) showed
loss of deuterium from the meta and para positions, which
supports the concept that the mechanism of de-deuteration is
metal-catalyzed as opposed to proceeding via an electrophilic
aromatic substitution mechanism. As D,O was used as the
isotope source, one can envisage the analogous preparation of
tritiated aromatics via this approach, which might therefore
provide an alternative to conventional heterogenous Pt
catalysis.

Homogeneous ruthenium catalysis

The use of tris(triphenylphosphine)ruthenium(ll) dichloride as a
hydrogen isotope exchange catalyst was first reported in 1974
by Regan,'" who applied the catalyst to the labelling of primary
alcohols in the a-position by heating at temperatures from 150
to 200°C (Figure 10).

Under the conditions employed no deuteration of secondary
alcohols was observed. Other Gp VIII transition metal catalysts
were screened, including Wilkinson's catalyst, tetrachloroplatinate,
Raney Ni, Pd/C, (Ph3P),PtCl, and (PhsP),IrCOCI, but these proved
inactive for both primary and secondary alcohols. The use of
Ru(Ph3P)3Cl, to tritiate primary alcohols was later reported by
Ledeticky, who found that while the reaction proceeded rapidly
at temperatures in the 180-200°C range, useful rates of
exchange still occurred at temperatures as low as 130°C.
Oxidation of [1-*H]hexan-1-ol to caproic acid resulted in loss

E’Ph3
PhaP-Ru<S!
PPh3
CH3(CHy)2CH,0D CH3(CH,),CHDOH(D)
200°C/1h
Figure 10. Preparation of [1-*H]butan-1-ol.
PPhs
\,—Cl
CH,0H NaP RUE) CHTOH
PPhg

B — e
THO

200°C/45mins

of >99% of the label, thus confirming that the labelling was
confined to the o-position.’?

Further studies by Jones on the labelling of primary and
secondary alcohols employed *H-NMR spectroscopy and con-
firmed the preference for labelling « to the hydroxyl group.
Upon prolonged heating, incorporation was also observed in
the B positions'® as might be expected for a reaction which
progressed via an oxido-reductive cycle. Deuterium NMR studies
by Al-Rawi et al. confirmed the earlier findings and also showed
that secondary alcohols had higher f-incorporation than
primary alcohols.'” The catalyst was also used by Saljoughian
to label benzyl alcohol in the methylene position, to provide an
intermediate in the synthesis of 1,3-dioxa-2-phenyl[2-*H]cyclo-
hex-5-yl palmitate (Figure 11)."> Of particular interest in this
example is the presence of a favourable isotope effect during
oxidation of [*Hlbenzyl alcohol to [*Hlbenzaldehyde as illu-
strated by a very modest decrease in specific activity from
186 mCi/mmol to 172 mCi/mmol.

Following on from this work, the use of the catalyst has
been extended to the labelling of primary and secondary
amines. An early application was in the synthesis of N-[*H]ethyl-
N-nitroso-N'-nitroguanidine using [*Hlethylamine which was
efficiently prepared by reaction with the catalyst and tritiated
water at 140°C for 2 h. The [*Hlethylamine was isolated as the
hydrochloride and converted to N-[*H]ethyl-N-nitroso-N'-nitro-
guanidine by the method of McKay (Figure 12).'%"”

Subsequently, the catalyst has proven to be particularly useful
in the labelling of piperidines and piperazines, which are a
common functionality in pharmaceuticals. (Figure 13).

Recoveries of the tritiated product from such reactions are
generally good and specific activities are generally in the
0.5-1 Ci/mmol range using tritiated water with a specific activity
of 900 mCi/mmol.'® A typical example for labelling a piperidine-
containing pharmaceutical agent is further illustrated by the
synthesis of [*HISCH 66336. (Figure 14).'®

The substrate (20 mg) and tris(triphenylphosphine)ruthenium(ll)
dichloride (2 mg) were dissolved in dioxane (100 ul) in a heavy wall

oT
— adaV
— > CHy(CHpu—{ O

0]

