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This Report follows the style adopted for most of its predecessors, since it aims to provide a critical 
survey of the topic with emphasis on useful contriitions to synthesis, reaction mechanisms, and 
structure determinatbns, with only brief discussion of routine work. Therefore, although examples of all 
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the isomeric IJ-thiaxolinones and some sulphur analogues are included in this Report, viz. compounds 
(l)-(7), the coverage concerns the thiazolin-4-ones (2) and particularly the thiazolin&ones (3), almost 
exclusively; those five ring systems (l)-(s) which are capable of tautomerism, and therefore fall strictly 
within the scope of this Report, are reviewed; compound types (6) and (7) are also included to the extent 
that they serve as starting materials in synthesis of the other thiaxolinones. 

A recently-published review of hydroxythiazoles’ covers the literature to December 1976, and the 
same period has been surveyed for thiaxolethiols,’ aminothiazoles,2 and mesoionic thiazoles? 

0 

7 8 9 

Mesoionic ~utome~ have been implicated in reactions of ~~olino~s, and corn~~ns with 
non-tautomerising mesoionic thiazolinones’ (8) and (9) have been included in this Report. Recent 
comprehensive coverage of mesoionic heterocyclic compounds is available! the tautomerism of hetero- 
cycles has been surveyed? 

c- SURVEY 

The thiazolin-S-one ring encloses the a-amino-acid residue =N-CHR*-CO-, and the most widely-used 
method for peptide structure determination (Rdman degradationy involves Z-a~ino~li~S~~s (3; 
R’ = PhNH) as intermediates. Nearly all alternative methods for peptide sequence analysis depend on 
the clean formation and identification of thiaxolin-S-ones, and the devising of improved modifications of 
established techniques, to allow u~rn~~o~ structure dete~i~tions for long polypeptides, will 
depend on advances in thiaxolinone chemistry. 

Thiazolin-S-ones have been used in an early tetracycline synthesis’ and in the synthesis of penicillin 
analogues.8 A new /3-la&m synthesis9 is based on thiazolin-S-ones, and a differently conceived route 
with the same objective uses ~olin~~s.‘“*l~ 

Methods for the synthesis of thiaxolin-4-ones (2) provide more features of mechanistic interest, 
perhaps, than those used for the synthesis of the other thiazolinones. The long-known thhuohn-2-ones 
(1) and rhodanines (4; S in place of exocyclic 0 at C-2) exhibit relatively routine chemical behaviour in 
com~son with the wide variety of ring-cleavage, su~ti~tion, and cycl~~tio~ rcacti~ns undefgotl~ 
by thiilin4ones and thiaxolin-S-ones. 
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‘IWAZOIJN-S-ONES (3) 

The earliest work on this ring system stems from the penicillin project undertaken in the early 
1940s.” Studies made at that time were apparently incidental extensions of the substantial amount of 
work devoted to the oxaxolin-S-ones, a well-reviewed area of heterocyclic chemistry.‘2 These early 
results for thiaxolin-S-ones, published in full at later times,lKm indicated a close similarity with the 
general behaviour of the oxazolin-S-ones. However, the limited range of thiazolin-S-ones studied in the 
pioneering work was not sutficiently representative, particularly since very few rlsubstituted compounds 
were inch&d. It now appears that it is frequently a naive assumption that the behaviour of sulphur 
heterocycles can be predicted from that of their oxygen analogues. In the present context, the erroneous 
claim2’ that 2-phenylthiazolin-S-ones are formed by acetic anhydride cyclisation of N-thiobenzoylamino- 
acids, by analogy with the standard procedure for the synthesis of oxazolin-S-ones, was based on a 
coincidental similarity between elemental compositions of the 5-acetoxy-2-phenylthiaxoles actually 
obtained (Scheme l)p and those of the corresponding 2-phenylthiazolin-5aones which were too confidently 
e?&cted. Only 2-phenylthiaxolin-5one itself (3; R’=Ph, R’=H) can be prepared in this way,‘= and these 
results ihustrate the greater nucleophilicity of the exocyclic oxygen atom of 2,4disubstituted thiazolin-5- 
ones compared with that of the corresponding oxygen atom of analogous oxazolin-5*nes,p since the 
thiazolin-S-one is undoubtedly an intermediate in the 5-acetoxythiaxole synthesis. 

Pnparations of thiarolin-S-ones 
Cyclization of N-thioaroyl- or N-thioacylamino-acids XC!+NHCHR2C&H with dicyclohexyl- 

carbrxii-imide,a3 phosphorus triiromide~‘~~ or trifhroroacetic acid,=* and the cleavage of their 
amides and peptides with hydrogen chloride in dioxan- or trifhroroacetic acidpU are convenient 
general methods for the synthesis of 2-aryl- or -alkyMhiazolin-S-ones (3; X=aryl, alkyl) (Scheme 2). 
Analogous thionocarbamates (X=RO-) and dithiocarbamates (X=RS-) yield 2-alkoxy- and -alkylthio- 
thiaxolin-Sones when dicyclohexylcarbodi-imide is used as reagent,=” but the acidic reagents give 
thiaxolidin-2Jdiones with the same starting materials. Conversion of an N-thiobenzoylamino-acid ester 
with trifh’oroacetic acid into the corresponding thiazolin-S-one is a slow re-action,~ compared with the 
reactions of analogous acids and amides. 
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4-Benzhydryl-2-phenyloxazolin-5-one is converted into the corresponding thiazolinJ=one by reaction 
with thioacetic acid,n but this is not a generally applicable reaction since oxazolin+ones can undergo 
further condensation with thioacetic acida leading to 2Jdisubstituted S-acetylmercaptothiazoles in most 
cases. 

