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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. 

AREVIEW 

Manuela Meusel and Michael Gutschow* 
Pharmaceutical Institute, Poppelsdod University of Bonn 

Kreuzbergweg 26,0-53115 Bonn, G E M  

INTRODUCTION 

Nearly twenty years after the last review on the chemistry of hydantoins published by 
L6pez and Trigo' in 1985, the rapid development of organic medicinal and pharmaceutical 
chemistry has led to an enhanced interest in hydantoins once again. New synthetic methods have 
been developed or older ones applied to new technologies or performed under improved condi- 
tions. Further, knowledge about the reactivity of hydantoins has increased enomously. There- 
fore, this review will reflect all new issues concerning the synthesis and reactions of hydantoins, 
utilizing publications appearing since 1985 and up to May 2004. 

1. Biological J3fects and Therapeutic Applications of Hydantoias 

The discovery of biological activities of hydantoins has made amazing progress during 
the last two decades, and hydantoin derivatives have been therapeutically applied (Fig. 1). 

Biological and Pharmacological Effects of Hydnntoins 

Fig. 1 
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MEUSEL AND GUTSCHOW 

Beside the traditional usage, e.g. of phenytoin as antiepileptic2h.2i.22, of azimilide as an antiar- 
rhythmic23, of nitrofurantoin as an antibacterial substance or of dantrium as a sceletal muscle 
relaxant, hydantoins have also been developed as new drugs in the treatment of other diseases, 
for example, nilutamide, which was approved by the FDA in 1996 as a nonsteroidal, orally active 
antiandrogen in the therapy of metastatic prostate cancer (Fig. 2).17bJ7c However, detailed infor- 
mation on pharmacological effects and therapeutic applications of hydantoins will not be part of 
the present review. 

Therapeutically used Hydantoins 

qLo N 

H 
phenytoin 

” 

b N 0 2  

nitrofurantoin 

“ 

dantrium 
Fig. 2 

NO2 
nilutamide 

2. Natural Products Containing a Hydantoin Moiety 
Hydantoins and some of their derivatives are structural units frequently encountered in 

naturally occurring substances, mostly of marine organisms, but also of bacteria. 5-(p-Hydroxy- 
benzy1)hydantoin could be isolated from an endophytic fungus from an estuarine mangrove on 
the South China Sea coast.24 Examples for many alkaloids extracted from sponges or corals 
which contain a hydantoin moiety (Fig. 3) are the well-known aplysinopsins with cytotoxic prop- 
e r t i e ~ , 5 ~ ~ ~ * ~ ~ * ~ ~  axinohydantoins from Axinella,”b Hymeniacidon2’ and Stylotella species inhibiting 

Natural Products Containing a Hydantoin Moiety 

3’-deimino-3’-oxoaplysinopsin (E)-axinohydantoin naamidinene A 
0 

mukanadin B (+)-hydantocidin 
Fig. 3 
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

protein kinase C,28*29 naamidinene A, a dehydro hydantoin derivative from the genus L e u ~ e t t u , ~ ~  
and mukanadin B from Agelus  specie^.^' Hydantocidin is a spiro nucleoside from Streptomyces 
hygrosc~picus,~~.~~ which possesses herbicidal and plant growth regulatory activity due to the 
inhibition of adenylsuccinate synthetase.34 

3. Historical Outline 

The history of hydantoins can be dated back to the year 1861 when Adolph von 
B a e ~ e r , ~ ~  a former Munich professor of organic chemistry and Nobel prize winner in 1905, 
discovered hydantoin itself. He found that the 2,4-imidazolidinedione is a product of the 
hydrogenolysis of alluntoin. Inversion of the biological degradation of uric acid via allantoin was 
accomplished in the laboratories of Grimaux by reacting different mas with glyoxylic acid.36 
The first classical synthetic pathway to hydantoins was found in 1873 when Friedrich Urech 
published his work on the formation of 5-monosubstituted hydantoins from amino acids and 
potassium cyanate followed by cyclization of the intermediate hydantoic acid (ureido acid) with 
hydrochloric acid.'7 Later, Read prepared 5,5-disubstituted hydantoins from amino nitriles 
(which were already available from the Strecker and Tiemann syntheses) and potassium cyanate 
and cyclization of the formed ureido acid with hydrochloric acid.38 Similar to this approach is the 
acid-catalyzed cyclization of thioureido acids obtained from reaction of alkyl or aryl isothio- 
cyanates with amino acids"9 or amino nitriles, respectively. Another general access to 5-mono 
and 5,5-disubstituted hydantoins was provided by the Bucherer-Bergs method,4o comprising the 
condensation of carbonyl compounds with potassium cyanide and ammonium carbonate. The 
condensation of a-dicarbonyl compounds with ureas represented a further classical methodology 
that involved a step similar to the benzilic acid rearrangement, first applied in the synthesis of 
phenytoin by Biltz!l 

I. METHODS OF SYNTHESIS 
1. Solution-phase Syntheses 

There are several approaches to hydantoins starting from different building blocks. The 
most important principles of hydantoin construction are shown in Fig. 4. Hydantoins can be 
formed from ureas mghlighted) and carbonyl compounds (Fig. 4u). Examples for such prepara- 
tions including those of the Biltz synthesis are given in chapter I. 1.a. According to the Bucherer- 
Bergs method (chapter I.l.b), N-1 and N-3 unsubstituted hydantoins can be generated by the 
reaction of a carbonyl compound with inorganic cyanide and introducing a second nitrogen and a 
carbonyl unit by ammonium carbonate (highlighted, Fig. 4b). Furthermore, the Read-type reac- 
tion (chapter I. 1 .c) of amino acids (esters) with inorganic iso(thio)cyanates (highlighted) 
furnishes hydantoins with an unsubstituted N-3 position (Fig. 4c). The use of alkyl or aryl 
iso(thi0)cyanates (highlighted) results in substitution at nitrogen N-3 (Fig. 44 .  Such examples 
can be found in chapter I. 1 .d. Amino amides (Fig. 4e) already contain four ring atoms, and an 
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MEUSEL AND G m C H O W  

introduced C-1 unit (highlighted) can complete the hydantoin ring (chapter 1.l.e). When reacting 
a-halogen amides with inorganic iso(thio)cyanates (highlighted, Fig. 48, N- 1 unsubstituted 
hydantoins are generated (chapter 1.l.f). 

Synthetic Strategies and Building Blocks in Hydantoin Formation 

a b C 

d e 
Fig. 4 

a) From Carbonyl Compounds and Ureas 
i )  From Monocarbonyl Compounds or Carbon Dioxide and Ureas 

A new one-pot synthesis for the preparation of hydantoins was developed by Beller et 
aL4, Reacting different aldehydes with various ureas and carbon monoxide under palladium 
catalysis afforded mono-, di- and trisubstituted hydantoins 3 (Scheme 1). 1,3J-Trisubstituted 

co H H  ")-'" + ~2/",. ,"~~3 

[Pd], LiBr, H+ 0 
0 0 
1 2 

Scheme 1 

hydantoins could be obtained from N-benzyl-N,N-dimethylurea and sec-BuLi/TMEDA followed 
by CO, treatment.43 Monosubstituted ureas also gave hydantoins when treated with a-keto 
hemithioacetals, the latter obtained from a Pummerer rearrangement of a P-ketosulfoxide.44 

ii) From a-Dicarbonyl Compounds and Ureas 

Even nearly hundred years after its introduction, the Biltz synthesis is still of value for 
the preparation of hydantoins (Scheme 2), and the mechanism of this rearrangement has been 
recently investigated by mass and NMR spectroscopy with 13C labelled benzil  derivative^.^^ 
Recently new technologies, such as microwave-assisted synthesis, have been applied to this 
common synthetic pathway in order to improve yield and reaction time. Phenytoin and phenytoin 
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

derivatives were synthesized by irradiating an alkaline mixture of (thio)ureas and benzils in 
DMSO with 750 W microwave pulses.& 

6b 6a 

R 

7 
Scheme 2 

Paul and coworkers4' accomplished a solvent-free microwave-assisted synthesis of 
&substituted hydantoins and thiohydantoins 10 (Scheme 3). Thus, arylglyoxals 8 were reacted 
with phenylurea or phenylthiourea and polyphosphoric ester as reaction mediator. Moreover, the 

9 
R 

Mw 
9 

H x = o , s  8 '  

10 
Scheme 3 . 

use of phenylglyoxal and adamantylurea gave l-adamantyl-5-phenylhydantoin, which showed 
anticonvulsant activity.2b Reaction of pyruvaldehyde or phenylglyoxal with N-methyl-N-substi- 
tuted ureas afforded 3-substituted 1 -methyl-5-rnethyl(phenyl)hydant0ins.4~ 

If diphenyltriketone hydrate .ll was subjected to such a pinacol-pinacolone-type 
rearrangement reaction with different ureas, 5-benzoyl-5-phenylhydantoins 14 were obtained 
(Scheme 4).49 Interestingly, even C-5 unsaturated hydantoins could be prepared from a-dicar- 
bony1 compounds and ureas though the pathway follows an addition-elimination mechanism.so 
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MEUSEL AND GUTSCHOW 

11 (ypo 
\ 

13 

- R~NH-CO-NHR' 

benzene or AcOH, 
reflux 

12 
R' R' 

d k o  

H2,Pd-C 

CzHsOH \ 
R' / I \  R' 

/ / 

14 15 

Scheme 4 

As shown in Scheme 5, bromopyruvic acid 16 was condensed with urea to give 5-(bromometh- 
y1ene)hydantoins 19, which were then reacted with nucleophiles to generate the desired hydan- 
toins 20. 

OH Br 

+ CH3CN 
H H  

R x N y N x R  

0 
17 

R 
19 

k 
20 

Scheme 5 

In a one-pot synthesis 1,3-benzodioxole-5-thiol, glyoxylic acid, and urea were 
condensed to a 5-sulfanylhydantoin.51 The use of solid acids was described to promote the direct 
synthesis of 5-(4-hydroxyphenyl)hydantoin from phenol, urea and glyoxylic acid.s2 

There are other reactions between a-dicarbonyl compounds and ureas building hydan- 
toin derivatives which deviate from the mechanism of the Bilk synthesis. Ishii and coworkers 
illustrated the condensation of oxalyl chloride with monosubstituted urea to form 2,4,5-tioxo- 
imidazolidines, which represent substituted parabanic acids.s3 Ring opening of a carbamoylisatin 
derivative by urea gave the oxalylurea analogue, which could be cyclized in two different mech- 
anisms: (i) first generating the quinazolin-Zone unit and followed by formation of the hydantoin 
ring under acidic conditions or (ii) first forming the hydantoin moiety and followed by genera- 
tion of the quinazolin-Zone ring using primary a m i n e ~ . ~ ~  
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

b) Methods Based on the Bucherer-Bergs Synthesis 

Because of the relative ease of execution, the Bucherer-Bergs synthesis is a practical and 
suitable route to provide hydantoins. It is remarkable how often this classical synthetic method- 
ology is still employed nowadays to create hydantoins for a wide range of  application^,'^^^^^^^^ 
including carbohydrate chemistry.s9 The synthesis embraces the reaction of carbonyl compounds 
with potassium cyanide and ammonium carbonate. These standard conditions remained 
unchanged during the last decades. Sarges et al. used this synthetic pathway starting from 
benzopyranone 21 to prepare the aldose reductase inhibitor sorbinil 23 (Scheme @,ISa and 

22 
Scheme 6 

23 

Martarello and coworkers generated PET ligands for tumor detection via hydantoins 25 and 26 
(Scheme 7).60 

Scheme 7 26 

Accordingly, 2,3-dihydro- 123-quinolin-4-ones have been transformed by Bucherer- 
Bergs method resulting in spirohydantoins, which act as ligands at somatostatin receptors.6' The 
procedures described by Comber et al. disclosed a dithionation of the hydantoin scaffold as well 
as the introduction of two sulfide moieties into the side chains.21a 

It was found that ultrasonication could accelerate hydantoin formation using the 
Bucherer-Bergs reaction?* Uhrich et and OBrien et a1.@ treated a-amino nitriles with carbon 
dioxide to give the disubstituted ureas 28 which underwent cyclization in water at room tempera- 
ture followed by hydrolyzation of the imino compounds 29 to the corresponding hydantoins 30 
(Scheme 8). However, a-amino nitriles 27 are generally accepted as intermediates in the Bucherer- 
Bergs synthesis which produces 1,3-unsubstituted hydantoins' instead of the products 30. 
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MEUSEL AND GmSCHOW 

c) Methods Based on the Read Synthesis 

A second long-known and frequently applied'3*18b.65 preparation of (thio)hydantoins is 
the Read synthesis. During their efforts to obtain silicon-containing hydantoins, Smith et al. 
treated silylated amino acids 31 with potassium cyanate in pyridine followed by acid cyclization 
(Scheme 9).66 N-@-Toluenesulfony1)amino acids were cyclized with NH,SCN to 1 -@-toluene- 
s~lfonyl)thiohydantoins.6~ 

KOCN 

pyridine 

HCI 

H 2 0  
- 

I 

33 " 
32 

Scheme 9 

Similar approaches have been reported by Anteunis and coworkers, employing a-methyl 
phenylalanine in their investigations on enantiomeric pure and stable hydantoins for chiral amine 
synthesis. Other classical methods, such as Bucherer-Bergs synthesis or hydantoin synthesis from 
amino acids and urea were also discussed in this rep0rt.6~ Access to the 5-methylenehydantoin 
was achieved by conversion of cystine via a double Read synthesis and cleavage of the dimer 
under standard alkylation c0nditions.6~ 

d) From Amino Acids or Esters and Isocyanates 

Hydantoins can be prepared by treatment of a-amino acids with aryl or alkyl 
isocyanates via the intermediate ureido acids. Esters or amides of a-amino acids and even 
peptides can also act as starting materials. The reaction of the terminal amino group with phenyl 
isothiocyanate represents the basis of the well-known Edman degradation for N-terminal 
sequence analysis of peptides. The Edman degradation was varied in a way that led to a hetero- 
cyclic modification of the N-terminus of a peptide.7O Thus, the thiourea formed from the amino 
acid and the aryl isocyanate was subjected to a dehydrothiolation reaction, and subsequent trap- 
ping of the intermediate carbodiimide 35 by the adjacent amide nitrogen resulting in a small 
library of 2-iminohydantoins 36 (Scheme ZO). 
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

Scheme 10 

In contrast to the Edman method, Schlack and Kumpf developed a C-terminal stepwise 
peptide degradahon. Treatment with ammonium thiocyanate and acetic anhydride leads to the forma- 
tion of l-peptidyl-2-thiohydantoins and the subsequent hydmlytic release of the thiohydantoin.71 

Examples reported by Lopez and Trigol only embraced acid-catalyzed cyclizations of 
the ureido compounds. This method was used in recent including those that generated 
(thio)ureas from (ethoxycarbony1)methyl isocyanate 38 and primary amines such as mono- or 
dialkyldiamines 37 (Scheme Z1).73 

r N H  

I 
R2 

37 

x 
I 
N 

I "-"-I. 