Figure 11. Preparation of [*H]benzyl alcohol as an intermediate in the synthesis of 1,3-dioxa-2-phenyl[2->H]cyclohex-5-yl palmitate.
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Figure 12. Preparation of [*H]ethylamine as an intermediate in the synthesis of N-[*H]ethyl-N-nitroso-N'-nitroguanidine.
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tube fitted with a rubber septum. Tritiated water (900 mCi/mmol,
5ul, 0.25Ci) was added via syringe and the tube was frozen in
liquid nitrogen, evacuated and flame sealed. The reaction was
heated at 130°C for 1 h and the contents partitioned between ethy!
acetate (5ml) and sodium bicarbonate solution (0.3 M, 2ml). The
product was extracted with ethyl acetate (3 x 5 ml). The combined
extracts were washed with water (2ml), dried over anhydrous
sodium sulphate, filtered and evaporated to dryness. A total of
75mCi at a radiochemical purity of 46% and a specific activity of
1.35 Ci/mmol was isolated.

More recently, more detailed studies'® on tris(triphenylpho-
sphine)ruthenium(ll) dichloride in comparison with the
complexes [Ru(;°-benzene),Cl,1,, [Ru(p-cymene);Cly], and [Ru(-
CO)5Cl,],. were reported. A number of commercially available
piperidines, piperazines and dialkylamines were screened with
the above catalysts using both DMSO and DMF as co-solvents,
with the former proving to allow for greater catalytic activity. In
addition, the use of [*Hg]DMSO as co-solvent allowed direct
monitoring of the reactions by NMR and optimization of the
reaction conditions. Heating to 150°C for 3 h in DMSO generally
resulted in high deuterium incorporation for all the substrates
studied. Recoveries were moderate and somewhat variable,
mainly due to a competing methylation reaction arising from
activation of the DMSO solvent by the catalyst. In addition, a
carbonylation side reaction was observed on some occasions
when using the most active catalyst, tricarbonyldichloro-
ruthenium(ll) dimer. A typical deuteration procedure is given
below for the labelling of 1-(3-trifluoromethylphenyl)piperazine
(Figure 15)."°

The catalyst, (CO)gRu,Cl; (6.8mg), dry DMSO (50ul) and
deuterium oxide (10 ul) were placed in a thick-walled reaction vial
and 1-(3-trifluoromethylphenyl)piperazine (10 mg) was added. The
vial was capped, shaken to ensure complete dissolution and then
heated for 3h at 150°C. The product was isolated by ether
extraction from aq. saturated. NaHCOj3 solution. The resulting
crude product was dissolved in ether (0.7ml) and a saturated
solution of oxalic acid in ether (50 ul, ca. 188 mg/ml) added and
allowed to stand overnight. The supernatant was then removed
and the precipitated oxalate salt washed with ether (0.25ml).

I YW
X PPhg X
]
i O
N PPhg TOONTTT
H —_— H
THO/Dioxane/ 120-130°C/ 3h
X=N,CH, O

Figure 13. Tris(triphenylphosphine)ruthenium(ll) dichloride-catalysed exchange of
piperidines and piperazines.

Crystallization from methanol (50 ul) by slow addition of ether
gave 1-(3-trifluoromethylphenyl)[2,3,5,6-*Hlpiperazinium oxalate
(8.7 mg, 63%). The overall deuteration achieved was 4.5D/molecule
with the o and f positions equally labelled.

Ru(PhsP)sCl, has also been reported as an effective catalyst in
the preparation of [?Hjolcyclohexene.?® The reaction was run
under microwave conditions, employing catalytic amounts of
sodium dodecylsulphate and ethanol with D,O as the isotope
source at temperatures in the 120-140°C range with a 1h
reaction time (Figure 16).

In a typical procedure, the cyclohexene (1 mmol), Ru(PhsP)sCl,
(0.05 mmol), D,0 (3 ml) and SDS (0.1 mmol) were added to a 10 m/
vial and microwave irradiated, with stirring. The power was
varied automatically between 0 and 100W to maintain a
temperature of 140°C.