The fact that the cleavage of an N-phenylthiocarbamoyl-peptide (1% R’=Ph.NH) with acid is the 
basis of the Edman sequence analysis of polypeptides” has encouraged the search for alternative 
reagents for this reaction (hydrogen chloride in nitromethane% and perthroroalkanoic acids6 have been 
used). Preliminary observation8’ indicate that thermolytic cleavage of 10 can occur in inert solvents. 
Similar peptide derivatives (10; R’=HS, R’=RO, R’=RS) yield thiazolidin-2,5diones and 2-thiono- 
thiazolidin-S-ones on treatment with anhydrous acids.‘B-ZOJL3S 

Trifluoroacetic anhydride has been advocatedW for the conversion of N-(benzylthio)thiocarbonyl- 
glycine and its amides into 2-(benzylthio)thiazolin-5-one, but alternative products are formed using this 
reagent with analogous starting materials (10; R’=Ph, PhNH).@’ 

Tautometism of thiazolin-5-ones 
The behaviour of thiazolin-S-ones in addition reactions, discussed in the following section, reveals 

the existence of three tautomeric species 3,11 and 8, in solution. The “keto” and “enol” forms, 3 and 11, 
respectively, have been detected in solutions through spectrometric studies,*~ in ratios determined by 
solvent characteristics. The mesoionic tautomer 8 has been shown to exist in increasing proportions 
as solutions of 2-phenylthiazolin-j-ones in polar solvents are diluted, since such solutions show substantial 
deviations from the Bouguer-Beer-Lambert law.= 

The remaining tautomer 12, which is in principle capable of existence, has not so far been detected 
through spectrometric studies, or through the interpretation of reaction pathways leading to addition 
products. In the oxazolin-S-one series, the analogous tautomer (the “pseudosxazolinone”) is the 
predominating form where a strongly electron-withdrawing group (e.g. tritluoromethyl) is located at 
C-2.” The displacement of the methyl&-group of a 2-(methylthio)thiazolin-S-one by an alkylamine 
indicates the formation of an intermediate of type 12.” The formation of benzaldehyde in solutions of 
2-phenylthiazolin-S-ones in cold aqueous sodium hydrogen carbonate,” is best explained on the basis of 
tautomer 12 as starting material. Recent literature summarised in Ref. 42 describes the isolation of 
tautomers of oxazolin-S-ones corresponding to 8 and 12. 

H 

8 R’ 

I9 

12NXS R’ H 

Scheme 3. 

Adopting Katritzky’s precept? that tautomeric systems should be referred to according to the 
systematic name of their predominant tautomer, most “2-phenyl-thiazolin+ones’* are 5-hydroxy-2- 
phenylthiazoles, while the 4-isopropyl-, 4-s-butyl-, and 4unsubstituted compounds are 2-phenylthiazolin- 
S-ones. These are the forms taken by these compounds in the solid or liquid states, while other 
S-hydroxy-2-phenylthiazoles exist as such in the solid state, and in polar solvents to a predominant 
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extent, as judged by spectroscopic data. For example, the keto:enol ratio for 4-methyl-2-phenyl- 
thiaxolin-5-01~ in various solvents is: chloroform 100: 0, nitrobenzene 95 : 5, acetonitrile 85 : 15, acetone 
65 : 35, cyclohexanone 50: 50, methanol 20: 80, and dimethyl sulphoxide 0: lWW 

Comparison with the tautomeric behaviour of analogous 2-phenyloxaxolin-S-ones shows that sub- 
stitution of ring oxygen by sulphur causes a substantial trend away from a preference for the keto form 
(oxaxolin-S-one) into a preference for the enol form (Shydroxythiazole), except for thiaxolin-S-ones 
carrying bulky 4-substituents. The demonstration that 2,4diphenyloxaxolin-S-one can be crystallixed as 
its mesoionic tautomeP has not been matched for the corresponding hydroxythiaxole. 

The chiral stability of 2-phenyloxazolin&mes formed by the cyclization of N-benxoyl-L-amino-acids 
has been studied in considerable detailp because of the crucial role played by partly-racemixed 
oxaxolin-S-ones as the source of unwanted diastereoisomers in peptide synthesis. Whereas many 
oxaxolin-5-01~s have been isolated in optically-pure, crystalline form, as have corresponding oxaxolin-S- 
onium perchlorate~,~ even those thiaxolin-S-ones for which the keto-tautomeric form is favoured in 
non-polar solvents are racemixed during isolation from reaction mixtures, and undergo relatively rapid 
racemixation in chloroform in the absence of base; t,n for disobutyl-2-phenyl~~-5~ne is 20 min; 
t,n for the corresponding 4-s-butyl isomer is 300 min in chloroform at room temperature.26 Reaction of a 
chiral 2-phenyloxaxolin-S-one with hydraxine gives an optically-pure N-benxoylamino-acid hydra- 
xide u# whereas the corresponding reaction with (-)-2-phenyl4isopropylthiaxolin-5-one involves almost 
ins&taneous racemisation and yields N”-thiobcnzoyl-DL-valyl hydraxide (Scheme 4).= 
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Relative rates of racemisation of oxaxolin-S+nes and thiaxolin-S-ones in the absence of added bases 
are determined by the relative basicities of the various thiaxolin-S-one tautomers (“autoracemisation”) in 
solutions and by theii proportions, as well as by structural features i&en&g the acidity of the proton 
at C4 (electronic characteristics of the substituent at C-2 and C4; steric inthrence of the sub&rent at 
Cd). The various factors operating in the case of 4-substituted oxaxolin-S-ones carrying an electron- 
releasing group at C-2 combine to promote high chiral stability. 2-Benxyloxy-oxaxolin-S-ones, isolated 
recently for the 6rst time, cTM but which may have been involved unknowingly in racemisation-free 
peptide coupling experiments employing N-benxyloxycarbonyl-L-amino-acids, are substantially more 
resistant to racemisation than their 2-phenyl analogues. 2-Benxylthio-thiaxolinin-S_ones are correspond- 
ingly more prone to adopt the keto-tautomeric form, rather than the enolic form, compared with their 
2-phenyl analogues. 49a The effect of the electron-releasing 2-substituent on lowering the acidity of the 
Cproton in these series may be attrii to the greater importance of canonical forms which discourage 
anion formation at C4 (Scheme 5). 2,4-Dialkylthiaxolin-S-ones are less completely enolixed than their 
2-phenyl analogues; in %&nethyl sulphoxide at 34”, 4-isopropyl-2-methylthiaxolin-j-one exists as a 
65 : 35 ketocnol mixture, the corresponding ratio for 4-isopropyl-2-phenyl-thiaxolin-5one being 20 : 8h” 
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2-Alkoxythiaxolin&ones appear to exist in the keto-tautomeric form in solution in %&methyl 
sulphoxide or in ?Ichloroform, since ‘H NMR spectra of these solutions are identical, and no exchange 
with deuterium oxide is observed, in contrast to the behaviour of a 2,4dialkylthiazolin-j-one in 
%&loroform.p While there is considerabk scope here for more detailed studies, the order aryl > alkyl 
> alkyhhio > alkoxy applies for the effect of the 2-substituent in a 24disubstiMed thiaxolin-Sane on 
the promotion of the hydroxythiazde structure relative to the thiaxolinone form. AR members of a series 
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of 2-benxyloxythiaxolin-5-ones exist as such, except the 4unsubstituted compound, which is partly 
enolixed, and the Qphenyl compound, which is largely enolixed, in hexamethylphosphoric triamide?’ 