0 
38 R1' 'R2 

X = alkylene, arylene 
Scheme 11 

39 

On the other hand, there are some new examples for base-mediated ~yclization?J.~"-~* 
The synthesis of the LFA-1 antagonist BIRT-377 via the intermediate urea 41 is shown in 
Scheme 12.1k 

Br NCO 0 \ cl& * );\cna 
CzH&OC NH 

CI 

Scheme 12 

* 
CI 

Na2C03, A 
CI 
42 

NaHMDS 1 CH3I 1 

43 
BRT-377 
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MEUSEL AND GUTSCHOW 

An intriguing solution-phase synthesis of a 600 member (thio)hydantoin library was 
reported by Sim and Ganesan. N-Alkylation of amino acid esters was accomplished by imine 
formation with aldehydes and reduction, followed by addition of iso(thio)cyanate together with 
triethylamine leading to trisubstituted products.75 Similar approaches employing (ethoxycar- 
bony1)methyl isocyanate provided hydantoins with integrin GP IIb/IIIa antagonistic 
proper tie^^,^^ or aldose reductase  inhibitor^.'^' A series of indolylmethyl hydantoins showing a 
good affhity on the NMDA glycine site were synthesized by cyclization with triethylamine.80 
The preparation of bis-hydantoins separated by two and four-carbon spacers (Scheme 13) was 
reported.81 

2 RNCX, 
C*H50H 80% or 
toluene 

x = o , s  

x x 47 
Scheme 13 

Moreover, the reaction of amino acid derivatives with isocyanates could be transferred 
to amino acids being part of different polycyclic ring systems77 such as 1,2,7,7a-tetrahydro-laH- 
cyclopropa[b]quinoline-1a-carboxylic acid,82 tetrahydroisoquinoline-3-carboxylic acid,76 2- 
azabicyclo[2.2.l]hept-5-ene-3-carboxylic acids3 or tetrahydro-pcarboline-1-carboxylic acid 
(Scheme 14)84 and -3-carboxylic acid, the latter prepared from tryptophan esters and aldehydes 

RNCS 
I 

CH30H. rt 
H 

C~HSOH, HCI 

H reflux,24h 

50 
Scheme 14 

49 

via a modified Pictet-Spengler r e a c t i ~ n . ' ~ . ~ ~  A hydantoin C-nucleoside was prepared by a route 
involving the reaction of phenyl isocyanate with a tricyclic lactam ester serving as a ribose 
precursor.86 
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

Exploration of synthetic strategies to form spirohydantoins provided the implementa- 
tion of microwaves77 and cycloaddition reactions.87 Isocyanates can be generated in siru from N- 
aryltrichloroacetamides in a strongly alkaLine medium and react with amino acids or their esters 
to give ureido derivatives or directly the corresponding hydantoins.88 

If the easily accessible vinyliminophosphorane 52 (Scheme 15) is treated with carbon 
disulfide followed by reacting the resulting vinyl isothiocyanate 53 with primary amines, 5- 
benzylidene-2-thioxo-imidazolidinones 54 were obtained.89 

N=P(CsH& - 
COOCzH5 COOC2Hs 

I 
R 
54 

52 53 

Scheme 15 
Shiozaki reported syntheses of hydantocidin. One included the transformation of isothio- 

cyanates to hydantoins via thiohydantoin intermediates. Another pathway embraced an aza- 
Wittig reaction to a carbodiimide, which was transformed to urea derivatives. Cyclization with 
an adjacent ester group and deprotection of the monosaccharide moiety completed this route.go A 
similar approach demonstrated the aza-Wittig reaction of iminophosphoranes from dimethyl 
dehydroaspartate (55, R' = COOCH,, RZ = CH,) with isocyanates (R3 = C2H,, CHzCHzCH,, 
C,H,) to give carbodiimides 56, which were readily converted to hydantoins 57 (Scheme A 

R' 
I 

R<=P(C&)r VNCO c R q = C = N - R 3  

- >Lo - 

COOR2 O N  
COOR2 

55 56 I 
R3 

Scheme 16 57 

further example involved iminophosphoranes in the synthesis of azaaplysinopsins." Isocyanates 
(R3 = C,H,, C,H,) were reacted with compounds 55 (R' = azaindolyl, R2 = CJ-I,) in toluene to 
give carbodiimides which were cyclized to the corresponding hydantoins (Scheme 16). Different 
mechanisms for this reaction were postulated. 

A series of (thio)hydantoins was prepared from a-azidocarboxylic esters by a method 
based on the Staudinger reaction?2 

e)  From Amino Acid Amides and Carbonic Acid Derivatives 

Amino acid amides open a further possibility to obtain hydanto in~.~~* '~  Coupling Boc- 
protected amino acids to primary amines and subsequent depmtection afforded the desired amino 
acid amides, which could then be cyclized with carbonyldiimidazole (CDI)?1e*93 This cyclization 
strategy has often been used in solid-phase synthesis (see L2.b). 
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MEUSEL AND GmSCHOW 

AmidineP and amino acid a m i d e ~ ~ ~  were treated with 4-nitrophenyl chloroformate to 
introduce a C=O unit. In the latter case, the formation of intermediate isocyanates was postulated 
for the subsequent hydantoin cyclo-condensation. A similar hydantoin forming cyclization of an 
a-cyan0 amide 58 with excess of basic hydrogen peroxide via a carbamate intermediate was 
shown in a study on the reactivity of open-chain Reissert compounds (a-acylaminonitriles 58, 
Scheme In.% 

Scheme 17 
An attempted protection of amino acid amide 61 with Boc,O promoted hydantoin 

formation with the incorporation of one Boc-carbonyl into the ring (Scheme 18).97 

CH3 

T B D M S l / O y y  I)+ #,- 
0 - 

61 

Boc~O, TEA, 
DMAP, DCM 

62.90% 

63, 10% 

Scheme 18 

Thiohydantoins were available from amino acid amides and carbon d i~ul f ide .~~ LeTiran 
and coworkers prepared thiohydantoins by the treatment of 64 with di-2-pyridylthiocarbonate 
(Scheme 19).*J 

64 

Scheme 19 
65 iJ 
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

f) Miscellaneous Conversions of Carboxamides 

As in the Read synthesis, inorganic (thio)cyanates could be applied in a hydantoin 
preparation shown in Scheme 20. Instead of amino acids, bromo amide 66 was thereby trans- 
formed to glycopyranosylidene-spiro-(thio)hydantoins 67.1n 

for X = 0: 

AcO for X = S: 
ACO 

b AcO AcO CONH2 AgOCN, CH3NO2, 80°C ' C O W N H  AcO 

HNT Br KSCN, CH3N02,8O"C 
67 X 66 

Scheme 20 
Cyclopropane dicarboxy lic acid derivatives 68 underwent a Hofmann rearrangement to 

form 1,3-unsubstituted hydantoins (Scheme 21)?* 

COOC2Hs NH40H CONHBr NaOCH3 

&OOCpH( 2. Br2 &ONHBr 0 
68 69 H 

70 Scheme 21 

The synthesis of a bicyclic hydantoin containing an imide bridgehead nitrogen was 
accomplished with 3-(aminocarbonyl)-3-phenylhexahydro-2H-azepin-2-one 71 (Scheme 22) as 

71 Scheme 22 72 " 

starting compound.108 After formation of an isocyanate by a Hofmann rearrangement, 
an intramolecular attack of the lactam nitrogen gave 1,7-diaza-8,9-diox0-6-phenyl- 
bicyclo[4.2. llnonane 72. 

g) Conversions of Other Heterocyclic Compounds to Hydantoins 

i) Conversion Reactionsfrom Three-Membered Rings 

1,5-Disubstituted hydantoins 76 could be prepared from reacting miridinones 73 with 
cyanamide and treatment of the formed iminohydantoins 75 by HNO, (Scheme 23hW 

74 
Scheme 23 

Cyanoaziridine 77 was subjected to basic conditions to give the bicyclic imexon, 
containing an iminohydantoin moiety (Scheme 24).'O0 Efforts have been focused on reaction of 
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MEUSEL AND GUTsCHOW 

the antitumor agent imexon with cysteine and N-acetylcysteine. Depending on the reaction 
conditions, thiazolines or (imino)hydantoins were generated. 

0 

N 

OA NH2 
77 

KOH - 
H 
78 

irnexon 

ACC - CHI 
HN 4 

A HN<os4COOH 

79 
O N  

Scheme 24 

ii) Conversion Reactionsfrom Other Five-Membered Rings 
Of interest with respect to the transformation of other five-membered rings to hydan- 

toins are investigations on the synthesis of naturally occumng compounds with a hydantoin 
moiety. Sosa and coworkers** prepared pyrroloazepinones containing a 2-imidazolone 
substituent that were then oxidized by three equivalents of bromine to afford the axinohydantoin 
derivatives 81 and 82 (Scheme 25). 

0 

B$ 0 

80 

Br2 

AcOH, 
NaOAc 

1 

0 

V - N H  

Br 

0 
81,45% 

Scheme 25 

+ 
Br 

4H 
0 

82.35% 

2-Aminooxazoles also can rearrange to hydantoins in the presence of brornine.lo1 1,3,4- 
Oxadiazolinones 84 were the starting materials in a one step reaction with free a-amino acids 
leading to disubstituted hydantoins 86 (Scheme 26).lo2 

m-cresol 

150°C. 15h 
- 
1 85 

Scheme 26 

H 

HN 

0 
86 

A practical route to 1 -(2-hydroxyphenyl)-2,4-imidazolidinediones 92 has been demon- 
strated through cyclic transformations of ethyl 2-oxo-3H-2-benzoxazoloneacetate 90 by reaction 
with ammonia, primary amines (Scheme 27) or hydrazines. A subsequent intramolecular nucle- 
ophilic attack of the amido nitrogen at the benzoxazolone carbonyl group with a concomitant 
ring opening gave the hydantoins.Io3 
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RECENT DEVELOPMENTS IN WDANTOIN CHEMISTRY. A REVIEW 

90 91 
Scheme 27 

R3 
92 

iii) Ring Contraction Reactions from Six-Membered Rings 

Many ring contraction reactions from six-membered rings to hydantoins started from 
pyrimidine derivatives, such as barbiturates or orotates. A photochemical conversion of 5- 
allyl(ethyl)-l-methyl-5-phenylbarbituric acid to 5-allyl(ethyl)-3-methyl-5-phenylhydantoin was 
described, the reactions involved the loss of carbon monoxide. '04 Methyl dhydroorotate under- 
went a methoxide-catalyzed transformation to methyl hydantoin-5-acetate. Dimethyl 2-ureido- 
succinate was proposed as a ring-opened intermediate, thus the exocyclic ester moiety served as 
an electrophile for the recycli~ation.'~~ 

Another approach is based on the new aminobarbituric acid-hydantoin rearrange- 
ment.106*107 First, diethyl acetamidomalonates were treated with ureas and formed the interme- 
diate 5-acetaminobarbituric acids 94, which underwent the rearrangement to yield 5S-disubsti- 
tuted hydantoins 97 in a one-pot synthesis (Scheme 28).'06 

0 

CH3CONH ";r OCZHs 

OA0C2Hs 
93 

H~N-CO-NHR~ 
CZHsONa, CZHSOH. 
reflux or 120°C 

Scheme 28 

Further study of this rearrangement provided evidence that the rearrangement could 
also be performed starting from 5-aminobarbituric acids (Scheme 29). If 1,5,5-trisubstituted 
aminobarbituric acids 100 were used, the alkaline medium led to a deprotonation in position N-3 
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MEUSEL AND GUTSCHOW 

CzHsONa. CzHsOH, reflux or 120°C or 
CH3(CH2)30Na, CH3(CH2)30H, reflux or 
NaH, DMF, 78°C 

followed by elimination of an isocyanate 101, which was subsequently trapped by a nucleophilic 
attack of the amino  group.*"^'" 

0 R3NH2, 0 
R' 

R3NH tx:  CH3CN 

0°C to rt 
P 

Br2, AcOH ~ 

rt 

O H  O H  

In the case of 1,3,5,5-tetrasubstituted aminobarbituric acids, deprotonation is not 
possible and therefore the hydantoins could only be formed via a carbamate intermediate in an 
ANRORC-type reaction (Scheme 30). Treatment of aminobarbituric acid 104 with four equiva- 
lents of sodium ethoxide gave the trisubstituted hydantoin 105. This could be explained by an 

CH3 

105 

C2H50Na (4 equiv), 
C~HSOH, 
reflux, 3 h I 

I 

104 CH3 

C2H50Na (0.2 equiv), 
C~HSOH, 
120°C. 120 h 

1 

easy decarbamoylation associated with additional N-3 substitution of the intermediate 107. 
Therefore catalytic amounts of ethoxide had to be applied for the isolation of the 5-carbamoylhy- 
dantoin 107.107 
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

iv) Conversion Reactiom from Purines 

In connection with metabolic transformation reactions of purine such as uric acid deriv- 
atives or guanosine, hydantoin products have been found and characterized. Depending on 
conformational effects associated with the N-substitution of the uric acid derivatives 108 (R = 
CH,, Scheme 3 4 ,  hydantoins 109 could be obtained from acid-catalyzed reactions.'0g Ring 
opening was assumed to occur via acid-aminal type intermediates 108 (R = H). 