The reaction likely proceeds via a hydroruthenation/
p-elimination catalytic cycle. The effect of catalytic amounts of
sodium dodecylsulphate and EtOH is believed to promote the
formation of a hydridoruthenium species, which can then be
converted to the corresponding deuteridoruthenium species in
D,0. Either additive was equally effective at promoting the
reaction when added separately and no obvious improvement
was noted when they were combined in the same reaction.
Deuterium enrichments as recorded by 'H and H NMR were
typically >95%, with isolated yields of 80 to 96%. Other non-
substituted cyclo-olefins were also completely deuterated, but
substituted cyclo-olefins such as 1-methylcyclohexane were only
partially deuterated.

In the area of C-H activation, the divalent thiaruthenacycle
complex cis-(Ru[SCgH3(2-CH,)(6-Me)-x2S,Cl(PMes), was used by
Komiya to catalyse the deuteration of the ortho methyl groups
in 2,6-dimethylbenzene thiol under D, (Figure 17).2

In a typical procedure, cis-(Ru[SCsH3(2-CH,)(6-Me)-i>S,Cl(PMes),
(9.7 mg, 0.018 mmol) was transferred into a Schlenk tube into
which [Dg]benzene (1.5 ml) was added, followed by 2,6-dimethyl-
benzenethiol (50 ul, 0.376 mmol). The reaction system was
evacuated by several freeze—thaw cycles before D, (35.8ml,
1.48mmol) was added. The reaction was held at 30°C and a
portion analysed by NMR at various time intervals.

F F
F D D
NH
D D

Figure 15. Labelling of 1-(3-trifluoromethylphenyl)piperazine using (CO)sRu,Cl,
and D,0.

Br—y cl Br \\ cl
\ N/ RUPhP)sClL/THO N/
B 130°C / dioxane /1h Br
N T N T
H H

Figure 14. Preparation of precursor of [*H]SCH 66336.
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Figure 16. Deuteration of cyclohexene via Ru(PhsP);Cl,-catalysed exchange with
D,0 under microwave conditions.
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Figure 17. cis—(Ru[SC6H3(2—CH2)(6—Me)—1c25,G(PMe3)44

The reaction was run using 5% catalyst in [De¢lbenzene at
room temperature for 5 days under a D, atmosphere, which
allowed for direct monitoring of the enrichment by 'H NMR.
Approximately 60% deuterium enrichment was observed in the
methyl groups with about 40% exchange in the SH group. The
complex cis-RuH,(PMes), was also found to be active with
the same substrate and to a lesser extent with 2,6-xylenol, where
a 7-day reaction time was required to achieve a near 40%
enrichment in the methyl groups. The authors proposed a
tentative mechanism to account for SH and CH exchange, the
latter likely due to the formation of a five-membered
oxaruthenacycle. This was further supported by the observation
that when phenol was used as a substrate, OH/D, exchange
occurred but the ortho sp? C-H bond did not exchange, likely
due to the necessity of forming an unfavourable four-membered
cyclometallation intermediate.

The pincer complex [Ru(dtbpmp)(>-H,)H,] has been reported
by Leitner to catalyse deuterium exchange in aromatic and
heterocyclic hydrocarbons with D,O as the isotope source
(Figure 18).22

In a typical procedure, under an argon atmosphere, toluene
(0.23ml, 2.5 mmol) was diluted with cyclohexane (1.4 ml) and half
of this solution was transferred to a Schlenk tube containing
[Ru(dtbpmp)(i>-H2)H;] (1 mol%). Degassed deuterated water (1 ml)
was added under a stream of argon and the mixture stirred at
50°C for 3 days.

Benzene was quantitatively deuterated using 1mol% of
catalyst at 50°C within 3 days. In studies of substituted aromatics
such as toluene, a clear preference for meta (84%) and para
(28%) incorporation was seen over ortho (<5%) incorporation,
suggesting the regiospecificity is influenced by a steric effect.
No incorporation was observed in the methyl group. A similar
steric effect was seen in naphthalene, where a preference for
deuteration at the f-position (62%) over the «-position (15%)
was noted. In contrast, in the case of 2,5-dimethylfuran,
deuterium was incorporated in both the sp? positions and in
the methyl groups, suggesting that the sp®> C-H bond may be
activated by coordination of the catalyst with the oxygen. This is
further supported by the lack of methyl labelling in toluene as
discussed above, where no such co-ordination is possible. The
authors proposed a mechanism for aromatic hydrogen ex-
change, which involved g-bond metathesis as the key catalytic

