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Abstract This review concerns methods of synthesis, NMR analysis and applications of isotope-labelled

hydantoins. The hydantoin moiety is present in natural products and in extraterrestrial ice, indicating this to be an

important compound in prebiotic chemistry. Bacterial transport proteins that scavenge hydantoins have been

identified, isolated and characterised with isotope-labelling of hydantoins as an essential requirement to achieve

this. These are Mhp1 from Microbacterium liquefaciens and PucI from Bacillus subtilis, transporting 5-arylsubstituted hydantoins and allantoin, respectively. The hydantoin ring is a useful centre in synthetic chemistry,

especially for combinatorial chemistry, multicomponent reactions and in diversity-oriented synthesis. It is also

found in pharmacologically active molecules, such as the anticonvulsant phenytoin. Hydantoins synthesised with

isotope labels include hydantoin itself, allantoin, other 5-monosubstituted derivatives, phenytoin, other 5,5-disubstituted derivatives, N-substituted derivatives and other more complex molecules with multiple substituents.

Analysis of isotope-containing hydantoins by NMR spectroscopy has been important for confirming purity,

labelling integrity, specific activity and molecule conformation. Isotope-labelled hydantoins have been used in a

range of biological, biomedical, food and environmental applications including metabolic and in vivo tissue

distribution studies, biochemical analysis of transport proteins, identification and tissue distribution of drug

binding sites, drug metabolism and pharmacokinetic studies and as an imaging agent.

Keywords: allantoin; drug binding and metabolism; hydantoins; isotopic labeling; NMR analysis; PET imaging;

phenytoin; transport assays



1. INTRODUCTION

1



H



ydantoin (IUPAC name imidazolidine-2,4-dione) (1)

(Figure 1) is a heterocyclic ring system that occurs

relatively rarely in nature. The most commonly known

natural product with the hydantoin ring is the urea

derivative allantoin (5-ureidohydantoin) (2) (Figure 1),

which is a constituent of urine and a major metabolic

intermediate in most types of organisms including bacteria,
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fungi, plants and animals. Allantoin is also present in a

number of toothpastes, mouth washes, shampoos and

cosmetic products and is used in medications that treat skin

conditions including acne, impetigo, eczema and psoriasis.

Other natural products that contain the hydantoin ring as

part of their chemical structure have been isolated from

marine sponges [1,2], from a Mediterranean Sea anemone

[3] and from the fungus Fusarium sp [4]. A fulvic acid

polymer isolated from a coastal pond in Antarctica is also

suggested to contain a hydantoin ring based on a solid-state

NMR 15N and 13C{14N} chemical shift investigation [5].

Interestingly, the presence of hydantoin in extraterrestrial

ice has been demonstrated, indicating this to be an

important compound in prebiotic chemistry [6], and a new

route for the prebiotic synthesis of hydantoin in

water/ice/urea solutions involving the photochemistry of

acetylene has been proposed [7].
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Figure 1. Structures of hydantoin (1) and the common 5-substituted

derivatives allantoin (2) and phenytoin (3).



The first reported synthesis of hydantoin was in 1861

by Baeyer [8], but its structure was not assigned correctly

until 1870 by Strecker [9]. The chemical properties,

methods of synthesis and reactivity of hydantoin and its

derivativies have been reviewed extensively [10-15]. For

synthetic chemistry applications, hydantoin is a useful

centre in combinatorial chemistry [16], multicomponent

reactions [17,18] and in diversity-oriented synthesis [1921]. Hydantoins substituted at the 5-position are precursors

to optically pure natural and unnatural α-amino acids,

which is achieved through their chemical or enzymatic

hydrolysis [22-30]. They therefore serve as important

compounds in the food industry, for example in the

production of the artificial sweetener aspartame (N-(L-αaspartyl)-L-phenylalanine, 1-methyl ester), which can be

synthesised from its constituent L-α-amino acids. They are

important in the pharmaceutical industry as precursors to

optically pure D-amino acids [31-33], which are used in the

production of certain drugs such as β-lactam antibiotics

(e.g. penicillin and amoxicillin) and anticancer agents (e.g.

goserelin). The hydantoin moiety itself also forms the basis

or is a constituent of a number of pharmacologically active

molecules, the most well known being anticonvulsants such

as phenytoin (5,5-diphenylhydantoin) (3) (Figure 1) [3437].