Scheme 31 108 

Oxidation of guanosine by singlet oxygen plays an important role e.g. in cancer 
etiology. Investigations of this process led to the recognition of guanidinohydantoins 113 and 
spiroiminodihydantoins 114"O as potential products of double stranded DNA and nucleosides, 
respectively (Scheme 32)."' 

NH2 

R' 110 112 

Scheme 32 

h) Cycloaddition Reactions 

Although several publications described cycloadditions to generate hydantoin containing 
 compound^"^-'^^ (see 1.l.d and 1.2.a), such reactions have been used only sparecely to construct 
the hydantoin core itself. This subject was explored by Lee et aLtt6 who treated benzaldehyde 1- 
ureidoethylidene hydrazones with dimethyl acetylene dicarboxylak @MAD) in dichloromethane 
(DCM) in the presence of triphenylphosphine, carbon tetrachloride and triethylamine. Two 
carbons of DMAD were incorporated in the hydantoin scaffold to form the CO-CS-unit. 

i) Multi-component Reactions 

Utilizing the Ugi/De-BodCyclization methodology, a facile synthesis of trisubstituted 
hydantoins was reported."' Aldehydes (or ketones), &es, isonitriles, methanol and carbon 
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MEUSEL AND GmSCHOW 

dioxide acted as starting materials. The mechanism of this five-component reaction is shown in 
Scheme 33. The intermediate nitrilium ions 116 underwent an addition of methyl carbonic acid, 
generated from CO, and methanol. The following irreversible acyl transfer gave the carbamate 
compounds 118. These carbamates were cyclized under alkaline conditions. 

CH30H / C02 R3, + , R3 

RWHO - - f '*>R1 o~ojc.l 
R ~ - N H ~  R2" i 

R ~ - N C  115 RZHNH CHI R2,NH 

117 116 

>Lo * I N  KOH, 
R3,'g N 1 CH30H, THF, H20 

0 R2 
O N  

I 

1 
' 0  

R3 
119 

Scheme 33 
118 

N,N'-bis-(4-Methoxyphenyl)ethylenediamine, isobutyraldehyde and cyclohexyl isonitrile 
were reacted in the presence of scandium(II1) triflate as catalyst to give the corresponding 
amidine 120 (Scheme 34), followed by iminohydantoin formation with p-nitro~hlorofomate.9~ 

OCH3 
120 

-0CHs TEA, 1,4-dioxane, rt 

Scheme 34 

Hydantoin complexes 125 were obtained by three-component condensation of cyclo- 
hexyl isonitrile 123 with phenylethoxycarbene-tungsten-pentacarbonyl 122 and isocyanates. 
Upon oxidative decomposition, such complexes gave 5-alkoxyhydantoins 126 (Scheme 35)."* 

(CO)~W=C(OC~HI&HS i- 0:~: 4- R-YZ 'O - 
122 

123 

125 Scheme 35 126 
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

k) Other Methods For the Synthesis of Hydantoins 
i )  Syntheses of Aminohydantoins 

A few synthetic strategies apply hydrazines to form 1- or 3-amin0hydantoins.’~ BQlai 
treated N-acyl-N-( 1 -cyanoalkyl)hydrazines with different isocyanates to afford substituted semi- 
carbazides, which underwent a base-catalyzed intramolecular cyclization. Hydrolysis of the 
resulting imino compounds gave 1 -aminohydantoins.23 When N-mesyloxy-N-methyl-malonamic 
acid ethyl ester 127 was treated with N,N-dibenzylhydrazine (Scheme 36) or N-tert-butylhy- 
drazine, respectively, 3-aminohydantoins were generated. The reaction involved the initial base- 
catalyzed formation of a-lactams, the attack of the hydmines and subsequent ring closure.*2o 

127 0 

128 

129 
Scheme 36 

Starting from amino acid derivatives, 3-aminohydantoins were synthesized in one-pot 
syntheses, using either l,3,4-oxadiazolones102 or tert-butyl carbazate 131 (Scheme 37)”’ 

R 
H 1 + H 2 N - N ~ 0 ~ ~ ~ :  

HOOC NH2 
130 0 CH3 

131 NH2 
132 

Scheme 37 

Treatment of iminophosphoranes 133 with CS, and reacting the formed isothiocyanates 
134 with hydrazine afforded 3-aminothiohydantoins 136 (Scheme 38).Ig2 

Ar 

Scheme 38 

41 1 
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MEUSEL AND GmSCHOW 

The synthesis of 1,3-diaminohydantoins 144 was achieved by Florac et al. as shown in 
Scheme 39. a-Bromoarylacetohydrazides 137 were converted into the corresponding hydrazi- 
dopyridinium salts 138. Upon treatment with triethylamine, the pyridinium salts underwent a 
Favorskii rearrangement to N-aminoaziridinones which were nucleophilically attacked by the 
pyridinium salts, followed by cyclization of the adduct.'** 

0 

TEA, ACN 
reflux, 4 h 

NHR 

141 

or 

r 0 1 R 
.._. ' n. o 

R' 
144 

145 I 143 \ = / I  
2 

Scheme 39L 

5-Aminohydantoins were prepared by a route including reduction of parabanic acid, 
transformation of the resulting 5-hydroxyhydantoin to the chloro derivative, nucleophilic substi- 
tution with benzyl carbamate, alkylation and subsequent deprotection.I& 

ii) Miscellaneous Syntheses of Hydantoins 

Volonterio and Zanda reported a surprising hydantoin formation when a,p-unsaturated 
carboxylic acids were activated with carbodiimides (Scheme 40).12' Instead of the expected 
coupling products, iminooxazolidinones 149 were generated by an intramolecular aza-Michael 
addition of the unsaturated 0-acylisoureas 148 and rearrangement to hydantoins 150. 
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

HO - 
5 min 146 + 

Scheme 40 
Treatment of N-hydroxysuccinimide esters of carbobenzoxy amino acids 152 with 

excess sodium cyanamide gave N-protected aminoacylcyanamides 153, which spontaneously 
cyclized to 2-iminohydantoins 154. The protecting group was then removed by hydrogenation 
(Scheme 41).I I 9  

~ soy:$ OQ NaNHCN - a0&L OH 2. 0 
0 R R' 0' 0 

Ho-N> 152 
0 R R' 

151 
0 

HN 
H 

155 
HN 

154 
Scheme 41 153 

Papakyprianou and coworkers provided an entry to 5-hydroxy-l,5-diphenylhydantoin 
by converting mandelonitrile 156 to N-mandelyl-NLphenylurea 159 under protection of the 
hydroxy group by a mixed acetal (Scheme 42). After deprotection, 159 was cyclized to the afore- 
mentioned hydantoin by oxidation using chromium oxide in sulfuric acid.'" 

CN 

CN CH~(CH~)ROCH=CH~ * c8H54030\ PtH(PMeOH)(PMeO)2H . 
HzO, A 

C B H 4  
OH CHS CHa 

157 
156 

I .  C~HSNCO, A 

CHI CHs 159 

CONHCONHCsH5 ca3, H+ c6;H5f: ?\ 
C-NHz - CsH5-( 

OH 
H 

160 

c6H5'o-(0\ 2. H+ 

158 Scheme 42 

Parabanic acid could be converted to 5,5-diarylhydantoins by triflic acid activated 
condensation with arenes.lZ5 
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MEUSEL AND GmSCHOW 

2. Solid-phase Organic Syntheses 

Solid-phase synthesis of structurally diverse, non-peptidic heterocycles bearing one or 
more nitrogen atoms has recently attracted much attention. In particular, the synthesis of small 
organic molecules which have improved pharmacological properties over peptides has become a 
major focal point in search of leads utilizing automated high-throughput screening (HTS). The 
hydantoin scaffold is therefore quiet often selected as it provides a chemically tractable molec- 
ular framework. It allows a definite display of key functionalities and pharmacophores attached 
to the relatively rigid hydantoin core unit. 

There are already some summaries on the field of solid-phase organic synthesis (SPOS) 
of hydantoins.126 Herein we deemed it of interest to report the most recent efforts for preparing 
hydantoins by SPOS. The majority of these reactions started from dipeptides as acyclic precur- 
sors because of the considerable expertise that has been attained in solid-phase peptide synthesis 
(SPPS) since Menifield’s approaches in 1963. 

Cyclization and cleavage from the resin typically occurred in two ways: (i) by cyclo- 
elimination, that means cyclization of the acyclic resin-bound compound and spontaneous auto- 
cleavage and (ii) by performing cyclization and cleavage in separate steps. We therefore classi- 
fied the reactions into these two main groups. 

a) Cycloelimination Release Strategies 

It should be pointed out that there is a review on the field of cycloelimination release 
strategies that also summarizes such cleavages in hydantoin f~rmation.’~’ Further reviews 
concerning solid-phase synthesis addressed the cyclative cleavage of heterocycles as well.I2* 

i )  Acid-catalyzed Cyclizations 

DeWitt and coworkers were the first to report a synthesis of hydantoins on a solid 
support in 1993 using both a combinatorial and automated appr0a~h. I~~ They prepared a library 
of 40 different hydantoins in a three step pathway outlined in Scheme 43. This strategy, starting 

from resin-bound amino acids 162, followed by reaction with isocyanates, formation of the 
corresponding ureas 163, cyclization to hydantoins 164 and cleavage, has become very common 
in solid-phase synthesis of hydantoins and thiohydantoins, respectively. 
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

While DeWitt et al. used a polystyrene Wang resin, there are also reports employing 
other polymers. For example, acid-catalyzed cyclo-elimination release of hydantoins was 
performed on a 2-polystyrylsulfonyl ethanol support’3o or on high-loading radiation grafted poly- 
mers.131 Differences between the reactivity of Wang versus Memfield resins gave different 
results in the final cyclization step, especially when cleaved under basic  condition^.'^^ 

i i )  Base-catalyzed Cyclizations 

Analogous to the synthetic route employed by DeWitt et al. for the acidic cyclo-elimi- 
nationiz9, Kim et al. applied milder, basic cleavage conditions using neat diisopropylamine at 
room temperature (Scheme A reductive alkylation step was introduced prior to the reac- 
tion of the so prepared N-substituted resin-bound amino acids 168 with the isocyanates. 

Simultaneously, a similar procedure utilizing hiethylamine for base-promoted cycliza- 
tion was described by Matthews and R i ~ e r 0 . I ~ ~  Boeijen et al. have described this pathway on the 
more polar Tentagel@S-OH resin thereby performing the alkylation via a Mitsunobu reaction. nS 
The procedures noted above included traceless cleavages, i.e. no residue of the linker was left on 
the released compound. Benzamidine and butylamine-based hydantoins have been prepared 
using neat diisopropylamine for delivering the product from the resin. The Boc protecting group 
was removed in a last step to produce 172 (Scheme 45).136 

BocNH H2N 

30% TFA / DCM 

171 A2 Scheme 45 

.. 
I 

172 R2 

A library of trisubstituted hydantoins was designed by a solid phase route employing 
amino acids, primary alcohols and amines as building blocks (Scheme 46).13’ With N-(2- 
aminoethy1)pyrrolidine as primary amine the basicity of the side chain led to cyclative autocleavage. 
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MEUSEL AND GUTSCHOW 

A representative library of twenty hydantoins 183 was constructed from amino acids, 
N-H ketimines 180 and isocyanates (Scheme 47)'38 introducing additional diversity points by a 
step comparable to the reductive alkylation of Scheme 44. 

Imidazo[ 1,5-a]pyrazines 186, representing annelated hydantoin derivatives, have been 
synthesized employing the cyclocleavage reaction. The solid-phase synthesis of these heterocy- 
cles involved a solution-phase Curtius rearrangement of versatile carboxylic acids and the trap- 
ping of the formed isocyanates by the resin-bound amine 184 (Scheme 48).'39 Moreover, the 
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

preparation of sulfahydantoins was accomplished on Wang resin140 and on oxime resinsb using 
the bases DBU and triethylamine in the cleavage step, respectively. In the latter case, the sulfonyl 
group was introduced with chlorosulfonyl isocyanate (CSI), and optional alkylation to 191 was 
achieved via Mitsunobu reaction (Scheme 49). 