@ 1 mol% | AN
D,0/ 50°C or 75°C, 3 days 2

D

Figure 18. [Ru(dtbpmp)(i7>-H,)H,]-catalysed deuteration of benzene.
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SCCHj3
Figure 19. TpRu(Ph;P)3(CH;CN)H.

step for the exchange process, with a strong steric effect
controlling the regiospecificity of the exchange. This complex
proved to be an improvement over the complex [Ru(IMes)(P-
Cy5)(*H)-H,], which was previously reported by the same
authors to have catalytic activity using perdeuterobenzene.” As
was stated earlier, from the perspective of isotopic labelling, the
use of D,O in place of perdeuterobenzene offers a potential
route to tritium labelling.

Finally the complex TpRu(PhsP)3(CHsCN)H (Figure 19) has
also been shown to promote modest levels of H/D exchange
of simple organic solvents such as benzene, toluene, THF,
1,4-dioxane and ether with D,O as the isotope donor.?*
Incorporation levels were generally in the 10-20% range,
suggesting that further optimization of the catalyst system
would be desirable before use in tritiation experiments.

The above complexes arising from research in the area of C-H
activation have only demonstrated activity for the deuterium
labelling of simple aromatics and aliphatics. To date there are no
examples of tritium labelling by these complexes. However,
those complexes employing water as the source of isotope have
the potential for use as tritiation catalysts. Nevertheless the
ready availability of known catalysts such as heterogenous Pt,
which are highly effective for the general tritium labelling of
aromatic and N-heteroaromatic rings, may discourage their
further development.

Part Il: Heterogeneous rhodium- and
ruthenium-catalysed hydrogen-isotope
labelling

Labelling via heterogeneous catalysis usually involves one of
two approaches: 1/ general labelling mainly utilized for the
preparation of highly deuterated compounds for uses such as
MS internal standards and for materials science studies, and
2/ regiospecific/regioselective labelling suitable for the prepara-
tion of ?H- and 3H-labelled compounds for tracer studies.
Although this is in some ways an artificial distinction, it is a
useful way to organize the sections below.
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General labelling using heterogeneous rhodium systems

Until recently most studies of general heterogeneous rhodium-
catalysed isotopic exchange involved small molecule hydro-
carbons.?® These have been utilized to probe the mechanism of
reduction or dehydrogenation processes taking place on the
rhodium surface rather than for the purpose of isotopic
labelling. In contrast, the general labelling of more complex
molecules had been the province of other transition metals,
mainly platinum and palladium. On occasion, though, rhodium
has been utilized alone or in conjunction with other platinum
group metals for high-temperature solid state isotope exchange
labelling of biologicals. For more information on this widely
applicable labelling technique, which can at times lead to
surprisingly specific labelling outcomes, see the contribution by
Nagaev, Shevchenko and Myasoedov in this Special Edition, and
the references therein.

Recently, a series of studies from the Sajiki group have
popularized the use of H,/D,0 exchange systems for deuterium
labelling of a wide range of organics in the presence of platinum
group metals.?® Though most of the studies have utilized a
palladium or platinum catalyst, some useful methodology has
also been developed for rhodium, particularly for the labelling of
alkanes.?’” For this reaction, the rhodium is employed in the form
of 5% rhodium on charcoal, as the presence of this lipophilic
carbon support is essential for the exchange. The activating
presence of hydrogen gas is also a requirement. A typical
procedure is given below.

A sealed tube is charged with the substrate (0.25mmol), 5%
rhodium on charcoal (20 wt%) and D,O (2 ml). The tube is sealed
under a hydrogen atmosphere and heated at 160°C for 12-24 h.

The method has proved applicable to linear, branched and cyclic
alkanes and generally results in high incorporations at all molecular
sites. It is therefore a useful and general procedure. The deuterium
abundances may be improved by the addition of a small quantity
of cyclohexane as co-solvent. Yields are good to excellent. Typical
examples of the approach are shown in Figure 20.