Siemion ef uf:* report that the condensation of N-benxyloxythiocarbonyl+phenylalanine with p- 
nitrophenol, mediated by dicyclohexylcarbodi-imide, gives the nL-p-nitrophenyl ester. This can only be 
interpreted as due to the racemixation of the intermediate thiaxolin-S-one prior to nucleophilic ring 
cleavage, and stands in contrast to the formation of optically-pure aminolysis products yielded by the 
analogous 2-benxyloxy-oxaxolin-S-one. ” In the oxaxolin-j-one series, since chiral2-aryloxazolin-S-ones 
are easily racemixed during aminolysis, the nature of the 2-substituent appears to influence the ketoenol 
tautomer ratio in the same way as in the thiaxolin-S-one series.” 

The easy O-acylation reaction undergone by 2-phenylthiaxolin-5-s (Scheme 1) is shared with 
2-methyl-, but not with 2-alkoxy-, analogues. u A strong base (sodium hydride) is needed to de-protonate 
a 2-benxyloxythiaxolin-5-one, and a low yield of a S-(carbamoyloxy)thiaxole can then be obtained. There 
is therefore the expected correlation between ease of enolixation and ease of enol acetate formation in 
this series. CSubstituted 2-phenyloxazolin-S-ones yield analogous 5-acyloxyoxaxoles with an acyl 
chloride in the presence of one molar equivalent of triethylamine, but the rearrangement of these 
compounds to 4-acyloxyoxaxolin-5-ones53 in pyridine is not undergone by corresponding thiaxoles, and 
Dakin-West products are not formed from thioacylamido-acids. 

Reactions of thiazolinJ-ones 
A range of characteristic reactions has been described including examples which illustrate the 

presence in reaction mixtures of anionic and mesoionic forms. 
Addition reactions. Nucleophilic addition to C-5 of the keto-tautomeric form is involved in hydroly- 

sis, alcoholysis, and aminolysis reactions, demonstrated for 2-phenyl (3; R’=Ph),u26 2-benzylthioM (3; 
R’=PhCH#), and 2-anilinothiaxolin-S-ones (3; R’=PhNH) (Scheme a).” The hydraxinolysis shown in 
Scheme 4 is a further example. In all these reactions, except in failing to sustain chiral integrity, these 
thiaxolin-5-ones behave like analogous oxaxolin-S-ones. Their participation in a peptide synthesis 
(3+ NH,CHRCOzH+ 10; R3 = CHRCOrH) which is entirely analogous to a classical method using 
oxaxolin-5-ones, has been established,% but the racemixation of the amino-acid residue added at the 
N-terminus of a peptide in this way renders the method of little direct interest in the general field. A 
further ditIerence in the stereochemical aspect of the aminolysis reaction arises in the formation of equal 
amounts of pairs of diastereoisomeric N-thiobenxoyldipeptides when an L-a-amino-acid is used for the 
aminolysis of a dsubstituted 2-phenylthiaxolin-S-one, in contrast to the often substantial enantiomeric 
excess of the L,Ldiastereoisomer obtained through the corresponding reaction with a DL.4substituted-2- 
phenyloxaxolin-S-one.” Separation of diastereoisomeric products can be accomplished in representative 
chiral aminolysis reactions of L-amino-acids with 2-phenyl4substituted thiaxolin-5-ones,26 and the 
reaction is suitable for modifying physiologically-active peptides for testing structure-activity relation- 
ships, for example, since it can be brought about very effectively in acetic acid, a solvent in which 
peptides and amino-acids are generally soluble. The process has been proposed as a method for 
protection of the primary or secondary amino-group.m De-protection, the reversal of the reaction, 
regenerates the thiaxolin-S-one as well as the amine. All these nucleophilic ring-opening processes are 
the reverse of the principal methods available for the synthesis of thiaxolin-S-ones from amino-acid 
derivatives, and have been the subjects of study both for their possible applications in synthesis, as just 
described, and for the mechanistic interest associated with the formation of 3-phenyl-thiohydantoins via 
hydrolytic ring-opening of 2-anilinothiaxolin-S-ones which is a stage in the Edman polypeptide sequence 
analysis procedure. 

R30H 
H 

R’.CS.NH.CHR2.C02R3 - 
H20 ) 

R’.CS.NH.CHR2.C02H 

i 

R3NH2 

R1.CS.NH.CHR2.C0.NHR3 

10 

Scheme 6. 
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The novel @-la&am synthesis9 shown in Scheme 7 depends on the nucleophilic ringqening of a 
4,4disubstituted thiazolin-S-one, possibly by imidazole as shown, or alternatively by water and an 
alternative ring-closure mechanism. 

Hydrolysis of thiazolin-S-ones is readily effected in weakly alkaline solutions. Interest examples of 
asymmetric synthesis have been describ&’ in which a racemic Csubstituted 2-phenylthiazoli&+ue is 
entirely converted iuto the corresponding N-thiobenzoyl-L-a-amino-acid through trypsin- or chy- 
motrypsin-catalysed hydrolysis as a consequence of the facile tautomeric interconversion of the rise 
system. The mechanism proposed by FMman for the Murangement of 2-anGlothiazoliIkj-ones- into 
3-phenylthiohydautoins and supported by Bethell, Metcalfe and Sheppard” (Scheme 8), irnplie~ that 
acid-catalysed hydrolysis is very easily accomplished in this case. A kinetic study of the hydrolysis step 
(Scheme 8) has shown that in perchloric acid solutions (PH less than l.O), the reaction is inhibited as the 
pH drops to cu. -10, but that the rate is independent of pH over the range pH 3 to pH -2 if constant 
ionic strength is maintained through the addition of sodium perchlorate. Simihu univalent salt effects 
have been noted for the acid-catalysed hydrolysis of succinic anhydride,= but these facts cannot be 
interpreted to give further support to the mechanistic scheme (Scheme 8), which is hugely based on 
UV-spectrometric data and which may involve alternative intermediate stages. 
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Transientabsorptionincreasesat230M1andatalatersCagearouad245M1duriaetbecorweotthe 
reaction are consistent with the intermedky of the thiazolin-Sane and its hydrolysis produ& the 
IV-phenylthiocarbamoylamino-acid.~ Each of the steps in the mechanistic scheme has been sMied 
separately, the information obtained leading to proposals for optimized reaction co&ions for the 
Edmanprocedure. 