A structurally highly complex tricyclic triazacyclopenta[c]ptalene scaffold containing 
a hydantoin heterocycle was built up on a solid support in a 12-step reaction sequence including 
a [2+3] cycloaddition."* A solid-phase approach to hexahydro-lH-pyrrolo-[ 1,2-c]imidazole 
derivatives was accommodated from a developed solution-phase chemistry encompassing a 
tandem azomethine ylide cy~loaddition.'~' Thus, the polycyclic hydantoins were formed from a 
benzylideneglycinate, which was bound to the resin via a spacer and underwent the cycloaddi- 
tion. In both publications, base-promoted cyclization-autocleavage was described. 

A general method producing 5-alkoxyhydantoins is shown in Scheme 50.'42 Treatment 
of polymer-bound mas 198 with potassium tert-butoxide in different alcoholic solutions led to 

cyclization and detachment from the resin. The introduction of the akoxy residue was proposed 
to result from an addition of the alcohol to an intermediate 3-arylimidazoline-2,4-dione. 
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MEUSEL AND GUTSCHOW 

Some interesting reports on the SPOS of molecules containing the hydantoin and an 
additional heterocycle, such as isoxa~oline"~ (Scheme 51) or t h i a z ~ l e , ' ~ ~  have been published. 
Aside from the cleavage strategy, the synthesis of the isoxazolylmethylimidolidinediones 203 
with a Mukaiyama-generated nitrile oxide is one more example for the application of a 1,3- 

dipolar cycloaddition on solid support. 

The described cyclizatiodcleavage strategies so far have always referred to a scission 
of an ester bond, however, it is also possible to release the hydantoin by cleaving an amide bond 
(Scheme 52).'7b Th~s could be successfully accomplished in basic or acidic medium. The starting 

amino acid was anchored to a Rink resin, and cyclative autocleavage could be performed under 
standard TFA conditions. Thereby, it was proposed, that not the NH-CH bond of the Rink linker 
was cleaved as usual, but the protonated amide NH caused a splitting of the NH-CO bond. 

Further, amino acids have been attached to a solid support by a carbamate moiety.lU 
Decisive for the function of the carbamate linker was the on-bead generation of an activated 
carbonate 206 prior to the coupling of the amino acid (Scheme 53). The carbamate nitrogen 
occupied the N-1 position in the formed hydantoin, and again cycloelimination cleavage worked 
under basic conditions. 
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

iii) Them1 Cycloelimination Release Strategies 

To simplify the introduction of pH-sensitive side chains to the hydantoin core and to 
prevent racemisation of chiral products in some cases, the cyclization of a polymer-bound 
(thio)urea and the following release of the (thi0)hydantoin from the solid support could also be 

attained by gentle warming at 60 to 65°C.114-1 15~145 

Boc-Hydrazine carbonylimidazole was applied in a SPOS of 3-aminohydantoins 212, 
and the products were released by heating the resin-bound intermediates in DMF at 60 to 90°C 

(Scheme 

Hamuro and coworkers14’ attached amino acids to a PhoximeTM resin forming a carba- 
mate linkage. Coupling of the terminal carboxyl group with mono- and disubstituted hydrazines 
and cyclo-elimination gave 3-aminohydantoins or triazinediones. Cleavage was carried out under 
basic conditions and mild heating. 

Wilson et al. achieved the attachment of Boc-protected a-hydrazino acids to a hydroxy- 
methyl polystyrene resin (Scheme 55).14* The deprotected hydrazino-ester resins were converted 
into imines and then treated with p-nitrophenyl chloroformate and primary amines or 
isocyanates, respectively, to afford the corresponding ureas 215. Cyclization to l-aminohydan- 
toin derivatives 216 occurred under mild neutral conditions using bis(trimethylsily1)trifluoro- 
acetamide (BSTFA) at 70 to 80°C. 
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MEUSEL AND G m C H O W  

b) Separate Cyclization and Cleavage Steps 
i )  Cyclizations Induced by Carbonyldiimidazole or Phosgene Derivatives 

Nefzi et al. introduced another type of cyclization to solid phase hydantoin synthesis. 
Primary or secondary amine functionalities of amino acids were treated with carbonyldiimida- 
~ o l e ' ~ ~  (thiocarbonyldiimidazole)150 or triphosgene (thiophosgene)Is1 to form intermediate 
isocyanates (isothiocyanates) which underwent a ring closure reaction to yield the corresponding 
hydantoins (thiohydantoins). Cleavage of the obtained di- or trisubstituted hydantoins 219 
resulted from treatment of the resin with HF/anisole in a separate step (Scheme 56). 

Instead of triphosgene, Bhalay and coworkers applied diphosgene in solid-phase hydan- 
toin synthesi~.l~~ A further methodology to form more complex structures on solid support was 
represented in a synthesis of branched thiohydantoin benzimidazolinethiones and thiohydantoin 
tetrahydroquinoxalinediones. I 5" 

i i)  Other Separate Cyclization and Cleavage Steps 
Attaching aldehydes to solid support, e.g. a 5-hydroxymethylfurfural templatels3 or 

tetrazolyl biphenyl aldehydes,*O and reacting them stepwise with an amino acid, NaBH,CN and 
an isocyanate led to the formation of the hydantoin ring after treatment with a base. In both 
reports, release from the resins was performed with WA. 
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

Heine er al. introduced a spot hydantoin synthesis on cellulose rnembranes.lM Thereby, 
an acid treatment led to the cyclization of ureas to hydantoins. Depending on the linker type 
chosen, simultaneous cleavage occurred or release from a photo-linker was achieved by irradia- 
tion. 

A two-step synthesis starting from Fmoc-protected resin-bound dipeptides 220 was 
described (Scheme 57).lS5 Carbamates 224) were converted to the isocyanate intermediates 221 

by treatment with CH,SiCl, and triethylamine. Mild heating completed the cyclization reaction 
and, upon acid cleavage, hydantoins 223 were obtained in good purities. 

Resin-bound phenyl carbamate dipeptides 224 were treated with primary or secondary 
amines (Scheme 58).Is6 On the one hand, with 2-phenylethylamine, an intermolecular reaction to 
the urea 225 occurred, whereas in the presence of diisopropylamine, intramolecular ring closure 
to hydantoin 227 was preferred to urea formation. The generated hydantoin was stil l  attached to 
the resin and had to be cleaved in a separate step. 
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MEUSEL AND CmSCHOW 

The terminal amino function of resin-bound peptides could be activated with N,N'- 
disuccinimidyl carbonate to produce succinimidyl carbamates, followed by basic cyclization to 
hydantoins and detachment from the support.'57 This methodology was used to synthesize rigidi- 
fied RGD mimetics. 

Disubstituted ureas were generated by reacting carboxy-linked phenylalanine on poly- 
styrene resin with p-nitrophenyl chloroformate and amino acid methyl esters. Attack of one urea 
nitrogen to the methyl ester carbonyl led to hydantoin formation, and subsequent cleavage was 
performed with TFA.IS8 

4-Iminohydantoins 230 were synthesized on solid support via an Ugi four-component 
reaction from immobilized isocyanides 228, aldehydes, primary amines and in sinc-generated 
HOCN, followed by acidic cleavage (Scheme 59).Is9 

3. Polymer-Bound Reagents in the Synthesis of Hydantoins 

The application of polymer-bound reagents can show significant advantages over a 
normal solution-phase synthesis for they may immobilize intermediates thus allowing for more 
complete and cleaner reactions. Such methods should not be termed as solid-phase synthesis of 
hydantoins in a narrow sense, but as hydantoin synthesis supported by polymer-bound reagents. 
One interesting example was given by Ley and coworkers who attached an amino acid to a 2,"- 
bipyridine, treated it with isocyanates and released the hydantoins 232 by cycloelimination 
(Scheme The different intermediates were immobilized via the bipyridine-tag and a 
polymer-bound imino diacetic acid containing complex-bound copper (11) ions. 
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

4. Liquid-phase Organic Syntheses 

The International Union of Pure and Applied Chemistry (IUPAC) defined "Liquid 
Phase Chemistry" as a synthetic process employing a macromolecular soluble s ~ p p o r t ' ~  to illus- 
trate the differences to solution and solid phase chemistry, working without any polymeric 
supports or with insoluble macromolecular resins, respectively. 

Combination of such a liquid-phase synthesis of (thio)hydantoins with microwave 
approaches to enhance and accelerate the reactions using PEG 6000 as soluble support has been 
demonstrated in a few publications.16' A recent approach is shown in Scheme 61. 

Yoon and coworkerd6* provided a liquid-phase access to 3-aminohydantoins (Scheme 62). 
To obtain compounds 245, an isocyanate of a rerr-butyl amino acid 241 was attached to the poly- 
ethylene glycol monomethyl ether (MeO-PEG) polymer 240. The rert-butyl ester was cleaved 
and a Boc-protected ma-amino acid was coupled using DCC and DMAP. After removal of the 
Boc group, cyclization and release occurred under basic conditions. 

Fluorous synthesis is a complementary type of liquid-phase synthesis that has the char- 
acter of solution-phase reactivity and a solid-phase type of ~eparation.'~' Zhang and Lu intro- 
duced this method to the synthesis of (thi~)hydantoins.'~~ A perfluoroalkylchain-tag facilitated 
the compound separation and purification via solid-phase extraction (SPE) or HPLC over 
FhoroFlash silica gel (Scheme 63). 
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MEUSEL AND GUTSCHOW 

DCC, 239 I 1 DMAP 

1 M NaOH 
1. TFA/DCM (1 : l )  
2. DCC, DMAP, 

9‘ 
H2NdN Boc 

9’ 
R’NCX, TEA 

* 
R f h ’ o r # - R ’  0 DCM - 2cxR2 F-SPE 

Y F-Silica+ 0 
IE resin 

R3 
248 

x=o . s  
Scheme 63 
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RECENT DEVELOPMENTS IN WDANTOIN CHEMISTRY. A REVIEW 

II. REACTMTY OF HYDANTOINS AND THEIR DERIVATIVES 
1. Hydrolyses of Hydantoins 

Hydrolysis of hydantoins can be performed either in an acidic or basic medium. Thus, 
C-5 substituted hydantoin derivatives are of synthetic utility as precursors to a-amino acids. The 
hydrolytic degradation proceeds through the intermediacy of ureido acids. On the one hand, this 
can be accomplished by biocatalytic conversion, e.g. using microbial or plant hydantoinases to 
produce ureido acids. The further transformation to amino acids can then be catalyzed by other 
enzymes or acids.Ibl However, detailed aspects of this valuable method to obtain optically pure 
D- and Lamino acids are not reviewed herein. On the other hand, the formation of amino acids 
from hydantoins can be achieved non-enzymatically. In this manner, rare, unnatural amino acids 
can be prepared from easy to produce hydantoins both under acidic or basic conditions. Exem- 
plarily, Tellier and coworkerss6 took advantage of this behaviour of hydantoins to generate 
aminobicyclo[2.2.1 .]heptane dicarboxylic acids from spirohydantoins by acidic hydrolysis. 
Heating with aqueous alkali was frequently applied in the hydrolysis of non-racemizable 5 3 -  
disubstituted hydantoin~.5'*~~*~ An example is given in Scheme 64?* 

Scheme 64 

Kinetic investigations on the cleavage and cyclization of hydantoins and ureido acids, 
respectively, were described by Kavhlek et aL165 and Blagoeva et aLIM 

2. N-Alkylations with Electrophilic Reagents 

N-unsubstituted hydantoins can easily be monoalkylated at the imide nitrogen in posi- 
tion 3, whereas substitution of both nitrogens in one step quires much harder conditions. Alky- 
lation at amide N-1 could be done after first protecting the N-3.1J*cJ3J67 However, reaction at N- 
1 was favoured in case of an intramolecular attack to give a tetracyclic hydantoin de~ivative.~' 
N-3 alkylation of hydantoins is a commonly applied reaction to modify the core scaffold and 
thereby the properties of the resulting substances.'68 Water soluble prodrugs of phenytoin were 
also designed by attaching suitable side chains to position 3?f*2h Typically, an alkaline hydantoin 
solution is treated with alkyl halides'sbJ69 sometimes employing a phase-transfer ic*61 

or silylated hydantoins.Ik The cystine derived hydantoin 251 was treated with excess benzyl 
bromide to give the desired 5-methylene hydantoin 252 (Scheme 65).@ 
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MEUSEL AND CmSCHOW 

HN 

0 25 1 0 

ks 
H2C 0 

252 

+ 

Scheme 65 

When dihaloalkanes such as dibromoalkanes or bromochloroalkanes were used, the 
resulting alkylated hydantoins could be treated with amines (e.g., Scheme 663') or potassium 
thioacetate to obtain hydantoins with a basic ~ide-chain~"~ lb9170 or hydantoin ethanethiol deriva- 
tives, re~pectively.'~' 

HNKNH 
254 

I \  

HNKN-c' 
acetone, reflux, 8 h 

0 
255 

1 -phenylpiperazine 
derivative 

0 

Scheme 66 
256 

A synthetic route to the matrix metalloproteinase inhibitor Trocade@ (Ro 32-3555) 
included bromomethylation of 1,5,5-trimethylhydantoin. The resulting 3-bromomethyl 
compound was used to akylate a malonic ester Cyanohydantoins were prepared by 
reaction of the parent hydantoins with a cyanogen halide and a base. The cyan0 group was 
attached either at the N-3 or at both  nitrogen^.'^^ Among the modifications at the N-1 nitrogen, 
the preparations of hydantoin nucleosides were prominent  example^?'^,'^^ Thereby, 0-silylated 
hydantoins 258 were attached to protected 2-deoxy-~-ribofuranoside 259 granting the desired 
thymidine analogues 260 (Scheme 67).172 