The authors have advanced some plausible mechanisms for
the labelling based upon a key intermediate (Figure 21)
reversibly formed by insertion of a H,-Rh-D,0 complex into an
alkane C-H bond. This intermediate can then undergo either
(a) isotope exchange to yield the analogous rhodium deuteride
followed by reductive elimination to the labelled alkane or
(b) p-hydride elimination to yield the olefin, recomplexation
(possibly as a rhodium =-allyl species), formation of the rhodium
deuteride species and finally reductive elimination and hydro-
genation to yield the deuterated hydrocarbon.

As the nature of the catalyst support is important, it is likely
that the reaction occurs at the interface between the metal and
the support. However, a spill-over mechanism similar to that
described for high-temperature solid-phase isotope exchange
elsewhere in this special issue has not been eliminated.

As might be expected, a similar labelling approach could be
utilized with more functionalized compounds and this has been
examined for other rhodium systems. In particular, an activated
rhodium black catalyst has been prepared via sodium borodeu-
teride reduction of rhodium trichloride. In an early study of such
hydride activated catalysts, Derdau et al.?® studied the deutera-
tion of several substrates and the results with 4-phenylbutanoic
acid proved interesting. Comparison of the labelling achieved
with in-situ-activated palladium on carbon, palladium black
(from NaBD, and PdCl,) and rhodium black (from NaBD,; and
RhCls) showed a high degree of labelling by rhodium, though
the yield, at 45%, was lower than with the palladium systems.

Figure 21. Proposed key intermediate in the deuterium exchange of hydro-
carbons.”’

D D
92% 92 %
CDh, CD, CD, °
CD,-(CD,),-CD, D
n=10,13,18 & 26 D; o
87-96% 96 /
° o,
Dy hPdb 93%
84%
(92% with CgH,,)
Squalane alpha-Cholestane, mean 36%

CD,,CD, & CD = 99-100%

N
-
(=)

(48% with CgH,,)

Figure 20. Labelling of various hydrocarbons by hydrogen activated rhodium on carbon and deuterium oxide.?”
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(Figure 22). Concomitant labelling at the meta or para positions
was presumably absent or limited.

A more detailed study of such rhodium systems (including
analogous Pt and Pd catalysts) was subsequently carried out®
under microwave heating conditions. A range of substrate
classes were examined. The results obtained with substituted
anilines are tabulated below (Table 1). They show a preference
for labelling ortho to the amino function.

Pyridines and other heterocyclics were also studied. Examples
are shown in Figure 23.

Although the labelling is general, a degree of selectivity is
observable, with labelling taking place preferentially at positions
o to heterocyclic nitrogen or amino-substituents. A typical
procedure follows.

The substrate (1mmol) and pre-catalyst (RhCl;, 10wt%)
were treated with sodium borodeuteride (99% D, 5mol%) and

97% 97% 57%

©/\/YO

97%
] ©/\/Y
© 97% OH

Figure 22. Labelling of 4-phenylbutanoic acid by in situ-generated deuterium-
activated rhodium black and deuterium oxide.?®

NaBD,/ RhCl,

- =

D,0
130°/18h

Table 1. Labelling of substituted anilines by in situ-
generated deuterium-activated rhodium black and deuter-
jum oxide?
Substituents % Of D ortho % Of D meta
to amine to amine
NH,, Br 80 5
NHz, NO, 29 15
NH,, OMe 82 0
NH,, SMe 92 12
NH,, CO,H 89 19
NHMe, CO,H 97 97 (Me, 4)
NMe,, CO,H 85 21
65% 10% (
o NH " _NH
80% | X 2 15% X
o ~ | /
99% N7 99%  90% N~ 90%
0%  39% 0%
0% N 39% Qo
0% N~ 57% 0%
O,
309% 0%
24% °
H,N ° 17% .
N\ 45%
0%
0% S 12%
0%

deuterium oxide (99% D, 6 ml) and well stirred. When effervescence
had ceased the tube was then sealed under argon and heated at
150°C for 2 h.

Yields for the procedure were generally good, but somewhat
variable (30-97%).

While the methodology described in this section has proven
to be very useful for the preparation of deuterated compounds,
there are no reports to date of either method being adapted for
tritium labelling.