Tbereareaspectsoftbechemistryof~~~-oneswhichMleOestthatvariationsaftbeacoept4d 
mechanism of the Edman sequence analysis shown in Scheme 8 should be cons&red. In any case, it 
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was recq+ed at an early se that an alternative rearrangement pathway might exist for the 
conversion of a 2-anilinothiaxolin-54~e into a 3-phenylthiohydantoin. Recent papers advocate thermal 
mment, e.g. at 80” during 300,” or at 140” for samples on a silica gel TLC plate.” Although 
there has been insutlicient experimental rigour in these studies to allow mechanistic speculation, there is 

N- NH- 
II I 

a group of heterocyclic reanangements of the same type: R-NH-C-!S-+S=C-NR- for which several 
examples involving base catalysis have been descrii.6’ The mechanistic details of the Gewald 
mment of 2-aminothiophens6’ may also apply to axa-analogues. 

The Rdman degradation of praline-containing peptides is known to proceed with low yields at the 
proline cleavage ~tage.~ The chemistry involved with this particular imino-acid residue is a sign&ant 
variation of that for an N-terminal amino-acid residue (Scheme 8); the intermediate thiaxolin-S-one must 
be formulated either as a mesoionic 2-phenylaminothiaxolin-Sane, protonated presumably on the 
exocyclic nitrogen atom, or a 2-phenyliminothiaxoliu-5-one protonated on the ring nitrogen atom. The 
ultimate product of the cleavage of a proline residue by the Rdman method is a 3-phenylthiohydantoin, 
as with other amino-acid residues, but the structural diflercnces of the thiaxolinone intermediates imply 
that the competing paths to the phenylthiohydantoin in the proline case may show a greater preference 
for the thermal (non-hydrolytic) intermediates, rather than the path shown in Scheme 8, whereas the 
preference may be the other way round for other amino-acid residues. Unusual chemistry has been 
uncovered in studies of the preparation of IV-phenylthiocarbamoyl derivatives of sarcosine and pipecolic 
acid$ these iminogcids are close relatives of proline, and this work may explain the need for mod&d 
reaction conditions in the Rdman degradation with peptides carrying an N-terminal proline residue.62 
3-Phenylthiohydantoins formed from optically-pure peptides through these reactions are largely race- 
mixed, a fact which can be accounted for on the basis of tautomerixation of the thiaxolin4onium cation, 
although chiral thiaxolin-5-ones which carry an electron-releasing 2-substituent must be considered to be 
resistant to racemixation. Studies on chiral thiaxolin-S-ones are represented only in two studies,W while 
many more results have been accumulated for analogous racemixation studies on oxaxolin-S-ones. 
Ahhough specitkz comparisons between these two heterocyclic series may be inappropriate, the general 
trend observed in the oxaxolin-j-one series (increasing optical stability in moving from 4-substituted-2- 
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phenyl- to -2-benxyloxythiaxolin-541~s; high optical stability of 2-phenyloxaxoliu5~n4ylium cations) 
can be assumed to hold for the thiaxolin-S-one series also. 

A mechanism can be proposed to account for the acidcatalysed racemisation of oxaxolin-S-ones.” 
Carboxylic acids effectively catalyse the racemixation in dichloromethane of (-)-2-phenyl4isobutylox- 
axolin-j-one (‘Table l),” and this effect can be seen in the published dataU descriii the preparation of 
this compound; a rapid initial change in au iS observed during the acetic anhydride cychsation of 
N-benxoyl+leucine, followed by a slow tirst order decrease from a maximum optical rotation. 
Goodman and Levi&’ recommend polarimetric monitoring, the reaction mixture being evaporated 
under rCdUCed pressure at the point Where aD i.9 at a maximum, giving the optimum yield of 
optically-pure oxaxolin-Sane. 

A mechanism to account for acidcatalysed racemisation in these series, based on an established role 
of a carboxylic acid as an esteri6cation catalyst,@ and on the fact that the exocyclic oxygen atom is 
susceptible to acylation in both oxaxolin-5ane and (especially) in thiaxolin-S-one series, is shown in 
Scheme 9. 

3 3 

3 3 14 

Scheme 9. 

The interpretation of the role of acid in the racemixation of compounds carry@ a chiral centre 
adjacent to a carbonyl function is frequently problematical. With one exception, the amino-acids 
obtained by the hydrolysis of proteins in 6Whydrochloric acid are not racemixed; for the exceptional 
case, L-cystine, a mechanism involving enolixation has been proposedP’ involving the hetero-atom in the 
stabilixation of charge so as to facilitate enolixation. Protonation of the carbonyl group in the acid 
hydrolysis of proteins would be expected, as well as protonation of the amino-group in the hydrolysis 
product, tending to prevent the departure of the proton from the chiral centre. Protonation of the ring 
nitrogen atom has been reported to protect a chiral oxaxohn-S-one from racemixation,a since oxaxolin-5- 
onium cations formed from N-benxoyl-L-amino-acids with perchloric acid can be hydrolysed to the 
starting materials with only slight racemixation, and de-protonated without racemixation. The role of a 
carboxylic acid in promoting racemixation of a chiral oxaxolin-Sane or thiaxolin-S-one therefore calls 
for an alternative interpretation, and the mechanism displayed in Scheme 9 is supported by the findii 
that adding an oxazolin-S-one to the dichloromethane solution of an optically-active thiaxolin-S-one 
causes a 50% increase in the rate of racemixation.U 

This can be accounted for by the fact that an oxaxolin-S-one is a better acylating agent than a 
thiazolin-5~~ne,~ and is therefore consistent with tbc proposed mechanism. Raude and Hoppe have 
recently reported9 that a 2-benxylthi&iaxolin-j-one exists as the dimer (14; PhCH# in place of Ph), 
but that on distillation it reverts into the “monomeric” thiaxolinJ-one (3; R’ = PhCH&; it was found 
that a 2-phenylthiaxolin-j-one which adopts the keto-tautomeric form in the condensed state, 6 
isopropyl-%phenylthiaxolin-5-one (a liquid at room temperature), slowly deposits colourkss crystals 
duriq a period of 3-4 weeks.@ This compound is the corresponding 542’~benxam&&yloxy)thiaxok 
(15 in Scheme lo), easily obtained from N-thiobenzoyi-m-valine by brief treatment with Muoroa&c 
anhydride.@ The formation of this compound can be accounted for from either the thiaxohnone “din& 
14, or from an i&ally-formed thiaxolinone, whose enol tautomer undergoes acylation by a mixed 
anhydride (PhCONHCHRCO~OCOCF~ or its thiobenxoyl analogue) or by the corresponding 



m32 G. C. Bm 

oxaxoli&oae. Although the acylatioa of a thiazolia-j-one by aa oxaxolia-j-one is very easily ac- 
complished,@ by mixing the reactants i n acetone solution aad dilution with petrol, so too is the 
conversion of an N-thiobenxoyhuaino-acid ester into the N-beaxoyl-aaalogue by tritluoroacetic aahy- 
dride via aa S4ri!luofoacetylthiobeaximidate iatermedaue.6B 

The conversion of N-thiobenxoyl-L- or tu-aminoAds into S-(2’-betidoalkyloxy)thiaxoles 
(Scheme 10) has been showa to be a general reaction.@ However, 2-pheaylthiaxolia-S-oaes do not react 
with trithroroacetic anhydride to give these products; the thiaxolia-S-ones are uadoubtedly converted 
into 5-tritluoroacetyloxythiaxoles by the reagent, but on aqueous work-up these esters revert to the 
startingmaterials. 
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Analytical data reported”’ for the uaideatitkd compound obtained from N-(benxylthio)thiocarboayl- 
tx-pheaylakaiae through reaction with thioayl chloride probably iadicate it to be the analogous 
5-(2-beaxylthiocarboayl-1’-phenylpropioayloxy)thiaAe. 