A protein called Mhp1 that promotes the uptake of 5aryl substituted hydantoins into cells of the Gram positive

bacterium Microbacterium liquefaciens, serving as part of a

salvage pathway for carbon nutrients, has been identified,

isolated and purified and its high-resolution crystal

structure (Figure 2A) determined in three different

conformations (open to outside, occluded with substrate,

open to inside), the first for any secondary active transport

protein [38-43]. Mhp1 is a member of the widespread

nucleobase-cation-symport-1 (NCS1) family of secondary

active transport proteins with members in bacteria, fungi

and plants [44-52] and has provided a pivotal model for the

alternating access mechanism of membrane transport and

for the mechanism of ion-coupling [41,42,53-57]. Mhp1 is

located in the cytoplasmic cell membrane where it catalyses

the inward co-transport of a sodium ion down its

concentration gradient and of a hydantoin molecule against

its concentration gradient (Figure 2A). This mechanism

enables the bacterium to scavenge low concentrations of

hydantoin compounds from its environment. The principal

transported substrates of Mhp1 are L-5-benzylhydantoin (4)

and L-5-indolylmethylhydantoin (5) (Figure 2B).



Inside



B



L-5-Benzylhydantoin 4



L-5-Indolylmethylhydantoin 5



Figure 2. Hydantoin transport protein, Mhp1, from the Gram positive

bacterium Microbacterium liquefaciens. A. Schematic illustration of the

3.4 Å-resolution crystal structure of Mhp1 determined in complex with the

substrate L-5-indolylmethylhydantoin [62]. Mhp1 is shown in a cell

membrane where it catalyses the inward co-transport of a sodium ion

(purple circle) down its concentration gradient and of a hydantoin

molecule (green circle) against its concentration gradient.

This

mechanism enables the bacterium to scavenge low concentrations of

hydantoin compounds from its environment for use as sources of carbon

and nitrogen. The locations of a sodium ion and of a hydantoin molecule

can be seen in the centre of the structure at their respective binding sites.

The structure of Mhp1 was drawn using RSCB Protein Data Bank

(http://www.rcsb.org/pdb/home/home.do) file 4D1A using Jmol [63]. B.

Substrates of the Mhp1 transport protein L-5-benzylhydantoin (4) and L-5indolylmethylhydantoin (5).



An allantoin transport protein called PucI from Bacillus

subtilis has recently been isolated, purified and

characterised [58]. PucI shares evolutionary relationships

with other putative bacterial allantoin permeases, with

Mhp1 and with other characterised NCS1 transporters in

fungi and plants [58].

Crucial to the success in

characterising the ligand recognition, substrate selectivity

and transport kinetics of Mhp1 and PucI was synthesis of a

number of isotope-labelled hydantoins and their use in

biochemical assays [39,58-62]. Analysis of the synthesised

isotope-containing hydantoin compounds by NMR

spectroscopy was important for confirming their purity and

labelling integrity. A significant number and variety of
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other isotope-labelled hydantoins have been synthesised

and used in a range of biological, biomedical, food and

environmental applications. The methods of synthesis,

NMR analysis and their applications are the subject of this

review.



and reduced to [5-14C]5-(2-furyl)hydantoin (11), which was

hydrolysed to DL-[2-14C]3-(2′-furyl)-alanine (Figure 3,

Scheme 1) [65]. Another classic method for the synthesis

of hydantoin, and derivatives thereof substituted at the 5position, is the Bucherer-Bergs reaction [67-69]. This is the

multicomponent reaction of carbonyl compounds

(aldehydes or ketones) or cyanohydrins with potassium

cyanide and ammonium carbonate to give hydantoins where

the chemical groups on the carbonyl compound become the

substituents at the 5-position in the hydantoin (Figure 3,

Scheme 2). Use of the simplest aldehyde formaldehyde in

this reaction does give hydantoin (1), but also other

products including hydantoic acid and hydantoic amide

[70]. Work by Winstead et al [71] nicely demonstrates the

range of aliphatic, aromatic and cyclic substituted

hydantoins that can be produced by the Bucherer-Bergs

reaction, which in this case were labelled with the positron

emitting carbon-11 at the 4-position by using

[11C]potassium cyanide in the reaction (Figure 3, Scheme

3). The 11C-labelled hydantoins prepared here were used to

measure their in vivo tissue distribution pattern in dogs.