Regiospecific/regioselective labelling using heterogeneous
rhodium

A series of very interesting studies have been carried out by Filer
and co-workers using supported rhodium. This group achieved
direct high specific activity labelling of the toxic glycosides,
digoxin, digitoxin and ouabain using 5% rhodium on alumina in
conjunction with high specific activity tritiated water at elevated
temperatures for several days. The labelling was restricted to
particular molecular sites (the methylene and olefinic sites on
the butenolide lactone) hence its inclusion in this part of the
review. The method also proved useful in obtaining labelled
precursors for other biologically important compounds such as
antibiotics, anti-tumour agents, antipsychotics, bile acids, etc. In
addition, the same group have utilized the same catalyst with a
tritium gas donor for the high specific activity labelling of some
nucleic acid components, neurochemicals and toxins. For more
detailed information, including structures and experimental
details, see the contribution on the direct metal-catalysed
tritiation of organic compounds by C N Filer in this special issue
of the journal, and references therein.

The first mild, general and regiospecific ruthenium system for
N-heteroaromatic labelling was developed*° in 1990. The system
utilized deuterium gas in perdeuteromethanol and 5% ruthe-
nium on carbon as catalyst. Although this system utilized
heterogeneous ruthenium, it will be described here since it led
directly to the development of more useful rhodium systems.
The ruthenium catalyst was shown to label a range of pyridines,
quinolines and isoquinolines at high isotopic abundance

34% 0%
N 0%

99% -

N~ SOH 18% SN N0~

9% 21% 21%
X 20% 40% OO 13%

0%
NH, °

NH

COH 15% 'll 2

2

\( W/

N—N

12%

Figure 23. Labelling of various heteroaromatics by in situ-generated deuterium-activated rhodium black and deuterium oxide.?
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and with good regioselectivity for the available a-positions
(Figure 24).

Unfortunately subsequent studies®' showed that much of the
label originated from the perdeuteromethanol solvent. Conse-
quently the method, while useful for deuterium labelling, had
little potential for tritium. The need for 22 p.s.i. of D, pressure
also militated against the use of tritium.

Nevertheless Lockley et al. was impressed by the approach
and resolved to improve the procedure.®? A range of platinum
group metal catalysts were screened in parallel, utilizing
deuterium gas at atmospheric pressure in a number of aprotic
solvents.3? Of these catalysts, rhodium black, ruthenium black

€) L
R — R
N~ 5%Ru/C b =

N D
CD,0D
Figure 24. Labelling of pyridines by 5% ruthenium on carbon and deuterium gas
in perdeuteromethanol.*

2
Catalyst AN
‘E R
Amblent pressure =
and temperature D N

Figure 25. Labelling of pyridines and other N-heteroaromatics by various rhodium
and ruthenium catalysts in tetrahydrofuran under mild conditions.>®

o A e S

99%

& ﬁ

9%
AN

98% (a)

and 5% rhodium on alumina proved many times more active
than 5% Ru/C and hence showed potential for further
development. As THF proved an effective and easily removable
solvent, it was utilized as solvent in the subsequent screens.

All three catalysts proved useful for the o-labelling of
N-heteroaromatics at ambient temperature and pressure,
with rhodium black demonstrating the most general activity
(Figure 25).3

The generality of the method was investigated using parallel
chemistry studies of the labelling of a panel of N-heteroaromatics
using the three catalysts. The panel of substrates was selected
to check various aspects of the labelling process. Thus,
2-phenylpyridine was included to check for concomitant ortho-
labelling of the phenyl group via a five-membered ring process.
While 3- and 4-acetyl pyridine were included to check for
concomitant labelling of the acetyl group by acid/base mechan-
isms in addition to potential ortho-labelling. 2-Bromopyridine
and phthalazine were also included since these substrates had
been resistant to labelling via the original 5% Ru/C system.

The results for rhodium black are shown in Figure 26.

Reactions were monitored by 'H- and ?H-NMR. In the reactions,
the substrates (ca. 0.13 mmol) and rhodium black (Aldrich, 10 mg)
in dry THF (1 ml) were stirred under D, gas in 10ml capacity
hydrogen tight tubes for 2 h at ambient pressure and temperature,
replacing the D, gas twice, via evacuation and then replenishment,
during the course of the exchange. (a) Indicates some concomitant
decomposition or reduction under the reaction conditions.