Returning to the mechanism of the Rdman degmdauoa, the d&&ation established for thiaxoliaS 
ones car&g a 2-pheayl- or 2-beazylthio-substitueat caa be carried over to the 2-anilinothiaxolin-S-oaes 
formed from N-pheaylth&ubamoylpeptides in the tirst stage (the “coupling” stage) of an JWaaa cyck. 
Tlk putative diakrs, 5-(2-pheaylthiocarbamoy~yloxy)-2-anihaothiaxoles, are “activated esters”, 
aad can be envisaged to be transformed readily into the 3-pheaylthiohydaatoin, the product of the 
“conversion” step of the Rdmaa cycle. The dimers carry the pheaylthiocarbamate chromophore, and the 
thiuxole chromophore, and should show the same UV absorption characteristics as a phenylthiocar- 
bruuoykmiao&d (for thiaxok itself, Amu 24Oam, c 4MO ia hexaae). The experimental support for the 
twostage Rdmaa mechanism (Scheme 8) is therefore also consistent with a mechanism iacorporating the 
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tbiazolinone dimer as well as, or instead of, the pheny1thi~arbamoy1amin~acid. This revised 
mechanism rational&s the observations that racemization is substantial, and that some oxidative 
desulphurisation has been found to occur. There have been many reports of the formation of 

‘I* side-products in the Edman polypeptide sequence analysis, artefacts appearing at an early stage in the 
repetitive use of the “couplingconversion” cycle in an extended sequence determination; yields of 
3-phenylthiohydantoins often fall to about 20% after a few cycles.n 

There is a growing realisation3’fl that reagents and conditions used in the Edman procedure can be 
improved, following the improved understanding of the reactivity profile of thiazolin-S-ones which has 
now emerged.)’ A method for polypeptide sequence analysis has been established, which is closely 
related to the Edman procedure but which employs N-thiober~oyl~~” or N-thioacetyl-peptides” and 
therefore yields a 2-phenyl- or a 2-methylthiazolin-S-one during a cycle. In contrast to their 2-anilino- 
analogues, 2-phenyl- or -methyl-thiazolin-5-ones are not susceptible to rearrangement during isolation 
from reaction mixtures, and fewer artefacts are formed since this reaction pathway is not open. 

The first-formed aminolysis adduct from a 4arylaxothiaxolin-S-one undergoes condensation or 
isomerixation to a triazole (Scheme ll).% 

OR 

scllew 11. 

Hydrolysis of thiazolinJ-ones to a-amino-acids. Addition of water at C-5 leadii to ring opening is 
followed by hydrolysis of the resulting N-thiocarbonyl-substituted amino-acid, when a Zmethyl or 
phenylthiaxolin-j-one is treated with 6M hydrochloric acid at 120” during 23 h~‘~*~*~ The formation of 
the corresponding 3-phenylthiohydantoin, which resists hydrolysis under these conditions, occurs when 
a 2-anilinothiaxolin-Sane is treated in the same way, and conversion into the aminoacid in this case”*“” 
requires treatment with 6M hydrochloric acid during more than 16 hr at 150”. 

Addition of tkazolin-S-ones to umatwatcd systems. The greater acidity of the proton at C-4 in 
2-pheny14substituted thiaxolin-Sones relative to the corresponding oxaxolin-5-ones accounts for the 
easy formation of Michael adducts 16 as well as cycloadducts, with electrondeficient alkenes (Scheme 
12);R under conditions in which oxaxolin-Sones give only cyclo-adducts or their cleavage produckn 
Michael addition reactivity has also been demonstrated for oxazolin-S-ones,@O but the presence of strong 
base was mandatory. The ratios of products formed between thiazolin-S-ones and acceptors are 
solventdependent, and retkct both the different tautomeric populations expected in different solvents on 
the basis of spectroscopic studies, and adoption of a role by (presumably) the hydroxythiaxole tautomer 
as base for catalysis of the Michael addition ~athway.~ Differences between the addition products of 
thiaxolin-S-ones with those from corresponding oxaxolin-S-ones also reflect the different stabilities of the 
initially-formed cycloadducts in the two series. The thiazolinorm-alkem cycloadduct (17) can be isohtai 
from reaction mixtures, whereas the product of extrusion of Ca from the oxygen analogue is rapidly 
reached in* corresponding oxaxolinone reaction. 

Analogous cycloadducts formed by both series with alkynes, however, are unstable under the 
conditions of the reaction or of work-up, and pyrroles (19 are easily accessible from either starting 
mate&l. All the addition reactions with thiaxolinones were carried out using reaction conditions which 
are substantially less forcing than those reported in the earlier studies involving oxaxolin-Sane 
cycloadditions.n 
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Adducts formed between thiaxolin-Ssnes and tetrachloro+benxoquino& (Scheme 13) are analo- 
gous to those obtained from corresponding oxaxohn-Sones?’ Their formation is rational&d on the basis 
of tautomerization into the mesoionic form, and thiazolium-54lates themselves readily undergo the 
addition reaction? the suggestion has been made, however, that valence isomerixation of the thio- 
xolinone into the thioacylamid+ketene (13 in Scheme 3; see also Scheme 20) precedes addition0 No 
evidence was provided for this extra stage in the mechanism, but the formatioo of the analogous ketene 
has been advocat# to account for the course of the cycloaddition of a carbodi-imide to a mesoionic 
oxaxolin-5_one, leading to an axetidine. 