2. HYDANTOIN

A classic method for the synthesis of hydantoin uses

glycine as the starting compound (Figure 3, Scheme 1).

Glycine (6) is reacted with ethanol/acid to give the ester (7);

the amine group is then reacted with potassium cyanate to

give the intermediate (8), which is cyclised under acid

reflux to give hydantoin (1). Starting with [1-13C], [2-14C]

or [15N]glycine (6a, 6b, 6c) this method has been used to

prepare [4-13C], [5-14C] and [1-15N]hydantoin (1a, 1b, 1c),

respectively [64-66].

The [4-13C]hydantoin and [115

N]hydantoin were reacted with indole-3-aldehyde

followed by hydrolysis to give DL-tryptophan labelled with

13

C at the 1-position [64] or with 15N at the α-N position

[66], respectively. The [5-14C]hydantoin was reacted with

furfural (9) to give [5-14C]5-(2-furylidene)hydantoin (10)



x
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*



x

HCl



*



EtOH



7a,7b,7c



[1-13C] / [2-14C] / [15N]Glycine



*x ==



13C



KOCN



14C
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1a,1b,1c
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x



*



5,5-Disubstituted

[4-11C]hydantoin



*



x



HCl



*=



*







11C



[4-13C] / [5-14C] / [1-15N]Hydantoin



8a,8b,8c



*



9

x



Reduction



x



*



Na



10



11



[5-14C]-5-(2-furylidene)hydantoin



[5-14C]-5-(2-furyl)hydantoin



Scheme 1



*

KCN, (NH 4)2CO3



Scheme 2



Aldehyde or ketone + [ 11C]KCN +(NH 4)2CO3

aq EtOH or DMSO /  / pressure



Scheme 3



Figure 3. Synthesis of [4-13C], [5-14C] and [1-15N]hydantoin (1a, 1b, 1c) from [1-13C], [2-14C] or [15N]glycine (Scheme 1), the Bucherer-Bergs reaction for

synthesis of 5-substituted hydantoins (Scheme 2) and its use in preparing a range of aliphatic, aromatic and cyclic substituted [4-11C]hydantoins (Scheme 3).
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3. 5-MONOSUBSTITUTED HYDANTOINS

A number of 5-monosubstituted hydantoins have been

synthesised with isotope labels, where the label has been

directed to the substituent group and/or to the hydantoin

moiety.

Starting with [1-14C]phenol (12a), 5-(4methoxy)benzylhydantoin (16) and 5-(4-hydroxy)benzylhydantoin (17) were synthesised with a 14C label at the 4position in the benzyl ring (Figure 4, Scheme 4) [72]. The

[1-14C]phenol (12a) was methylated with dimethyl sulphate

to give [1-14C]anisole (13) which was converted to a

mixture of ortho- and para-[4-14C]-anisaldehyde (14, 15)

by a modified Gattermann reaction and then the separated

para-form was condensed with hydantoin (1) to give [ring4-14C]-5-(4-methoxy)benzyl-hydantoin (16) from which the

methyl group was removed to give [ring-4-14C]-5-(4hydroxy)benzylhydantoin (17). The latter compound was

then converted into [ring-4-14C]-DL-tyrosine. Hydantoins

16 and 17 have also been prepared with a 14C label at the 6position (CH2) by condensing hydantoin with [114

C]anisaldehyde and used as intermediates in the synthesis

of [3-14C]-DL-tyrosine [73,74]. A similar approach has

been used for synthesis of [1-14C]-DL-tyrosine [75,76]. A

tritiated form of 5-indolylmethylhydantoin (5a) has been

prepared by combining hydantoin (1) with indole-3carboxaldehyde (18) and the resultant alkene (19) then

reduced with tritium gas to give [5,6-3H]-5indolylmethylhydantoin (5a) (Figure 4, Scheme 5). This

was then converted into [2,3-3H]-DL-tryptophan [77].