As seen in Figure 26, the labelling procedure is general
and regiospecific. In only one case (2-phenylpyridine) was any

/
\
90°/
83%

D~ D._Ny_D
% | | | 75%
AN P
N “
= N
D D~ N7 D

D 90%
/
N~ o7
86% 16%
N—N A
7 N_p
_ ~
61% N~ D
99% (a)

Figure 26. Labelling of pyridines and other N-heteroaromatics by rhodium black and deuterium gas in tetrahydrofuran under mild conditions.,
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labelling at sites other than « to nitrogen seen, suggesting that
under the correct circumstances labelling via a five-membered
cyclometallated intermediate can occur. However, since several
other substrates in Figure 26 could also have labelled via a five-
membered cyclometallation process but showed no such
labelling, it is possible that 2-phenylpyridine provides the
exception rather than the rule.

The regiospecificity of the process was demonstrated in most
cases by both "H and 2H-NMR. In one case *H-NMR was utilized.
[2,6,2',6'-*H,,2,6,2',6/->H]4,4 -bipyridyl was prepared by ex-
change over rhodium black with tritiated deuterium gas,
prepared by acidification of a solution of tritiated sodium
borohydride and sodium borodeuteride in deuterium oxide with
[0-Hlacetic acid. The labelled compound and the various
isotopic NMRs are shown in Figure 27.

Similar results were obtained with the other two catalysts.
These proved somewhat less active than rhodium black but in

D(T) D(T)
7\ -
N_ NN
D(T) D(T)

Figure 27. 4,4'-Bipyridyl labelled via rhodium black catalysis. Top NMR: 2H-NMR
in CHCl; of exchange product with D, gas, middle and bottom NMRs: 'H- and
3H-NMR in CDCl; of the crude exchange product with DT gas.>

o)

N O

o
H H
NN

A
B o

N (@]
a, 93%

Figure 28. Labelling of a pharmaceutical agent by rhodium black and deuterium
gas in combination with Crabtree’s catalyst.>*

some cases this provided an advantage, thus 3-acetylpyridine,
which decomposed using the rhodium black catalyst, was
labelled at 99% efficiency in high yield by 5% rhodium on
carbon.

Overall, a wide range of nitrogen heteroaromatics can now be
labelled with deuterium (and presumably tritium) at room
temperature and pressure by isotopic exchange with deuterium
gas in THF in the presence of these catalysts. The labelling is
rapid, isotope efficient and applicable to both electron-rich and
electron-poor substrates. In a few cases, a degree of reduction
accompanies the exchange and in these cases selection of the
most appropriate of the new catalysts is indicated.

A typical labelling procedure is given below.

4,4'-Bipyridyl (22 mg, 0.141 mmol) and rhodium black (10 mg,
0.097 mmol) in dry THF (1.0 ml) were stirred under deuterium gas
(99 atom%, 0.4mmol) at RT and atmospheric pressure, replacing
the deuterium gas after each hour to ensure displacement
of the equilibrium towards complete labelling®. Filtration and
washing of the catalyst with a small quantity of THF followed
by evaporation of the solvent gave the labelled bipyridyl
(22 mg, 100% crude, pure by TLC, m.p. 108- 110°C). Crystallisation
of the crude material from dichloromethane/hexane gave
[2,6,2,6-°H 14,4 -bipyridyl, 15mg, 67%, 97.5atom% °H). *In a
parallel experiment with no change of deuterium gas the 2H
atom% abundance of the product was 56% (73% of theoretical)
after 2 h.

More recently, in an attempt to label the compound shown in
Figure 28 at both sites a and b, Schou utilized a mixture of
rhodium black (to label site a) and Crabtree’s catalyst (to label
site b).3*

Instead the mixed catalysts labelled only site a, but with
substantially increased incorporation, (93%D) compared with
rhodium black alone (16%D). The catalytic system comprising a
mixture of rhodium black and Crabtree’s catalyst was subse-
quently investigated using a panel of 15 substrates, mainly
pyridines, and was shown to lead to significant improvements in
deuterium incorporation in seven cases and to either no effect
or a somewhat deleterious effect in eight cases. In two cases,
2-isopropylpyridine and 4-amino-pyrimidine-5-carboxylic acid,
the new system proved very effective when labelling by
rhodium black alone had failed.