Condcnsntion nuctions of thiazolin-S-ones. 2-Phenylthiaxohn-Soone reacts as a typical active methy- 
lene compound, giving condensation products with carbonyl compounds.“’ The overall process is 
equivalent to the Erlenmeyer reaction undergone by N-acylamino acids, leading to 4-alkylidene- 
oxaxolinJ-ones. 44Jnsubstituted thiaxolin-S-ones have been described as unstable?‘6# though this 
refers to their behaviour in reaction solutions, which rapidly discolour, rather than implying that they 
have only short shelf life. 
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The use of 2-phenyhhiazohn-5*ne in a synthesis of tetracycline analogues’ (the later stages are shown 
in Scheme 14) ilhtstrates a useful appli~on in synthesis. The advantage of using the thiaxohn-5one in 
this synthesis, rather than the corresponding oxazolin-S-one, Iies in the fact that the thiobenxamide group 
which appears in the condensation product 19 can be cleaved to unmask the nitrogen function in ring A 
under mild conditions, whereas the benxamide analogue could not be cleaved without degradation 
elsewhere in the molecule. A series of patents has appeared, coveting tetracychne analogues obtained by 
the route based on this reaction .“ Condensation of the aldehyde with the thiaxoliaone (lead(n) 
acetate/THF) precedes the Michael addition of methyl ~x~u~~ (N~~~o~)~ 

The synthesis of 5-acetylmercaptothietoles from amino-acids and thioacetic acid has been 
established,~ and the process has been broken down into its constituent steps (Scheme 15). As well as 
the N-acetylamino-acid, other obvious intermediates were shown to be capable of condensation with 
thioacetic acid, including the thiaxolinJ_one, and the use of an N-thioacylated amino-acid as starting 
material provides a general synthesis of thiaxoles substituted by sulphur functional groups at C-5. One 
exception has been uneven* where the process does not go beyond the S-acetoxythiaxole in the case 

- 

i Ph 
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of N-thiobenzoyl-C-phenylglycine, and a sign&ant factor here is the almost complete adoption of the 
enol tautomeric form by the “thiazolin-S-one” intermediate (the formation of 4-benzhydryl-2-phenyl- 
thiazolin-j-one from the corresponding oxazolin-S-one and thioacetic acid has been described,” indicat- 
ing that tbe thiazolin-j-one is an intermediate in the overall process leading to 5-acetylmercap 
tothiazoles). Lurye and Gatsenko” believed that the product which they obtained in a similar reaction 
was 4benzyl-2-phenylthiazohiazolin-S_oae, but this was shown latep to be the corresponding S-acetyl- 
mercaptothiazole. 

Behringer and K~chinka~ showed that 2-acetylamin&hiazolin-5+nes reacted with &acetic acid to 
give 5-acetylmercaptothiazoles, but that 2-(benzylthio)thiocar~nyl- and N-phenylthiocarbamoylamino- 
acids did not react. 

R’.C0.NH.CHR2.C02W- H&CHR*.C02- ---_) R’.CS.NH.CHR2.C02H 

H 

!3chem 15. 

Conversion of 2-substituted thiazolin-S-ones into 2,44substituted thiozolinJ-ones. Condensation of 
2-phenylthiazolin-j-one with acetone gives the 4-isopropyliilenethiazolin-j-one, which on reduction with 
sodium borohydride gives the disopropyl analogue.’ Michael addition reactions of 4&ylidenethiazolin- 
S-one were studied intensively as part of the penicillin project,” and the process was used for the 
synthesis of unusual amino-acids via the usual l&addition mechanism; for example,14” 2-alkyl 6 
benzylidenethiaxolin-j-ones 26 yield 4benzhydrylthiazolin-5-one.9 with phenylmryplcsium bromide from 
which, by aminolysis, the corresponding amino-acid amides can be obtained (Scheme 16).16 Filler and 
Raon have descrii the same general approach to am&acids, but in an exceptional example,@ 
ring-open@ by a Grignard reagent is considered to precede l&ddition, to account for the formation of 
an a-thiobcnxamido-ketone ArCHRCH(NH-CS-Ph)CO-R from ebenzylidene-2-phenyIthiazolin-S-onc. 
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Access to 4-alkylidenethiaxolin-in-S-ones is best gained through the Erlenmeyer-type condensation 
reaction of a thiaxolin-S-one with an aldehyde or ketone, but an alternative route involving the treatment 
of the analogous alkylideneoxaxolin-S-ones with thioacetic acid has been extensively illustratedp490 
again because of the relevance these ring systems were believed to have to the suucture of penSin’* 
(for a recent example, supplementing many earlier examples of the formation of 4-alkylidenethiaxolin-5- 
ones from penicillins, see Ref. !JOa). The deceptively simple isosteric !I-0 exchange reaction involved is 
not a matter of thionation of the carbonyl group followed by rearrangement, since Mkylideneoxaxolin- 
5-thiones (21; Scheme 17) formed using P& do not rearrange during work-up. A mixed thiocarboxylic 
anhydride formed from the oxaxolin-S-one through ring-opening with thioacetic acid is possibly a key 
intermediate in the process, but an alternative route involving addition of &acetic acid at C-2, followed 
by ring-opening, is more likely. 

ArCH 
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schcoIe 17. 

Reactions hding to 4,4_disubstituted thh.zolinJ-ones; oxidiztive dimehtion of thiawlin-S-ones. 
Reatrangement of 542’-alkenyloxy)thiaxoles, formed from a thiaxolin-S-one, an allylic halide, and base, 
places ally1 substituent on C-4 through a Claisen rearrangement (Scheme 18).* A single example of this 
reaction was repo&d as a detail in a paper covering the consecutive Claisen and Cope rearrangements 
of analogous 5-(2’-alkenyloxy)oxaxoles, but unpublished results” can be mentioned which support the 
presumption that there is a general process illustrated here. 

An alternative approach to 4,4disubstituted thiaxolin-Sanes is involved in the addition of 
diaxomethane to a 6arylidenethiaxolin-Sane (Scheme 16). As described in the preceding section, these 
compounds behave as normal a,&unsaturated ketones in undergoing l&addition (Michael addition), but 
alternative products are reached through diaxomethane addition, depending on the reaction conditions?’ 
There is an interesting contrast again, with &uylideneoxaxolin-S-ones, which yield only the correspond- 
ing ringizxpansion products (the l&oxaxines) with diaxomethane.= 

Any substitution reaction placing a sub&rent at C4 in these ring systems has a particular 
importance in that the hydrolysis of the product yields the corresponding a-amino-acid. The synthesis of 
cyclopro~ (I &acids from 4arylidenethiaxolin-S-ones has emerged from these studies~ 
(Scheme 16). Rae and Umbrasasn attempted to synthesise a 2Jcpidithiopiperaxine-36dior~z as a 
model for the condensed ammo-acid system which is a characteristic feature of the structures of fungal 
metal&es of the sporidesmin and gliotoxin types. The synthetic challenge amounts to the construction 
of an a-S-substituted amino-acid, and the conversion of a 2,4disubstituted thiaxolin-S-one into the 
6acetylth&nalogue via the 4chloro4substituted thiaxolin-5+ne (prepared using sulphuryl chloride) 
was found to be feast&k. However, this was a less serviceable route than the corresponding use of an 
oxazolino~~c since selective hydrolysis of the thiaxolinone ring in the presence of the thiolacetate 
grouping was not possibk.n 