Using a method based on Gaudry’s synthesis [78], another

14

C-labelled amino acid, [1-14C]-L-lysine, was prepared via

the

intermediates

5-hydroxyhydantoin

and

5bromobutylhydantoin [79]. A hydantoin with a 123mtellurium labelled 5-substituent (23) has been synthesised

starting from [123mTe]diphenyl ditelluride (20) (Figure 4,

Scheme 6). This compound was reduced by sodium

borohydride to generate [123mTe]phenyltellurol (21), which

was then reacted with 5-(β-bromoethyl)hydantoin (22) to

give [123mTe]-5-[β-(phenyltelluro)ethyl]hydantoin (23). The

hydantoin was hydrolysed to [123mTe]-DL-α-amino-(phenyltelluro)-butyric acid, which was used as a potential

pancreatic imaging agent [80].

DL-Allantoin (2) has been synthesised with 13C or 14C

labels using urea as the source of the label (Figure 5,

Scheme 7) [59]. This synthesis began by reduction of

parabanic acid (24) to give 5-hydroxyhydantoin, which was

then treated with thionyl chloride to give 5-chlorohydantoin

(25). Reaction with [13C]- or [14C]urea (26a, 26b) produced

the labelled forms of DL-allantoin (2a, 2b). In this case,

NMR analysis was not only important for demonstrating

high purity of the labelled product, but the 13C NMR

spectrum of 2a (Figure 6A) also revealed a partial

scrambling of the 13C label from the ureido group (157.7

ppm) to the C-2 position (157.1 ppm) [59]. This confirmed

a rearrangement of allantoin in solution via a putative

bicyclic intermediate [81] and so 2a was assigned as DL[H2N13CO/13C-2]allantoin. The 14C-labelled allantoin (2b)



synthesised by the same method was therefore also assigned

as DL-[H2N14CO/14C-2]allantoin [59]. The 14C-labelled

compound has been used in whole cell uptake assays with

the transport proteins Mhp1 and PucI in experiments to

define their substrate selectivities, ligand recognition and

transport kinetics (Figure 7) [58,62]. Crucially, these

measurements provided the first experimental evidence to

demonstrate that PucI is a medium-affinity transporter of

allantoin. The Mhp1 substrates L-5-benzylhydantoin (4)

and L-5-indolylmethylhydantoin (5) have been synthesised

containing both 13C and 14C labels (Figure 5) for use in

solid-state NMR measurements of ligand binding

(unpublished) and in whole cell transport assays,

respectively, with the Mhp1 protein [60,62]. These

compounds were prepared from the appropriate L-α-amino

acid (phenylalanine or tryptophan) by reaction with

potassium cyanate under acidic conditions to give the Lcarbamoyl-L-α-amino acid, which was then cyclised to give

the 5-substituted L-hydantoin (Figure 5, Scheme 8). This is

based on the classic Urech hydantoin synthesis [82]. [613

C]-L-5-Benzylhydantoin (4a) was prepared from [3-13C]L-phenylalanine and [indole-2-13C]-L-5-indolylmethylhydantoin (5b) was prepared from [indole-2-13C]-Ltryptophan. NMR analysis of the 13C-labelled compounds

was important for confirming both high purity and labelling

integrity [60]. The 13C NMR spectrum of [6-13C]-L-5benzylhydantoin (4a) confirmed 13C enrichment exclusively

in the C-6 position at 36.8 ppm and the 1H NMR spectrum

showed a splitting of the H-6 methylene signal at 2.94 ppm

with a coupling constant of 129 Hz due to the directly

attached 13C label (Figure 6B). Similarly, the 13C NMR

spectrum of [indole-2-13C]-L-5-indolylmethylhydantoin

(5b) confirmed 13C enrichment exclusively in the indole-C2

position at 124.5 ppm and the 1H NMR spectrum showed a

splitting of the indole-H2 signal at 7.14 ppm with a

coupling constant of 181 Hz due to the directly attached 13C

label (Figure 6C). The 14C-labelled versions of the

compounds (4b, 5c) were prepared by using [14C]potassium

cyanate in the reaction to introduce the label at C-2 in the

hydantoin ring [60]. These 14C-compounds have been used

in whole cell uptake assays with Mhp1 that have been

crucial in defining its substrate selectivity, ligand

recognition and quantitation of ligand binding and in

screening the transport activities of Mhp1 mutants (Figure

7). This work also identified a novel inhibitor of Mhp1, 5(2-naphthylmethyl)hydantoin, which was itself synthesised

with a 14C label at the C-2 position using the same method

(Figure 7) [62].