The reason for the improved efficiency of the new system is
not clear. Investigations of the effect of various additives on the

Figure 30. Tritium labelling of probicromil sodium using tritiated water at 90%
abundance and 5% ruthenium on carbon catalyst.*'

96 %
D
Ru/C
D,0 (H,) D

Figure 29. o-Labelling of n-decanol using ruthenium on carbon via an oxido-reductive process.>®
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D,

(sub-stoichiometric)

_

Ru, RT, 2h

O

Figure 31. Exchange labelling of 4-methylstyrene using a deficiency of deuterium gas.

rhodium black labelling system were not definitive. While
addition of pyridine or tricyclohexylphosphine (two of the
ligands in Crabtree’s catalyst) to rhodium black gave improved
incorporation into the substrate, neither gave the degree of
improvement seen with the Crabtree catalyst. Other investiga-
tions in the same paper showed that the reaction was
heterogeneous and that the provenance of the rhodium black
was important: items from Aldrich, Alfa Aesar and ABCR were
active, while items from Acros and Fluka were not. X-ray
powder diffraction studies were carried out and those samples
possessing the lowest observed crystallinity (i.e. amorphous or
highly microcrystalline) had the highest activity. Whether
this is an effect of the inevitably higher surface area or of
increased surface dislocations could not be determined by the
technique. The observation is consistent with the finding that
supported dispersed rhodium is also active in such pyridine
labelling.3%3*

General labelling via heterogeneous ruthenium systems

With the exception of the work with pyridines referred to in the
previous section,®® much less labelling work has been carried
out with heterogeneous ruthenium than with rhodium. As with
rhodium most isotopic exchange studies have utilized small
molecule hydrocarbons to probe the mechanism of reduction or
dehydrogenation processes taking place on the ruthenium
surface rather than as a method for isotopic labelling.®

Regiospecific/regioselective labelling using heterogeneous
ruthenium systems

Early studies by the Garnett group had determined that
ruthenium black generated in situ by hydride reduction of the
trichloride led to selective a-deuteration of pyridine.>” However
with the exception of the pyridines mentioned previously*° few
other regiospecific applications have been published, until
recently.

As illustrated in the homogeneous catalysis section of this
paper, the propensity of homogeneous ruthenium catalysts to
support oxido-reductive reactions has been extensively
exploited for labelling with both deuterium and tritium.
Heterogeneous ruthenium shares this ability, as shown by the
a-deuterium labelling of n-decanol at 96% abundance over 5%
ruthenium on carbon®® by reaction with the hydrogen-activated
catalyst and deuterium oxide at 80°C for 24 h (Figure 29).

The Sajiki group has extended this regiospecific reaction to
the o-labelling of a range of other primary and secondary
alcohols.**The reaction is clearly proceeding via an oxido-
reductive mechanism, as suggested by the utilization of the
same catalyst for the oxidation of primary and secondary
alcohols under an oxygen atmosphere.*°

5% Ruthenium on carbon has also been utilized for high
specific activity labelling of [*H]probicromil sodium as shown
below. The tritiated compound was obtained by heating the
unlabelled compound with the catalyst and tritium oxide

at >90% 3H-abundance in DMF for 18h, followed by HPLC
purification (Figure 30).*'

Ruthenium black has also been utilized for the regioselective
labelling of styrenes at the terminal alkene positions by
employing a deficiency of deuterium gas (Figure 31).

When 0.4 mol catalyst/mol of deuterium was utilized, 40% of
the isotope was present in the olefin and 60% in the alkane.
Both the cis and trans terminal positions of the styrene were
labelled with equal efficiency.*> Such olefin labelling by
employment of traditional hydrogenation catalysts and a limited
amount of isotopic hydrogen has been utilized for the tritiation
of dehydroleucine,”® cyclosporin®* FK506,* and FK506 analo-
gues.*' Although hitherto, supported palladium rather than
ruthenium had been utilized for this reaction, ruthenium black
was found to be preferable to a wide range of supported and
unsupported palladium catalysts when screened in the reaction
above (Figure 31).
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