Oxidative din&&ion of a 2Jdisubstituted thiaxolin-5-one is easily brought about by iodine.@ 
Indirect evidence that the same process is brought about by aeration in aqueous dioxan has been derived 
from the demonstration?’ that the blue pigment trichotomine is formed under physiological conditions 
from 2-phenyl4(2~xyethyl)thiaxolin-5-one and L-tryptophan in this solvent during a period of 
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several days. It was show@ that the pigment is formed from ~dryptophan and cr-ketoglutaric acid under 
these conditions, and the formation of the ketogcid from the thiazolin-S-one depends on the oxidation of 
the thiazolinone to the dimer, and its conversion into the keto-acid through the hydrolysis mechanism 
established for corresponding 0xaiAinone dimers (Scheme 19). 
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Unequal amounts of meso- and (+)diastereoisomeric forms are produced through iodine oxidation of 
a 2-alkylthio4benzyltlin-5-one.@ 

Mesohic thiowlin-s-ones 
B&f coverage of tbe recent literatwt on these compounds deserves a place in this Report, so that 

the behaviour of tautomeric thiazolin-S-ones can be set in context against t&at of one of their 
contrii forms. 

Cyclization reactions amdogws to those used for the synthesii of members of the tautomeric series 
have been illustrated in se&al papers p697 In contrast, conversion of a mesoionic oxazolin-S-one (a 
“mttnchnom?) with car&my1 sulphide (Scheme 2OF has no parallel in the synthesis of tautomeric 
thiazolin-Sines; the mesoionic sulphur amdogue is formed analogously with carbon disul~hide,~ amI the 
same compound is formed from an N-thioacyW-alkyla&o-acid and tbioacetic acid.w 

The main reactions of mesoionic thiazolin-5-one.s are cycloaddition,‘w and substitution reactions for 
the special case of the 44msubstituted compounds.~ Cycloadducts corresponding to those illustrated in 
earlier se&ions of this Report .(!Schemes 12 and 13) are formedunder mild c~nditions~~ compared with 
tbe co&ions repor&! for w rea&ms with miinchnones.9$99 Greater stability of the cycload- 
ducts fomwd by mesoionic tbiazolin4+nes, compared with oxazolin-S+nes, has been found in a 
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munber of cases. The mesoionic thiazoh-54hione (22) is less reactive towards dipokrophiles than its 
exocyciic oxygen aAogue, but the expected reaction products are obtained with phyl i~~~~~~ 
and with dimetbyi furmarate,‘@ thus over-riding tbe conclusions that these thiones are devoid of 
cycloaddithll reactivity. 

A parallel can be found with the tbiazoh-S+me series, in tbe non-typical behaviour of 2-su~ti~~ 
thiazolin-4-oaes compared with their 23disubstituted homologues. 

Mbougb tbe importance of tbe tbiazolin-Ssnes, due to their involvement in the chemistry of 
a&o-a&s aml peptides, is not sbared with tbe tbiaxoh4-ones, there are applications in synthesis and 
an isolated example of physiological importance in the dependence of fmfly bioluminescence on the 
fin of an excited tbiazolin-4-one. The same interest, in tautomeric behaviour and in cycl~ition 
reactivity, has been committed to the literature dealing with thiaAin4ones during the last few years. 

Pmparations of tlbiatdin4ones (2) 
Many more routes have been shown to exist to thiazolin4ones than to their thholin-S-one isomers, 