A hydantoin derivative of DL-canaline has been

synthesised with a 14C label at C-4 in the hydantoin ring

(31) as an intermediate in the production of [14C]-DLcanaline (32) itself, which is a structural analog of ornithine

(Figure 5, Scheme 9) [83]. The synthesis began by reacting

acrolein (27) and ethyl N-hydroxyacetimidate (28) to give

ethyl N-[3-oxopropoxy]acetimidate (29), which is

converted into the nitrile (30) using [14C]sodium cyanide.
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The nitrile was cyclised with ammonium carbonate to give

the 14C-labelled hydantoin (31). Heating of the hydantoin

with sodium hydroxide afforded [1-14C]-DL-canaline (32),



which was intended for use in evaluating its capacity to

support amino acid biosynthesis by a seed-eating beetle.



1

(CH 3)2SO4



*



Zn(CN)2



*
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[1-14C]Phenol 12a



*



*



HCl



14
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Scheme 5
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KOCN



[123mTe]-DL-α-Amino- (phenyltelluro)butyric acid



Figure 4. Synthesis of the 5-substituted hydantoins [ring-4-14C]-5-(4-methoxy)benzylhydantoin (16) and [ring-4-14C]-5-(4-hydroxy)benzylhydantoin (17)

(Scheme 4), [5,6-3H]-5-indolylmethylhydantoin (5a) (Scheme 5) and [123mTe]-5-[β-(phenyltelluro)ethyl]hydantoin (23) (Scheme 6).
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Figure 5. Synthesis of the 5-substituted hydantoins DL-[H2N13CO/13C-2]allantoin (2a) and DL-[H2N14CO/14C-2]allantoin (2b) (Scheme 7), [6-13C]-L-5benzylhydantoin (4a), [2-14C]-L-5-benzylhydantoin (4b), [indole-2-13C]-L-5-indolylmethylhydantoin (5b), [2-14C]-L-5-indolylmethylhydantoin (5c) (Scheme 8)

and a hydantoin derivative of DL-canaline with a 14C label at C-4 (31) (Scheme 9).
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Figure 6. NMR analysis of 13C-labelled 5-substituted hydantoins. A. 13C (left) and 1H (right) NMR spectra of DL-[H2N13CO/13C-2]allantoin (2a) in DMSO-d6

obtained using a 300 MHz magnet; inset is an expansion of a region of the 1H NMR spectrum (dotted line) containing the 13C-enriched carbonyl signals H2N13CO

and 13C-2. B. 13C (left) and 1H (right) NMR spectra of [6-13C]-L-5-benzylhydantoin (4a) in DMSO-d6 obtained using a 300 MHz and 500 MHz magnet,

respectively; inset are a 13C NMR spectrum of unlabelled L-5-benzylhydantoin (i) and an expansion of a region of the 1H NMR spectrum containing signals for

the H-6 methylene position (ii). C. 13C (left) and 1H (right) NMR spectra of [indole-2-13C]-L-5-indolylmethylhydantoin (5b) in DMSO-d6 obtained using a 300

MHz and 500 MHz magnet, respectively; inset are a 13C NMR spectrum of unlabelled L-5-indolylmethylhydantoin (i) and an expansion of a region of the 1H

NMR spectrum containing signals for the indole-H2 position (ii). This figure was constructed using the results of Patching [59,60]; copyright © 2009, 2010 by

John Wiley &amp; Sons, Ltd.
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Figure 7. Whole cell uptake assays for the bacterial transport proteins Mhp1 and PucI using 14C-labelled hydantoins. A. Schematic illustration of an

assay measuring the uptake of 14C-labelled hydantoins into energised Escherichia coli cells with amplified expression of the transport proteins Mhp1 from