426 

D
ow

nl
oa

de
d 

by
 [

C
or

ne
ll 

U
ni

ve
rs

ity
] 

at
 0

6:
29

 1
7 

Ju
ne

 2
01

2 



RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

260 0 
261 

Scheme 67 

OH 
262 

An example for the reaction of the 2-thiohydantoin sulfur with electrophiles was the S- 

glucosylation with glycosyl halides under alkaline conditions?1c 

3. N-Alkylations by Mitsunobu Coupling 

The Mitsunobu reaction comprises the condensation of an alcohol and a nucleophile using 
the redox couple of a trialkyl or triaryl phosphine and a dialkyl azodicarboxylate. For instance, 4- 
nitrophenethyl alcohol3c or the 5-ethyl alcohol tryptamine derivative 264 (Scheme 68)3d were 

264 \I 265 
Scheme 68 

reacted under Mitsunobu conditions with hydantoin or the spirohydantoin 263, respectively. 
Further examples for Mitsunobu couplings were given by Alcaraz et ~ 1 . ‘ ~  in the synthesis of 
novel P2X7 receptor antagonists and by Raja in the synthesis of a [14C] labelled matrix metallo- 
proteinase inhibitor.7b 

4. Aldol-type  reaction^ 
Hydantoins having a free methylene group in the C-5 position can be condensed with 

aldehydes resulting in C-5-unsaturated compounds. Examples for this reaction already have been 
summarized by Lopez and Trigo.’ Several novel works have been p~b l i shed~~ ,”~  including the 
synthesis of the aplysinopsin derivative 268 (Scheme 69)5a and h y d a n t ~ c i d i n ~ ~ ,  natural 
compounds containing a hydantoin moiety. Adding enantiopure aldehydo sugars to N-protected 
hydantoin, 5-(alditol-l-C-yl)-hydantoin could be 
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MEUSEL AND GmSCHOW 

pyridine, reflux 
/ - 

H 0 
266 267 

Scheme 69 
268 

(E)  isomer, (E) / (Z)  > 955  

5. Homer-Wadsworth-Emmons Reactions 

The Homer-Wadsworth-Emmons reaction encompasses the reaction of phosphonic acid 
dialkylesters with carbonyl compounds. Thus, starting from diethyl 2,4-imidazolidinedione-5- 
phosphonate 27017s and the aldehyde 269, the C-5 unsaturated hydantoin 271 could be obtained 
(Scheme 70). 

Further examples illustrated the usage of this synthetic route in annulation reactions 
yielding dichloroimidazo[4,5-b]quinolin-2-one177 and imidazo[ 1,5-c][ 1,3]benzodiazepines 278 
(Scheme 71).'78 

Q40 

274 

1 

ACN. rt 

275 

277 

- reflux DCM Q+--q N 4  

NH 
d 

278 

Scheme 71 
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RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVEW 

6. Cycloaddition Reactions of Hydantoins 

Sankhavasi and coworkers reported a Diels-Alder reaction of a 5-methylene hydantoin 
280 (R = ( S ) -  1 -phenylethyl) acting as dienophile with cyclopentadiene acting as diene 
(Scheme 72).'79 

- Ax: O)-NtR 1. Lewis acid, -70°C. 1 h 0 + WNp 2.0"C, 3 h, DCM 
279 CH2 d 

280 281 

Scheme 72 

A number of 1,3-dipolar cycloadditions were performed starting from hydantoins 282 
(Scheme 73) using 2,4,6-trimethoxybnitrile N-oxide (A), diazomethane (B), and ( 1 Q - 5 5  
dimethyl-3-oxo-l-[(2,4,6-trimethoxyphenyl)methylidene]pyrazo~din-l-ium-Zide (C) as 1,3- 
dipoles, 

NC 2-1 
O r  

CHI 
282 

A/ 1. 
J 

CH3 
283 

I 
CHI 

284 
R = CH3, C6H5 
Ar = 2,4,6-trimethoxyphenyl 

Scheme 73 

7. Other Reactions of Hydantoins 

5,5-Disubstituted hydantoins 287 have been shown to react with 3-(dimethylamino)- 
2,2-dimethyl-2H-azine 286 to give 4H-imidazoles 288 in a very complex ring transformation 
reaction (Scheme 74).18' 1,3-Dibromo-5J-dimethylhydantoin (DBH) can be used as a stable and 
easy to handle brominating agent.18* 

0 
287 

286 88 
Scheme 74 
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MEUSEL AND GmSCHOW 

8. Complexation of Hydantoins with Metal Ions 

Interactions of hydantoins with metal ions, such as copper(I1) (Zwikker test) or 
cobalt(I1) (Parri test) are widely used in colour reactions for identification. 

Because complexes of the transition metal platinum constitute well-established antineo- 
plastic drugs, such as cisplatin or carboplatin, five-membered heterocyclic ligands containing 
two or more nitrogens, e.g. hydantoins, have sparked a great deal of interest.lX3 Platinum(II) 
complexes e.g. with 5-methyl-5-phenylhydantoin 289 (Scheme 75) have been synthesized and 
found to be effective in cytotoxicity tests.IM 

Scheme 75 

Among other transition metal complexes with hydantoin ligands iron(II)'xs, 
nickel(II)1x6, ~opper(I1)'~' and gold(I)'8x complexes have been synthesized and characterized. 
Moreover, the complexations of 5,5-diphenylhydantoin or hydantoin itself with silver(1)-, 
zinc(I1)-, and cadmium(I1) ionsIx9 or with antimony(V) and mercuric(I1) ionslgO have been 
described. 

Acknow1egement.- The authors thank the DFG Graduiertenkolleg 804 "Analyse von Zellfunk- 
tionen durch kombinatorische Chemie und Biochemie" for financial support. Many thanks to 
Reik Loser for reading the proof and for useful advice. 

ABBREVIATIONS 
Ac = acetyl 
ACC = N-acetylcysteine 
ACN = acetonitrile 
ANRORC = addition of a nucleophile, ring opening, ring closure 

Boc = ?err-butyloxycarbonyl 
BSA = NO-bis(trimethylsily1)acetamide 
BSTFA = N,O-bis(trimethylsilyl)trifluoroacetamide 
CB I = cannabinoid 1 (receptor) 
CDI = carbonyldiimidazole 
CSI = chlorosulfonyl isocyanate 
DBU = 1,8-diazabicylco[5.4.0]undec-7-ene 
DCC = dicyclohexyl carbodiimide 
DCE = dichloroethane 

Ar=alyl 
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DCM = dichloromethane 
DIAD = diisopropyl azdcarboxylate 
DIC = diisopropyl carbodiimide 
DIPA = diisopropylamine 
DIPEA = diisopropylethylamine 
DMA = NJV-dimethylacetamide 
DMAD = dimethyl acetylenedicarboxylate 
DMAP = 4dimethylaminopyridine 
DMF = dimethylformamide 
DMSO = dimethyl sulfoxide 
DNA = desoxyribonucleic acid 
DPT = di-2-pyridylthiocanate 
FDA = Food and Drug Administration 
Fmoc = 9-Fluorenylmethyloxyc~nyl 
HDL = high density lipoprotein 
HLE = human leukocyte elastase 
HMDS = hexamethyldisilazane 
HOBt = hydroxy benzotriazole 
5-HT = 5-hydroxytryptamine 
HTS = high throughput screening 
Im = imidazole 
LFA- 1 = lymphocyte function-associated antigen-1 
MW = microwave(s) 
Ms = mesyl 
NMDA = N-methyl-D-aspartate 
NMR = nuclear magnetic resonance 

PDE 5 = phosphodiesterase 5 
PEG = polyethylene glycol 
PET = positron emission tomography 
P-gp = P-glycoprotein 
PhSH = thiophenol 
PPE = polyphosphoric ester 
rt = room temperature 
SPC = summary of product characteristics 
SPE = solid-phase extraction 
SPOS = solid-phase organic synthesis 
SPPS = solid-phase peptide synthesis 
TBDM = tetrabutyldimethyl 
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MEUSEL AND G m C H O W  

TFA = trifluoroacetic acid 
THF = tetrahydrofuran 
TMAD = tetramethylazodicarboxamide 
TMEDA = N,N,N',N'-tetramethyl-1 ,Zethanediamine 
To1 = toluyl 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

C. A. L6pez and G. G. Trigo, Adv. Hererocycl. Chem., 38, 177 (1985). 

(a) S. Bhatnacar, D. Kamthan, S. C. Mehra and S. K. Tandan, Indian J. Phurmuc., 18,235 
(1986). (b) N. Chatterjie and G. J. Alexander, Med. Sci. Res., 16,387 (1988). (c) W. J. 
Brouillette, G. B. Brown, T. M. DeLorey, and G. Liang, J. Phurm. Sci., 79,871 (1990). (d) 
J. Karolak-Wojciechowska. W. Kwiatokowski, and K. KiBc-Kononowicz, Phurmuzie, 50, 
114 (1995). (e) M. L. Brown, G. B. Brown, and W. J. Brouillette, J. Med. Chem., 40,602 
(1997). (f) M. S .  Luer, Neurol. Res., 20,178 (1998). (g) M. L. Brown, C. C. Zha, C. C. Van 
Dyke, G. B. Brown, and W. J. Brouillette, J. Med. Chem., 42, 1537 (1999). (h) J. Bosch, T. 
Roca, J. Dom&nech, and M. Suriol, Bioorg. Med. Chem. Lett., 9, 1859 (1999). (i) T. Anger, 
D. J. Madge, M. Mulla, and D. Riddall, J. Med. Chem., 44,115 (2001). (i) A. LeTiran, J. P. 
Stables, and H. Kohn, Bioorg. Med. Chem., 9,2693 (2001). (k) J. J. Sutherland, and D. F. 
Weaver, J. Chem. In$ Compu?. Sci., 43, 1028 (2003). (1) J. C. Thenmozhiyal, P. T.-H. 
Wong, and W.-K. Chui, J. Med. Chem., 47,1527 (2004). 

(a) H. Byrtus, M. Pawlowski, S. Charakchieva-Minol, B. DuszLnska, M. J. Mokrosz, J. L. 
Mokrosz, and A. Zejc, Arch. Pharm. Phurm. Med. Chem., 329,283 (1996). (b) M. L. 
Mpez-Rodriguez, M. L. Rosado, B. Benhamd, M. J. Morcillo, E. Femdndez, and K.-J. 
Schaper, J. Med. Chem., 40,1648 (1997). (c) G. P. Moloney, A. D. Robertson, G. R. 
Martin, S. MacLennan, N. Mathews, S. Dodsworth, P. Y. Sang, C. Knight, and R. Glen, J. 
Med. Chem., 40,2347 (1997). (d) G. P. Moloney, G. R. Martin, N. Mathews, A. Milne, H. 
Hobbs, S. Dodsworth, P. Y. Sang, C. Knight, M. Williams, M. Maxwell, and R. C. Glen, J. 
Med. Chem., 42,2504 (1999). (e) H. Byrtus, M. Pawlowski, B. Dusqnska, A. 
Wesolowska, E. Chojnacka-W6jcik, and A. J. Bojarski, Pol. J. PhurmucoL, 53,395 (2001). 

(a) P. Barraclough, M. Brockwell, A. G. Caldwell, D. A. Demaine, C. J. Hanis, W. R. 
King, R. J. Stepney, C. J. Wharton, and B. J. R. Whittle, Arch. Phurm. (Weinheim), 327, 
307 (1 994). (b) P. Barraclough, M. L. Bolofo, H. Giles, J. Gillam, C. J. Harris, M. G. Kelly, 
P. Leff, A. McNeill, A. D. Robertson, R. J. Stepney, and B. J. R. Whittle, Bioorg. Med. 
Chem., 4.81 (1996). (c) H. U. Stilz, B. Jablonka, M. Just, J. Knolle, E. F. Paulus, and G. 
Zoller, J. Med. Chem., 39,2 1 1 8 ( 1996). 

(a) G. Guella, I. Mancini, H. Zibrowius, and F. Pietra, Helv. Chim. Acru, 71,773 (1988). (b) 
G. R. Pettit, C. L. Herald, J. E. Leet, R. Gupta, D. E. Schaufelberger, R. B. Bates, P. J. 
Clewlow, D. L. Doubek, K. P. Manfredi, K. Riitzler, J. M. Schmidt, L. P. Tackett, F. B. 
Ward, M. Bruck, and F. Camou, Can. J. Chem., 68,1621 (1990). (c) R. Ganapathi, A. 
Hercbergs, D. Grabowski, and J. Ford, Cancer Res., 53,3262 (1993). (d) K.-I. Kawamura, 
D. Grabowski, K. Weizer, R. Bukowski, and R. Ganapathi, Br. J. Cancer, 73,183 (1996). 
(e) J. M. Chezal, G. Dehas, S. Mavel, H. Elalanaoui, J. MBtin, A. Diez, Y. Blache, A. 

432 

D
ow

nl
oa

de
d 

by
 [

C
or

ne
ll 

U
ni

ve
rs

ity
] 

at
 0

6:
29

 1
7 

Ju
ne

 2
01

2 



RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

Gueffier, M. Rubiralta, J. C. Teulade, and 0. Chavignon, J. Org. Chem, 62,4085 (1997). 
( f )  J. Shamash, A. H. Salam, D. C. Davies, A. Williams, S. Joel, and T. A. Lister, Br. J. 
Cancer, 77,1598 (1998). (g) M. Schwab, M. Eichelbaum, and M. F. From, Annu. Rev. 
P h u m o l .  Toxicol., 43,285 (2003). (h) V. A. McNally, A. Gbaj, K. T. Douglas, I. J. Strat- 
ford, M. Jaffar, S. Freeman, and R. A. Bryce, Bioorg. Med Chem. Lett., 13,3705 (2003). 

6. F. Ooms, J. Wouters, 0. Oscari, T. Happaerts, G. Bouchard, P.-A. Carmpt, B. Testa, and D. 
M. Limber4 J. Med. Chem., 45,1748 (2002). 

7. (a) H. Hilpert, Tetrahedron, 57,7675 (2001). (b) S. N. h ja ,  J. Label. C o q d .  
Rudiophurm., 46,883 (2003). 

8. (a) W. C. Groutas, M.A. Stanga, J. C. Castrisos, and E. J. Schatz, J. Enzyme Inhibition, 3, 
237 (1990). (b) M. Tremblay, N. Voyer, S. Boujabi, and G. F. Dewynter, J. Comb. Chem., 
4,429 (2002). 

9. (a) C. P. Taylor, Curr. Phunn. Des., 2,375 (19%). (b) L. P. Reagan, C. R. McKinrick, and 
B. S. McEwen, Neuroscience, 91,211 (1999). 

10. (a) K. Last-Barney, W. Davidson, M. Cardozo, L. L. Frye, C. A. Grygon, J. L. Hopkins, D. 
D. Jeanfavre, S. Pav, C. Qan, J. M. Stevenson, L. Tong, R. zindell, and T. A. Kelly, J. Am. 
Chem. SOC., 123,5643 (2001). (b) R. P. Frutos, S. Stehle, L. Nummy, and N. Yee, Terruhe- 
dron: Asymm., 12, 101 (2001). (c) S. R. Kapadia, D. M. Spero, and M. Eriksson, J. Org. 
Chem., 66,1903 (2001). (d) E. Napolitano and V. Farina, Tetrahedron Lett., 42,3231 
(2001). 

1 1. (a) K. KiCc-Kononowicz, A. Zejc, G. Chlon, E. Stypula, J. Krupinska, and B. Cebo, Acta 
Phurm. Jugosl., 37,123 (1987). (b) M. Matsukura, Y. Daiku, K. Ueda, S. Tanaka, T. 
Igarashi, and N. Minami, Chem Pharm. Bull., 40,1823 (1992). (c) K. KiCc-Kononowicz, 
K. Stadnicka, A. Mitka, E. Pekala, B. Filipek, J. Sapa, and M. Zygmunt, Eur. J. Med. 
Chem., 38,555 (2003). 

12. L. Alcaraz, A. Baxter, J. Bent, K. Bowers, M. Braddock, D. Cladingboel. D. Donald, M. 
Fagura, M. Furber, C. Laurent, M. Lawson, M. Mortimore, M. McCormick, N. Roberts, 
and M. Robertson, Bioorg. Med. Chem Lett., 13,4043 (2003). 

13. J. J. Edmunds, S. Klutchko, J. M. Hamby, A. M. Bunker, C. J. C. Connolly, R. T. Winters, 
J. Quin 111, I. Sircar, J. C. Hodges, R. L. Panek, J. A. Keiser, and A. M. Doherty, J. Med. 
Chem., 38,3759 (1995). 

14. A. Daugan, P. Grodin, C. Ruault, A.-C. Le Monnier de Gouville, H. Coste, J. Kirilovsky, F. 
Hyafil, and R. Labaudinihre, J. Med Chem., 46,4525 (2003). 

15. (a) R. Sarges, J. Bordner, B. W. Dominy, M. J. Peterson, and E. B. Whipple, J. Med. 
Chem., 28,1716 (1985). (b) J. P. Rizzi, R. C. S c h n ~ ,  N. J. Hutson, K. G. Kraus, and P. R. 
Kelbaugh, J. Med. Chem., 32, 1208 (1989). (c) R. Sarges and P. J. Oates, Prog. Drug Res., 
40,99 (1993). (d) N. Murakami, M. Ohta, K. Kato, K. Nakayama, M. Mizota, I. Miwa, and 
J. Okuda, Drug Res., 47,1222 (1997). (e) M. Oka, Y. Matsumoto, S. Sugiyama, N. Tsuruta, 

433 

D
ow

nl
oa

de
d 

by
 [

C
or

ne
ll 

U
ni

ve
rs

ity
] 

at
 0

6:
29

 1
7 

Ju
ne

 2
01

2 



MEUSEL AND GUTSCHOW 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

and M. Matsushima, J. Med. Chem., 43,2479 (2000). ( f )  T. Kotani, Y. Nagaki, A. Ishii, Y. 
Konishi, H. Yago, S. Suehiro, N. Okukado, and K. Okamoto, J. Med. Chem., 40,684 
(1997). (g) C. de la Fuente, T. M. Kriille, K. A. Watson, M. G. Gregoriou, L. N. Johnson, 
K. E. Tsitsanou, S. E. Zographos, N. G. Oikonomakos, and G. W. J. Fleet, Synlett, 485 
(1997). (h) L. Somshk, L. Kovfics, M. Tbth, E. Osz, L. Szilfigyi, 2. Gyorgydehk, Z. Dinya, 
T. Docsa, B. Tbth, and P. Gergely, J. Med. Chem., 44,2843 (2001). 

S.-k. Kwon and M.-s. Park, J.  Med. Chem., 34, 1845 (1991). 

(a) F. Goubet and G. Teutsch, Tetrahedron Lett., 37,7727 (1996). (b) M. Lamothe, M. 
Lannuzel, and M. Perez, J. Comb. Chem., 4,73 (2002). (c) J. Anderson, BJU In?., 91,455 
(2003). 

(a) J. Marchand-Brynaert, E. Amadei, and L. Ghosez, Bull. Soc. Chim. Belg., 103,2 13 
(1994). (b) C.-H. Oh, H. J. Kim, S.-Y. Hong, Y.-H. Lee, J. K Cho, and J.-H. Cho, Arch. 
Pharm. (Weinheim), 328,385 (1995). 

H. Elokdah, T. S. Sulkowski, M. Abou-Gharbia, J. A. Butera, S.-Y. Chai, G. R. McFarlane, 
M.-L. McKean, J. L. Babiak, S. J. Adelman, and E. M. Quinet, J. Med. Chem., 47,68 1 
(2ow.  

R. Severinsen, J. F. Lau, K. Bondensgaard, B. S. Hansen, M. Begtrup, and M. Ankersen, 
Bioorg. Med. Chem. Lett., 14,317 (2004). 

(a) R. N. Comber, R. C. Reynolds, J. D. Friedrich, R. A. Manguikian, R. W. Buckheit, J. 
W. Truss, W. M. Shannon, and J. A. Secrist III., J. Med. Chem., 35,3567 (1992). (b) A. A. 
El-Barbary, A. I. Khodair, and E. B. Pedersen, Arch. Phurm. (Weinheim), 327,653 (1994). 
(c) A. A. El-Barbary, A. I. Khodair, E. B. Pedersen, and C. Nielsen, J. Med. Chem., 37,73 
(1994). (d) Y. Verlinden, A. Cuconati, E. Wimmer, and B. Rombaut, Antiviral Res., 48,61 
(2000). (e) D. Kim, L. Wang, C. G. Caldwell, P. Chen, P. E. Finke, B. Oates, M. MacCoss, 
S. G. Mills, L. Malkowitz, S. L. Gould, J. A. DeMartino, M. S. Springer, D. Hamda, M. 
Miller, J. Kessler, R. Danzeisen, G. Carver, A. Carella, K. Holmes, J. Lineberger, W. A. 
Schleif, and E. A. Emini, Bioorg. Med. Chem. Lett., 11,3099 (2001). 

C. W. Bad ,  Curr. Treat. Options Neurol., 6,339 (2004). 

I. BClai, Tetrahedron Lett., 44,7475 (2003). 

G. Cheng, Y. Lin, L. Wen, L. L. P. Vrijmoed, and E. B. Gareth Jones, Tetrahedron, 59, 
4907 (2003). 

L. Selic, R. Jakse, K. Lampic, L. Golic, S. Golic-Grdadolnik, and B. Stanovnik, Helv. 
Chim. A m ,  83,2802 (2000). 

R. Jakse, V. Kroselj, S. Recnik, G. Sorsak, J. Svete, B. Stanovnik, and S. G. Grdadolnik, 2. 
Natur$orsch., 57b, 453 (2002). 

K. Inaba, H. Sato, M. Tsuda, and J. Kobayashi, J. Nut. Prod., 61,693 (1998). 

434 

D
ow

nl
oa

de
d 

by
 [

C
or

ne
ll 

U
ni

ve
rs

ity
] 

at
 0

6:
29

 1
7 

Ju
ne

 2
01

2 



RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

28. A. C. B. Sosa, K. Yakushijin, and D. A. Home, J. Org. Chem., 67,4498 (2002). 

29. A. D. Patil, A. J. Freyer, L. Killmer, G. Hofmann, and R. K. Johnson, Nat. Prod. Lett., 9, 
201 (1997). 

30. P. Crews, D. P. Clark, and K. Tenney, J. Nut. Prod., 66, 177 (2003). 

3 1. H. Uemoto, M. Tsuda, and J. Kobayashi, J. Nat. Prod., 62,1581 (1999). 

32. N. Nakajima, M. Matsumoto, M. Kirihara, M. Hashimoto, T. Katoh, and S. Terashima, 
Tetrahedron, 52, 1177 (1996). 

33. (a) S. Mio, R. Ichinose, K. Goto, S. Sugai, and S. Sato, Tetrahedron, 47,2111 (1991). (b) S .  
Mio, M. Shiraishi, S. Sugai, H. Haruyama, and S. Sato, Tetrahedron, 47,2121 (1991). 

34. (a) A. Renard, J. Lhomme, and M. Kotera, J. Org. Chem., 67,1302 (2002). (b) M. W. 
Walter, Nut. Prod. Rep., 19,278 (2002). 

35. (a) A. Baeyer, Justus Liebigs Ann. Chem., 119, 126 (1861). (b) A. Baeyer, Jusrus Liebigs 
Ann. Chem., 117,178 (1861). (c) A. Baeyer, Justus LiebigsAnn. Chem., 130,129 (1864). 

36. E. Grimaux, Hebd. Seances C. R. Acad. Sci, 83,62 (1876). 

37. F. Urech, Jusfus Liebigs Ann. Chem., 165,99 (1873). 

38. W. T. Read, J. Am. Chem. Soc., 44,1746 (1922). 

39. W. Marckwald, M. Neumark, and R. Stelzner, Chem. Ber., 24,3278 (1891). 

40. (a) H. T. Bucherer and W. Brandt, J. Prakt. Chem., 140,129 (1934). (b) H. T. Bucherer and 
W. Steiner, J. Prakt. Chem, 140,291 (1934). (c) H. T. Bucherer and V. A. Lieb, J. Prakt. 
Chem., 141,5 (1934). 

41. H. Biltz, Ber. Drsch. Chem Ges., 41, 1379 (1908). 

42. M. Beller, M. Eckert, W. A. Moradi, and H. Neumann, Angew. Chem., Znt. Ed., 38,1454 
(1999). 

43. D. R. Anderson, N. C. Faibish, and P. Beak, J. Am. Chem. Soc., 121,7553 (1999). 

44. J. P. Zou, Z. E. Lu, L. H. Qiu, and K. Q. Chen, Heterocycles, 43,49 (1996). 

45. (a) G. Schwenker, H. Guo and S. Bemhart, Arch. Phann. (Weinheim), 325,779 (1992). (b) 
G. Schwenker and H. Guo, Arch. Phamz. (Weinheim), 326,45 (1993). 

46. (a) G. G. Muccioli, J. H. Poupaert, J. Wouters, B. Norberg, W. Poppitz, G. K. E. Scriba, 
and D. M. Lambert, Tetrahedron, 59, 1301 (2003). (b) G. G. Muccioli, J. Wouters, J. H. 
Poupaert, B. Norberg, W. Poppitz, G. K. E. Scriba, and D:M. Lambert, Org. Lett., 5,3599 
(2003). 

435 

D
ow

nl
oa

de
d 

by
 [

C
or

ne
ll 

U
ni

ve
rs

ity
] 

at
 0

6:
29

 1
7 

Ju
ne

 2
01

2 



MEUSEL AND G m C H O W  

47. S. Paul, M. Gupta, R. Gupta, and A. Loupy, Synthesis, 75 (2002). 

48. T. L. Hough, I. R. Hough, and R. W. Pannell, J. Heterocyclic Chem., 23, 1 125 (1986). 

49. P. A. Crooks, T. Deeks, and F. DeSimone, J. Heterocyclic Chem., 26, 11 13 (1989). 

50. N. C. Mathur, S. K. Wong, and H. Shechter, Tetrahedron Lett., 44,5141 (2003). 

51. Y. Hitotsuyanagi, M. Kobayashi, K. Takeya, and H. Itokawa, J. Chem. Soc. Perkin Trans. 
I, 1387 (1995). 

52. C. Cativiela, J. M. Fraile, J. I. Garcia, B. LAzaro, J. A. Mayoral, and A. Pallark Appl. 
Catal. A,  224, 153 (2002). 

53. A. Ishii, T. Kotani, Y. Nagaki, Y. Shibayama, Y. Toyomaki, N. Okukado, K. Ienaga, and 
K. Okamoto, J. Med. Chem, 39, 1924 (1996). 