Microbacterium liquefaciens (left) and PucI from Bacillus subtilis (right). The 14C-labelled hydantoins tested with sodium-dependent Mhp1 and with protondependent PucI are D/L-allantoin (D/L-All, 2b), L-5-(2-naphthylmethyl)hydantoin (L-NMH), L-5-benzylhydantoin (L-BH, 4b) and L-5-indolylmethylhydantoin (LIMH, 5c). The colours represent transported compounds (green) and non-transported compounds (red). B. Results for characterising the substrate selectivity of

Mhp1 using radiolabelled L-tryptophan (L-Trp) and the 14C-labelled hydantoins listed above (left) and for screening mutants of Mhp1 for transport of [ 14C]-LIMH (5c) compared with wild-type (right). C. Results for the concentration-dependence of initial rate [14C]-D/L-allantoin (2b) uptake into cells that were

uninduced (open circles) or induced (closed circles) for expression of PucI. The data were fitted to the Michaelis-Menten equation to derive the given rate

constant (Kmapp) for PucI-mediated transport. Pictures in B were reproduced from Simmons et al (2014) [62]; copyright © 2014 by the authors. Results in C

were reproduced from Ma et al (2016) [58]; copyright © 2016 by the authors.



4. PHENYTOIN AND DERIVATIVES

The hydantoin that has been isotope-labelled and used in

biomedical applications with highest proliferation is the

anticonvulsant drug phenytoin (5,5-diphenylhydantoin) (3).

A wide range of different isotope labels, labelling patterns

and synthetic routes have been used with phenytoin and

with derivatives of phenytoin.

Phenytoin with all three carbon positions in the

hydantoin ring 13C-labeled has been synthesised with

[13C]carbon dioxide and [13C]urea as the sources of the



labels (Figure 8, Scheme 10) [84]. Reaction of the

Grignard reagent phenylmagnesium bromide (33) with

[13C]carbon dioxide to give [13CO]benzoic acid (34) was

followed by thionyl chloride treatment to give

[13CO]benzoyl chloride (35a) and then reduction to give

[13CO]benzaldehyde (36a). Coupling of two benzaldehyde

molecules by reaction with sodium cyanide gave [13CO,13COH]benzoin (37a), which was reacted with [13C]urea (26a)

to give [2,4,5-13C]-5,5-diphenylhydantoin (3a). In this case

the compound was synthesised for use as a stable-isotope
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Patching



labelled biomedical tracer using mass spectrometry for

detection; this was prior to the availability of a

radiolabelled form of phenytoin. Later, both Emran et al

[85] and Iida et al [86] used the same reaction of benzoin

(37b) with 11C- or 13C-labelled urea (26a, 26b) to produce

[2-11C]- or [2-13C]-5,5-diphenylhydantoin (3b, 3c),

respectively (Figure 8, Scheme 11).

[2-11C]-5,5Diphenylhydantoin (3c) has also been prepared by reacting

2-amino-2,2-diphenylacetamide (39) with [11C]phosgene

(38a) (Figure 8, Scheme 11) [87]. The Bucherer-Bergs

reaction has been used with benzophenone (40a) and

[14C]potassium

cyanide

to

produce

[4-14C]-5,5diphenylhydantoin (3d) and the same method also used to

prepare its major metabolite [4-14C]-5-(4-hydroxyphenyl)5-phenylhydantoin (42) (Figure 8, Scheme 12) [88]. A

modification of the same reaction with [11C]hydrogen

cyanide was also used to produce 5,5-diphenylhydantoin

and 5-(4-hydroxyphenyl)-5-phenylhydantoin with an 11C

label at the 4-position and these were used in measurements

of their in vivo distribution [89]. The brain and whole-body

pharmacokinetics of the 11C-labelled 5,5-diphenylhydantoin

in rats has been evaluated using a planar positron imaging

system (Figure 9), which demonstrated a difference in the

brain distribution of the compound between intravenous

and duodenal administration [90].