54. M. Yamagishi, Y. Yamada, K.4. Ozaki, J. Tani, and M. Suzuki, Chem. Phann. Bull., 39, 
626 (1991). 

55. (a) C. Shibuya and S. Ouchi, Agric. Biol. Chem., 52,589 (1988). (b) 0. M. Khalil, N. A. 
Abdou, and S. H. El-Zanfally, Bull. Fac. Phurm. Cairo Univ., 28,39 (19%). (c) M. Villa- 
campa, M. Martinez, G. G. Trigo, and M. M. Sollhuber, J. Heterocyclic Chem., 29,1541 
(1992). (d) C. Lamberth and S. Blarer, Synlett, 489 (1994). (e) J. b a b e ,  J. Baldauf, and A. 
Ahlhelm, Pharmuzie, 52,9 12 ( 1997). 

56. F. Tellier, F. Acher, I. Brabet, J.-P. Pin, and R. Azerad, Bioorg. Med. Chm., 6, 195 (1998). 

57. Y. Fu, Z. Zhou, P. Hazendonk, A. D. Bain, F. R. Fronczek, J. Escobedo, M. L. 
McLaughlin, and R. P. Hammer, J. Mol. Stnrct., 6?37,65 (2004). 

58. K. Lavrador, D. Guillerm, and G. Guillem, Bioorg. Med. Chem. Len., 8, 1629 (1998). 

59. (a) M. KO&, B. Steiner, V. Langer, D. Gyepesovk and M. Durik, Curbohydr. Res., 328, 
115 (2000). (b) B. Steiner, J. Micovh, M. KO&, V. Langer, and D. Gyepesovfi, Carbohydr. 
Res., 338, 1349 (2003). 

60. L. Martarello, J. McConathy, V. M. Camp, E. J. Malveaux, N. E. Simpson, C. P. Simpson, 
J. J. Olson, G. D. Bowers, and M. M. Goodman, J. Med. Chem., 45,2250 (2002). 

61. D. Chianelli, Y.-C. Kim, D. Lvovskiy, andT. R. Webb, Bioorg. Med. Chem., 11,5059 
(2003). 

62. J. Li, L. Li, T. Li, H. Li, and J. Liu, Ultrasonics Sonochem., 3, 141 (1996). 

63. K. Uhrich, E. Olson, and J. Woman, Synth. Commun., 16,1387 (1986). 

64. R. A. O’Brien, J. J. Woman, and E. S. Olson, Synfh. Commun., 22,823 (1992). 

436 

D
ow

nl
oa

de
d 

by
 [

C
or

ne
ll 

U
ni

ve
rs

ity
] 

at
 0

6:
29

 1
7 

Ju
ne

 2
01

2 



RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 

81. 

(a) G. M. Camera Jr. and D. S. Gamey, J. Heterocyclic Chem., 29,847 (1992). (b) J. 
Marton, J. Enisz, S. Hosztafi and T. T h k ,  J. Agric. Food Chem., 41,148 (1993). (c) A. B. 
Reitz, E. W. Baxter, D. J. Bennett, E. E. Codd, A. D. Jordan, E. A. Malloy, B. E. 
Maryanoff, M. E. McDonnell, M. E. Ortegon, M. J. Renzi, M. K. Scott, R. P. Shank, R. G. 
Shemll, J. L. Vaught, and d. J. Wustrow, J. Med. Chem., 38,421 1 (1995). (d) I. M. Wyzlic, 
W. Tjarks, A. H. Soloway, D. J. Perkins, M. Burgos, and K. P. O’Reilly, Inorg. Chem., 35, 
4541 (1996). 

R. J. Smith, S. Bratovanov, and S. Bienz, Tetrahedron, 53, 13695 (1997). 

R. Ahmad, R. Jabeen, M. Zia-ul-Haq, H. Nadeem, H. Duddeck, and E. J. Verspohl, Z 
Narurforsch., 55b, 203 (2000). 

M. J. 0. Anteunis, L. Spiessens, M. De Witte, R. Callens, and F. Reyniers, Bull. SOC. Chin 
Belg., 96,459 (1987). 

T. Ravindranathan, S. V. Hiremath, K. Gosavi, and D. R. Reddy, Synthesis, 38 (1989). 

G. Evindar and R. A. Batey, Org. Len., 5, 1201 (2003). 

J. M. Bailey, N. R. Shenoy, M. Ronk, and 3. E. Shiveley, Profein Sci., 1,68 (1992). 

B. Dziedzic, M. J. Korohoda, and E. Rydzik, Polish J. Chem., 69,90 (1995). 

(a) J. Ryczek, Polish J. Chem., 68,2599 (1994). (b) J. Ryczek, J. Heterocyclic Chem., 39, 
997 (2002). 

T. Ravindranathan, S. V. Hiremath, D. R. Reddy, and R. B. Tejwani, Synth. Commun., 18, 
1855 (1988). 

M. M. Sim and A. Ganesan, J. Org. Chem., 62,3230 (1997). 

J. Charton, S. Delarue, S. Vendeville, M.-A. Debrue-Fontaine, S .  Girault-Mizzi, and C. 
Sergheraert, Tetrahedron ktf.., 42,7559 (2001). 

Y.-D. Gong, H.-Y. Sohn, and M. J. Kurth, J. Org. Chem, 63,4854 (1998). 

S. V. Ley, A. Massi, F. Rodriguez, D. C. Howell, R. A. Lewthwaite, M. C. Pritchard, and 
A. M. Reid,Angew. Chew Inf. Ed., 40, 1053 (2001). 

A. Peyman, V. Wehner, J. Knolle, H. U. Stilz, G. Breipohl, K.-H. Scheunemann, D. 
Carniato, J.-M. Ruxer, J.-F. Gourvest, T. R. Gadek, and S. Bodary, Bioorg. Med. Chem. 
Left., 10, 179 (2000). 

M. Jansen and G. Dannhardt, Eur. J. Med. Chem., 38,855 (2003). 

0. L. Salemi, D. J. Mustra, K. S. Emerich, d. E. Fuerst, M. Zia-Ebrahimi and W. K. Van 
Tyle, J. Heterocyclic Chem, 36, 1 179 (1999). 

431 

D
ow

nl
oa

de
d 

by
 [

C
or

ne
ll 

U
ni

ve
rs

ity
] 

at
 0

6:
29

 1
7 

Ju
ne

 2
01

2 



MEUSEL AND GUTSCHOW 

82. 

83. 

84. 

85. 

86. 

87. 

88. 

89. 

90. 

91. 

92. 

93. 

94. 

95. 

96. 

97. 

98. 

99. 

Z. Szakonyi, F. Fulop, D. TourwC, and N. De Kimpe, J. Org. Chem., 67,2192 (2002). 

T. Kobayashi, H. Fujieda, Y. Murakami, T. Nakamura, K. Ono, S. Yamamoto, and H. 
Kato, Bull. Chem. SOC. Jpn., 67, 3082 ( 1  994). 

M. Solymk, M. Palk6, T. Martinek and F. Fulop, Monarsh. Chem., 133, 1423 (2002). 

(a) M. F. Braiia, M. Garrido, M. L. L6pez Rodriguez, P. Miguel, M. Jose Morcillo, and A. 
Riaiio, J. Heterocyclic Chem., 27,703 (1990). (b) M. F. Braiia, M. Garrido, M. L. L6pez. P. 
de Miguel, and A. Riaiio, Synrh. Commun., 20, 1793 (1990). (c) M. F. Braiia, P. de Miguel, 
G. Klebe, N. Martin, and N. Walker, Liebigs Ann. Chem., 867 (1992). 

A. Sera, K. Itoh, and H. Yamaguchi, Terrahedron Len., 31,6547 (1990). 

K.-H. Park, M. M. Olmstead, and M. J. Kurth, J. Org. Chem., 63,113 (1998). 

I. A. Atanassova, J. S. Petrov, A. N. Balabanova, and N. M. Mollov, Synrh. Commun., 19, 
2947 (1989). 

M.-W. Ding, Y. Sun, X.-P. Liu, and Z.-J. Liu, Org. Prep. Proced. h f . ,  35,391 (2003). 

M. Shiozaki, Carbohydr. Res., 337,2077 (2002). 

F. Palacios, M. Legido, I. P. de Heredia, J. M. Ezpeleta, and G. Rubiales, Heterocycles, 55, 
1641 (2001). 

P. M. Fresneda, M. Castaiieda, M. A. Sanz, and P. Molina, Tetrahedron Lett., 45,1655 
(2ow.  

Y. Nomoto, H. Takai, T. Hirata, M. Teranishi, T. Ohno, and K. Kubo, Chem. Phunn. Bull., 
38,3014 (1990). 

W. Keung, F. Bakir, A. P. Patron, D. Rogers, C. D. Priest, and V. Darmohusodo, Tetruhe- 
dron Len., 45,733 (2004). 

J.-I. Yamaguchi, M. Harada, T. Kondo, T. Noda, and T. Suyama, Chem. Len., 32,372 
(2003). 

J.-P. Leblanc and H. W. Gibson, J. Org. Chem., 59, 1072 (1994). 

A. Ghosh and M. J. Miller, Tetrahedron Len., 36,6399 (1995). 

(a) N. Kujundzic, K. Kovacevic, M. Jakovina, and B. Gluncie, Croat. Chim. Acra, 61, 121 
(1988). (b) W. Fraser, C. J. Suckling and H. C. S. Wood, J. Chem. SOC. Perkin Trans. 1, 
3137 (1990). 

E. R. Talaty, M. M. Yusoff, S. A. Ismail, J. A. Gomez, C. E. Keller, and J. M. Younger, 
Synlert, 683 (1W).  

438 

D
ow

nl
oa

de
d 

by
 [

C
or

ne
ll 

U
ni

ve
rs

ity
] 

at
 0

6:
29

 1
7 

Ju
ne

 2
01

2 



RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

100. B. S. Iyengar, R. T. Don-, and W. A. Remers, J. Med. Chem., 47,218 (2004). 

101. J. P. Lawson and K. A. VanSant, J. Heterocyclic Chem., 36,283 (1999). 

102. Y. Saegusa, S. Harada, and S. Nakamura, J. Heterocyclic Chem., 27,739 (1990). 

103. R. Milcent, A. Akhnazarian, and N. Lensen, J. Heterocyclic Chem., 33, 1829 (1996). 

104. H. J. Barton, J. Bojarski, and A. Zurowska, Arch. Phurm. (Weinheim), 319,457 (1986). 

105. L. D. Keys III., K. Folting, W. E. Streib, andM. Johnston, J. Org. Chem., 51,4721 (1986). 

106. M. Gutschow, T. Hecker, and K. Eger, Synthesis, 410 (1999). 

107. M. Meusel, A. Ambrozak, T. K. Hecker, and M. Gutschow, J. Org. Chem., 68,4684 
(2003). 

108. M. S. Akhtar, W. J. Brouillette, and D. V. Waterhous, J. Org. Chem., 55,5222 (1990). 

109. (a) N. Poje and M. Poje, Tetrahedron Left., 36,8885 (1995). (b) N. Poje, A. PalkoviE, and 
M. Poje, J. Heterocyclic Chem., 34,477 (1997). 

110. (a) W. Luo, J. G. Muller, E. M. Rachlin, and C. J. Burrows, Chem. Res. Toxicol., 14,927 
(2001). (b) P. T. Henderson, J. C. Delaney, J. G. Muller, W. L. Neeley, S. R. Tannenbaum, 
C. J. Burrows, and J. M. Essigmann, Biochemistry, 42,9257 (2003). 

111. Y. Ye, J. G. Muller, W. Luo, C. L. Mayne, A. J. Shallop, R. A. Jones, andC. J. Burrows, J. 
Am. Chem. Soc., 125, 13926 (2003). 

1 12. G. Peng, A. Sohn, and M. A. Gallop, J. Org. Chem., 64,8342 (1999). 

1 13. K.-H. Park, E. Abbate, S. Najdi, M. M. Olmstead and M. J. Kurth, Chem. Commun., 1679 
(1998). 

114. K.-H. Park andM. J. Kurth, TetrahedronLeft., 40,5841 (1999). 

1 15. K.-H. Park and M. J. Kurth, J. Org. Chem., 64,9297 (1999). 

1 16. G.-Y. Lee, Y.-S. Lee, S. M. Koo, and K.-J. Lee, Bull. Korean Chem. Soc., 20,1359 (1999). 

1 17. C. Hulme, L. Ma, J. J. Romano, G. Morton, S.-Y. Tang, M.-P. Chenier, S. Choi, J. Salvino, 
and R. Labaudiniere, Tetrahedron Left., 41, 1889 (2000). 

118. R. Aumann and E. Kuckert, Chem. Ber., 119,156 (1986). 

119. C.-H. Kwon, M. T. Iqbal, and J. N. D. Wurpel, J. Med. Chem., 34,1845 (1991). 

120. (a) R. V. Hoffman and N. K. Nayyar, J. Org. Chem., 60,5992 (1995). 0) R. V. Hoffman, 
M. M. Reddy, C. M. Klumas, and F. Cervantes-Lee, J. Org. Chem., 63,9 128 (1998). 

439 

D
ow

nl
oa

de
d 

by
 [

C
or

ne
ll 

U
ni

ve
rs

ity
] 

at
 0

6:
29

 1
7 

Ju
ne

 2
01

2 



MEUSEL AND GmSCHOW 

121. (a) I. Lalezari, J. Heterocyclic Chem., 22,741 (1985). (b) M.-S. Park, E.-S. Chang, M.-S. 
Lee, and S.-K. Kwon, Buff. Korean Chem. SOC., 23,1836 (2002). 

122. C. Florac, P. Le Grel, M. Baudy-Floc’h, and A. Robert, J. Chem. SOC. Perkin Trans. 1,  
1143 (1991). 

123. A. Volonterio and M. Zanda, Tetrahedron Lett., 44,8549 (2003). 

124. A. Papakyprimou, A. W. Parkins, P. D. Prince, and J. W. Steed, Org. Prep. Proced. Int., 
34,436 (2002). 

125. D. A. Klumpp, K. Y. Yeung, G. K. S. Prakash, and G. A. Olah, Synlett, 918 (1998). 

126. (a) F. Z. Dorwald “Organic Synthesis on Solid Phase”, p. 41 1, Wiley-VCH Verlag GmbH, 
Weinheim, 2002. (b) B. Hinzen, G. Braunlich, C. Gerdes, T. Kgimer, K. Lustig, U. Nielsch, 
M. Sperzel, and J. Pemerstorfer “Handbook of Combinatoriaf Chemistry, Drugs, Catalysts, 
Materiafs”, Vol. 2, p. 789, K. C. Nicolaou, R. Hanko, and W. Hartwig, Eds., Wiley-VCH 
Verlag GmbH, Weinheim, 2002. 

1 27. K.-H. Park and M. J. Kurth, Drugs Fur., 25,1265 (2000). 

128. (a) L. Thompson and J. A. Ellman, Chem. Rev., %, 555 (1996). (b) A. Nefzi, J. M. Ostresh, 
and R. A. Houghten, Chem. Rev., 97,449 (1997). (c) F. Guillier, D. Orain, and M. Bradley, 
Chem. Rev., 100,2091 (2000). (d) V. Krchnhk and M. W. Holladay, Chem. Rev., 102,61 
(2002). 

129. S. H. DeWitt, J. S. Kiely, C. J. Stankovic, M. C. Schroeder, D. M. Reynolds Cody, and M. 
R. Pavia, Proc. Natl. Acad. Sci. USA, 90,6909 (1993). 

130. W. Huang, S. Cheng, and W. Sun, Tetrahedron Len., 42, 1973 (2001). 

13 1.  S. Lebreton, N. Newcombe, and M. Bradley, Mol. Divers., 6, 19 (2003). 

132. K.-H. Park and M. J. Kurth, Tetrahedron Len., 41,7409 (2000). 

133. S. W. Kim, S. Y. Ahn, J. S. Koh, J. H. Lee, S. Ro, and H. Y. Cho, Tetrahedron Lett., 38, 
4603 (1997). 

134. J. Matthews and R. A. Rivero, J. Org. Chem., 62,6090 (1997). 

135. (a) A. Boeijen, J. A. W. Krujtzer, and R. M. J. Liskamp, Bioorg. Med. Chem. Lett., 8,2375 
(1998). (b) A. Boeijen and R. M. J. Liskamp, Eur. J. Org. Chem., 2127 (1999). 

136. S. W. Kim, J. S. Koh, E. J. Lee, and S. Ro, Mof. Divers., 3, 129 (1998). 

137. J. J. Scicinski, M. D. Barker, P. J. Murray, and E. M Jarvie, Bioorg. Med. Chem. Lett., 8, 
3609 (1998). 

D
ow

nl
oa

de
d 

by
 [

C
or

ne
ll 

U
ni

ve
rs

ity
] 

at
 0

6:
29

 1
7 

Ju
ne

 2
01

2 



RECENT DEVELOPMENTS IN HYDANTOIN CHEMISTRY. A REVIEW 

138. S.-H. Lee, S.-H. Chung, and Y.-S. Lee, Tetrahedron Lett., 39,9469 (1998). 

139. M. T. Migawa and E. E. Swayze, Org. Lett., 2,3309 (2000). 

140. F. Albericio, J. Garcia, E. L. Michelotti, E. Nicolk, and C .  M. Tim, Tetrahedron Len., 41, 
3161 (2000). 

141. Y.-D. Gong, S. Najdi, M. M. Olmstead, andM. J. Kurth, J. Org. Chem., 63,3081 (1998). 

142. S. Hanessian and R.-Y. Yang, Tetrahedron Lett., 37,5835 (1996). 

143. J. Stadlwieser, E. P. Ellmerer-Miiller, A. Tako, N. Maslouh, and W. Bannwarth, Angew. 
Chem., Int. Ed., 37, 1402 (1998). 

144. B. A. Dressman, L. A. Spangle, and S .  W. Kaldor, Tetrahedron Len., 37,937 (1996). 

145. W. Kambrock, M. Deeg, J. Gerhardt, and W. Rapp, Mol. Divers., 4,165 (1998). 

146. S. Wu and J. M. Janusz, Tetrahedron Letr., 41, 1165 (2000). 

147. Y. Hamuro, W. J. Marshall, and M. A. Scialdone, J. Comb. Chem., 1,163 (1999). 

148. L. J. Wilson, M. Li, and D. E. Portlock, Tetrahedron Lett., 39,5135 (1998). 

149. (a) A. Nefzi, J. M. Ostresh, M. Giulianotti, and R. A. Houghten, Tetrahedron Lett., 39, 
8 199 (1 998). (b) A. Nefzi, M. Giulianotti, L. Truong, S. Rattan, J. M. Ostresh, and R. A. 
Houghten, J. Comb. Chem., 4, 175 (2002). 

150. A. Nefzi, M. A. Giulianotti, and R. A. Houghten, Tetrahedron Lett., 41,2283 (2000). 

151. A. Nefzi, C. Dooley, J. M. Ostresh, and R. A. Houghten, Bioorg. Med. Chem. Lett., 8,2273 
(1998). 

152. G. Bhalay, D. Cowell, N. D. Hone, M. Scobie, and A. D. Baxter, Mol. Divers., 3,195 
(1998). 

153. P. Gupta, S. K. Singh, A. Pathak, and B. Kundu, Tetrahedron, 58,10469 (2002). 

154. N. Heine, L. Germeroth, J. Schneider-Mergener, and H. Wenschuh, Tetrahedron Lett., 42, 
227 (2001). 

155. P. Y. Chong and P. A. Petillo, Tetrahedron Lett., 40,2493 (1999). 

156. X.-Y. Xiao, K. Ngu, C. Chao, and D. V. Patel, J. Org. Chem., 62,6968 (1997). 

157. M. Royo, W. van den Nest, M. del Fresno, A. Frieden, D. Yahalom, M. Rosenblatt, M. 
Chorev and F. Albericio, Tetrahedron Lett., 42,7387 (2001). 

441 

D
ow

nl
oa

de
d 

by
 [

C
or

ne
ll 

U
ni

ve
rs

ity
] 

at
 0

6:
29

 1
7 

Ju
ne

 2
01

2 



MEUSEL AND GUTSCHOW 

158. M. Bauser, M. Winter, C. A. Valenti, K.-H. Wiesmuller, and G. Jung, Mol. Divers., 3,257 
(1998). 

159. K. M. Short, B. W. Ching, and A. M. M. Mjalli, Tetrahedron Lett., 37,7489 (1996). 

160. D. Maclean, J. J. Baldwin, V. T. Ivanov, Y. Kato, A. Shaw, P. Schneider, and E. M. 
Gordon, Pure Appl. Chem., 71,2349 (1999). 

161. (a) M.-J. Lin and C.-M. Sun, Tetrahedron Let?., 44,8739 (2003). (b) M.-J. Lee and C.-M. 
Sun, Tetrahedron Lett., 45,437 (2004). 

162. J. Yoon, C.-W. Cho, H. Han, and K. D. Janda, Chem. Comm., 2703 (1998). 

163. (a) W. Zhang and Y. Lu, Org. Lett., 5,2555 (2003). (b) W. Zhang, Y. Lu, and C. H.-T. 
Cheng, MoZ. Divers., 7, 199 (2003). 

164. (a) C. Syldatk, 0. May, J. Altenbuchner, R. Mattes and M. Siemann, Appf. Microbiol. 
Biorechnol., 51,293 (1999). (b) M. B. Arcuri, 0. A. C. Antunes, S. J. Sabino, G. F. Pinto 
and E. G. Oestreicher, Amino Acids, 19,477 (2000). 

165. J. Kavdek, V. MachAcek, G. SvobodovA, and V. Sterba, Coil. Czech. Chem. Commun., 51, 
375 (1986). 

166. I. B. Blagoeva, I. G. Pojarlieff, D. T. Tashev, and A. J. Kirby, J. Chem. SOC. Perkin Trans. 
2,347 (1989). 

167. C.-H. Oh, K.-S. Lee, E.-J. Roh, S.-K. Kwon, and J.-H. Cho, Arch. Pharm. Res., 17,281 
( 1994). 

168. R. L. Hudkins, D. L. DeHaven-Hudkins, and P. Doukas, Bioorg. Med. Chem. Let?., 7,979 
(1997). 

169. C. Howie, C. J. Suckling and H. C. S. Wood, J. Chem. SOC. Perkin Trans. 1,3129 (1990). 

170. R. M. Schelkun, P.-w. Yuen, K. Serpa, L. T. Meltzer, L. D. Wise, E. R. Whittemore, and R. 
M. Woodward, J. Med. Chem., 43,1892 (2000). 

171. J. Zinczuk, 0.0. Orazi, R. A. Corral, and H. Roncaglia, J. Heterocycl. Chem., 22, 1025 
( 1985). 

172. A. A. El-Barbary, A. I. Khodair, and E. B. Pedersen, J. Org. Chem., 58,5994 ( 1  993). 

173. (a) D. Villemin and M. Ricard, Synth. Commun., 17,283 (1987). (b) M. M. Chowdhry. D. 
M. P. Mingos, A. J. P. White, and D. J. Williams, J. Chem. Soc., Perkin Trans. I ,  3495 
(zo00). (c) A. de Dios, M. L. de la Puente, A. Rivera-Sagredo, and J. F. Espinosa, Can. J. 
Chem., 80, 1302 (2002). (d) B. Hu, M. Malamas, and J. Ellingboe, Heterocycles, 57,857 
(2002). 

174. F. Ulgheri, G. On%, M. Crisma, and P. Spanu, Tetrahedron Left., 45,1047 (2004). 

442 

D
ow

nl
oa

de
d 

by
 [

C
or

ne
ll 

U
ni

ve
rs

ity
] 

at
 0

6:
29

 1
7 

Ju
ne

 2
01

2 



RECENT DEVELOPMENTS IN RYDANTOIN CHEMISTRY. A REVIEW 

175. N. A. Meanwell, H. R. Roth, E. C. R. Smith, D. L. Wedding, and J. J. K. Wright, J. Org. 
Chem., 56,6897 (1991). 

176. J. M. Chezal, E. Moreau, N. Desbois, Y. Blache, 0. Chavignon, and J. C. Teulade, Tetruhe- 
dron Lett., 45,553 (2004). 

177. Z. Zhu, B. S. Lippa, and L. B. Townsend, Tetrahedron Lett., 37, 1937 (1996). 

178. P. Molina, A. Thaga, D. Curiel, and C. Ramirez de Arellano, Tetrahedron, 53, 15895 
( 1997). 

179. W. Sankhavasi, S. Kohmoto, M. Yamamoto, T. Nishio, I. Iida, and K. Yamada, Bull. 
Chem. Soc. Jpn., 65,935 ( 1992). 

180. U. Groselj, A. Drobnic, S .  Recn~k, J. Svete, B. Stanovnik, A. Golobic, N. Lah, I. Leban, A. 
Meden, and S. Golic-Grdadolnik, Helv. Chim. Actu, 84,3403 (2001). 

181. M. Schlapfer-Diihler, G. Mukherjee-Muller, and H. Heimgarten, Helv. Chim. Acta, 75, 
1251 (1992). 

182. M. Hilp, Phurmuzie, 57,250 (2002). 

183. D. Kushev, E. Naydenova, J. Popova, L. Maneva, K. Grancharov, and N. Spassovska, 2. 
Nutu@orsch., 5&, 103 (2003). 

184. A. Bakalova, R. Buyukliev, I. Tcholakova, G. Momekov, S. Konstantinov, and M. 
Karaivanova, Eur. J. Med. Chem., 38,627 (2003). 

185. A. Vessikres, K. Kowalski, J. Zaknewski, A. Stepien, M. Grabowski, and G. Jaouen, 
Bioconjugute Chem., 10,379 (1999). 

186. M. M. Chowdhry, A. D. Burrows, D. M. P. Mingos, A. J. P. White, and D. J. Williams, J. 
Chem. Soc., Chem. Commun. 1521 (1995). 

187. (a) A. Pezeshk and V. Pezeshk, J. Inorg. Biochem., 42,267 (1991). (b) T. Akitsu, S. 
Komorita, Y. Kushi, C. Li, N. Kanehisa, and Y. Kai, Bull. Chm. SOC. Jpn., 70,821 (1997). 

188. D. Koch, K. Sunkel, and W. Beck, Z. Nuturjorsch., 54b, 96 (1999). 

189. G. Z. Pavlovich and R. G. Luthy, War. Res., 22,327 (1 988). 

190. R. H. Abu-Samn, A. I. Al-Wassil, and S. S. Al-Showiman, Inorg. Chim. Actu, 132,33 
(1987). 

191. a) W. Zhang, Chem. Rev., 104,2531 (2004). b) Z. Luo, Q. Zhang, Y. Oderaotoshi, and D. 
P. Curran, Science, 291, 1766 (2001). c) D. P. Curran, Med. Res. Rev., 19,432 (1999). 

192. M.-W. Ding, B.-Q. Fu, and L. Cheng, Synthesis, 1067 (2004)). 

443 

D
ow

nl
oa

de
d 

by
 [

C
or

ne
ll 

U
ni

ve
rs

ity
] 

at
 0

6:
29

 1
7 

Ju
ne

 2
01

2 