been synthesised with all aromatic hydrogen atoms replaced

by deuterium (3f) (Figure 8, Scheme 14) [92]. The same

compound has also been produced more directly by reacting

parabanic acid (24) with d6-benzene (43b) and triflic acid

(Figure 8, Scheme 14) [93]. This work also prepared a

number of deuterated derivatives of phenytoin, for example

3g. Phenytoin with deuteration of just one phenyl ring has

been synthesised by Grignard production from d6-benzene

(43b) and coupling with benzoylformaldehyde (46) to give

d5-benzoin (37c) which was converted into d5-benzil (47)

and then condensed with urea (26c) to give 5-(d5-phenyl)-5phenylhydantoin (3h) (Figure 10, Scheme 15) [94]. This

compound was used as a probe in metabolic studies and as

an internal standard for combined GC-MS-computer

analyses of body fluid extracts. The synthesis of the 3hydroxyphenyl and 4-hydroxyphenyl metabolites of

phenytoin labelled with deuterium in either of the two

phenyl rings (48a, 48b, 49a, 49b) and of 5-(d5-phenyl)-5(d4-p-hydroxyphenyl)-hydantoin (48c) (Figure 10) has been

achieved by coupling the appropriate labelled and

unlabelled components in the production of benzophenone

followed by its use in a Bucherer-Bergs reaction (Figure 10,

Scheme 16) [95]. The synthesis of phenytoin with a

deuterium or tritium atom exclusively at the para position

of both phenyl rings has been achieved by Bucherer-Bergs

reaction with p-bromobenzophenone (50) to give 5,5-di-(4bromophenyl)hydantoin (51) which was then reduced in the

presence of deuterium oxide or tritium gas, replacing the

bromines to give 5,5-di-(4-2H-phenyl)hydantoin (3i) [96] or

5,5-di-(4-3H-phenyl)-hydantoin (3j) [97], respectively

(Figure 10, Scheme 17). In the case of the deuterated form,

for materials with isotopic content up to 95%, excellent

agreement was found between the data obtained by mass

spectrometry and 13C-nuclear magnetic resonance operated

in a NOE-suppression mode. Phenytoin has also been

tritiated directly using 3H2O and platinum catalyst (from the

dioxide and sodium borohydride) and the pattern of

labelling was defined by 3H NMR spectroscopy [98].

An elegant seven-step synthesis has been used to

prepare the separate enantiomers of phenytoin with a single

deuterium atom at the ortho-position in only one of the

phenyl groups (Figure 11, Scheme 18) [99]. The bromine

atom of 3-bromoanisole (52) was substituted for deuterium

by reduction with deuterium gas and the resultant [32

H]methoxybenzene (53) was coupled with benzoyl

chloride (35b) to give the ketone (54). Bucherer-Burgs

reaction

produced

5-([2-2H]4-methoxyphenyl)-5phenylhydantoin (55) from which the methyl group was

then removed.

The enantiomers of 5-([2-2H]4hydroxyphenyl)-5-phenylhydantoin (48e, 48f) were

separated with brucine resolution [100] and then derivatised

at the hydroxyl position with 5-chloro-1-phenyl-1Htetrazole (56), which was removed under reduction

conditions to give (R)-5-[2-2H]phenyl-5-phenylhydantoin

(3k) and (S)-5-[2-2H]phenyl-5-phenylhydantoin (3l).



Figure 9 (Figure 8 is on page 16). Whole-body imaging of 11C-labelled

5,5-diphenylhydantoin (DPH) injected into tail vein of rat using planar

positron imaging. A tracer amount of 11C-DPH (1.5 μg, approximately 5

MBq/250 g) was injected into the tail vein and scans were performed over

a total period of 40 minutes. Summation images were created for the first

30 seconds (A) and for the given 1 minute intervals (B-J) to show the

accumulation and changes in distribution of 11C-DPH over time. This

figure was reproduced with permission from Hasegawa et al (2008) [90];

copyright © 2008 by The Japanese Society of Nuclear Medicine.



[13C6]Benzene (43a) has been subject to Friedel-Crafts

reaction and then followed by Bucherer-Bergs reaction to

produce 5-(13C6-phenyl)-5-phenylhydantoin (3e) (Figure 8,

Scheme 13) [91]. Using a similar approach but starting

with d6-benzene (43b), a deuterated form of phenytoin has
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