and these are 8ummarhl in Schemes 21-X 
~~~ fmtn adds Md ff-~~~~n~i ~0~~. This variant of the Hantzsci~ 

thiazok synthesis bas been widely used (Scheme 21),‘“‘-‘g and also succeeds with dithhhum ‘c acids 
and- . 

$ynthe& fmn &amides and a&urwatumted cahnyl compounds. The reactions ihstrated in 
Scheme 22 for dimethyl acetyknedhrboxykte 107-‘e9 and for the unsymmetrical alky~@~ are f&r 
exampks of the SC-N+C-CO approach to tbis ring system. Maleic anhydride can be used,lti the 
process then ~~ to an ad&ion reaction. 
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Syntbis from thbamides and oximnes. Early work”’ demonstrating the use of glycidic esters in 
thiax.oWne syntbesia (Scheme 23) through condensation with a thiourea or a dithimte haa 
been suppkmented recently, with the introduction of gemdichloro-“3 or gemdicyano&rancs”~“’ for 
the Purpose. 

Synthesis fnvn a-muwptoulkadc 0cid.c This route (Scheme 24)“c’m also represents tbe C-N + !3- 
C-CO approach. The use of ar-isothiocy ic acids descrii in tbe next section is a hidden 
form of the same process. 
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Synthesis from a-thiocyanatoakanoic acids. A crop of papers’2’-‘u illustrate “one-pot” processes 
lead& to krylidenethiaxolin4ones (Scheme 25). 

0 

IJIHR~ Hz”,‘& 

i 
NHR’ 

PhCH(OH)CC$ 3 

Ho h 

“a 

-0 

-2-f 
p-Cl-C,H, 

Y-f 

p-Cl-C6H4 

0 
H 

PhN phN+S - 

I CH3 - PhN?Gs 2 

Scheme 23. 

pfiH2 cl- 

R.CH2.CN --WR.CH .C 4 
* %H, 

+ HS.CH2.CONH2 

R.CH2.CN + HS.CH2.C02CH3 
/““?d 

0 R’ 

Y-3 

R* 

CN 

tN 
+ 2HS.CR’&C02H - 

Scheme 24. 

Synthesis from acylisothiocyanates and from thioacylisocyanates. Low yields (l&25%) of 2-aniline- 
thiaxoliwt-ones are obtained from the condensation of chloroacetylisothiocyanate CECH2C0.NCS with 
aniliies.‘” The l&dipole formed between thiobenxoyl isocyanate and a diioalkane is smoothly 
transformed into the corresponding 2-phenyl4substituted thiaxoliwt-one (Scheme 26).l” 

sj&&s from tinines. One of the longest-known heterocyclic systems,‘26 most conveniently 
prepared by the condensation of an isothiocyanate with mercaptoacetic acid, yields the 5-acyl 
derivative with an acyl chloride and base,” or the S-allcyl derivative with an alkylating agent (Scheme 
27).‘O 

Synthesis in vivo (oxykifetin from Irtciferin). Oxygenation of thefly luciferin, a 2-benztbiazolyl- 
thiaxoli’wkarboxylic acid (Scheme 28) is considered to proceed through several steps in yieldii a 
light-emitti~ thiaxolin-40ne’n (or a radical derived from it’q.‘“‘w 
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Tautomerism of thiazolin4ones 
Relatively little knowledge has been gathered on this aspect of thiaxolin4one chemistry. Inter- 

pretation of physical data and of the course of addition reactions has provided this knowledge, 
amounting to generalizations that “unlike most 4_hydroxythiaxoles, which adopt the keto-form, 2- 
methyl-5-phenylthialin4one exists as the enol”;“’ and converse statements asserting the general 
predominance of the enol form in this series, “’ based on the intepretation of N+alkoxyalkyl)ation by 
vinyl ethers as an ene reaction involving the enol form of a thiaxolin4one. Reactions of thiaxolin4ones 
include cycloaddition to dimethyl fumarate, 132 thus indicating the existence of the mesoionic tautomer 
in solutions of thiiolin4ones. 2-Phenylthiaxolin4one exists in acetone as a 50: 50 keto : enol mixture, 
while in dimethyl sulphoxide it is 90% enolized. ‘33 Oxyluciferin adopts predominantly the enolic form, in 
solution in acetone or in dimethyl sulphoxide as well as in the solid ~tate.‘~ In the thiazolin-j-one series, 
the 4unsubstituted compounds tend to adopt the keto-tautomeric form preferentially, whereas the 
5unsubstituted thiazolin4ones clearly favour the enolic form unless a doubly-bonded hetero-atom or 
singly-bonded hetero-atom substituent (=S, =0, =NR; -SR, -OR, -NR’R’) is placed at C-2. This is 
emphasised by the fact that reaction of rhodanine (2-thiono-thiaxolidin4one) with an acyl halide and an 
organic base gives the 5-acyl derivative, and not the enol ester.‘0 However, the nature of the 
5-substituent in a j-substituted thiaxolin4one has an important infhrence on the keto : en01 equilibrium, 
as is clearly shown in just this example;” the introduction of a S-ace@ group into a rhodanine switches 
the tautomeric equilibrium in favour of the 2&iono4hydroxythiaxoline, as demonstrated by UV and 
NMR data. 

.- 
24 CHR 

tH2R 

scheme 29. 

The double tautomerixation of 2-hydraxinylthiaxolin4one shown in Scheme 21 has been illustrated 
in Ref. 101, and the analogous tautomeric 2-alkylthiaxolin4one (Scheme 29) has been shown”* to exist 
as the 2-alkylidenethiaxolin4one (24) since two geometrical isomers can be isolated. 
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X-Ray crystal analysis studies have been reported for thioureadimethylacetyhylacetylenedicarboxylate 
condensation products,‘~ revealing the allcxocyclic unsaturation pattern shown in compound (23) in 
Scheme 22, and for 2-amin~xymethylthiaxolin4one, in which partial double bond character in 
the C-2-S and bonds has been revealed.‘” 5-Phenyl-2-phenylmethylaminothiaxolin4-one exists as such 
in the solid state.‘” 

Reactions of thiazolin4ones 
Specific reactions of mesoionic thiaxolin4ones are reviewed briefly in the following section, 

providing a perspective for the behaviour of the tautomeric thiaxolin&.~~3 descrii in this section. 
The various addition, substitution, and oxidation reactions undergone by analogous thiaxolin-S-ones are 
all represented (Schemes 31-33), but the novel N-(a-alkoxyalkyl)ation procedure displayed in Scheme 32 
has no parallel, for structural reasons, in the thiaxolin-S-one series. 

A range of dimeric products may be obtained in attempted preparations of 2-substituted thiaxolin4 
ones unless experimental procedures are carefully followed, due to the high reactivity of the “activated 
methylene group” (C-S).‘X The confused situation concerning the correct labelling of samples prepared 
in attempts to synthesise 2-phenylthiaxolin-%one was resolved by Gronowitx d &In who have assigned 
structures (Scheme 30) to preparations reported earlier.ly 
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2-Phenylthiaxolinkmes yield dacyloxy-2-phenylthiaxoles through reaction with an acyl anhydride 
in the presence of pyridine.‘a 

Add&&m ewctiolu. hfichael addition has been reported for an N-phenyl-2-phenyliminothiaxolidiu-4- 
one to dimethyl acetyle~xylate in benzene in the presence of triethylamk (Scheme 31).“’ The 
1:2cycloadduct U (Scheme 32) formed between dimethylacetylenedicarboxylate and a 2JdLaryl- 
thiaxolkt-one 2 is considered to arise through an ene reaction resulting in N-alkenylation, followed by 
cycloaddition of the resulting mesoionic thiaxoli&one to a second molecule of the alkyne.r3’ The 
N-alkylation step is also brought about when ethyl vinyl ether, dimethyl maleate, and the 2,5- 
diarylthiaxolin4one are reacted in relIux& toluene during 4hr,“’ the fact that the vinyl ether is not a 
good dipolarophile accounting for the particular course of the reaction in this case. In the absence of the 
vinyl ether, there is no reaction between dimethyl maleate and the thiaxolinone in the same reaction 
time, but after some 15 hr the expected exo: end0 mixture is obtained. The greater reactivity of 
mesoionic thiaxolinones compared with tautomeric thiaxolinor~ implied in these studies is consistent 
with other results, particularly the behaviour of the corresponding thiaxolin-S-ones. The mechanism for 
the formation of the acetoxythiaxole (26) in Scheme 33 has not been established, though in view of the 
low yields and the easy formation of enol acetates from many thiaxolinones, it is likely that the starting 
material acts as the acetylating agent. 
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The cycloaddition process illustrated for tautomeric tbiaxolin4ones in Scheme 32 is the main 
reaction characterixing their mesoionic homologues. 

O&r reactions of thkudin-4-ones. Spedc reactions withmechanistic interest include the C-S-S 
cleavage involved in the conversion of 2~~-~phenyl~l~~ne into a benzothiaxole (Scheme 34),1* 
and the C-2 ~ditio~limi~tion reaction of a rhodanine shown in Scheme 35.‘” 

Mesoionic thiawlW-ones 
Preparations and cycloaddition reactions have already been referred to, though the examples given 

(formation of thiophens and pyridones) illustrate only part of the range of cycloaddition studies which 
have been reported. 

Further indications of the greater stabilii of the cycloadducts formed by mesoionic sulphur 
heterocycles, compared with their oxygen analogues, are provided in the thiazolin-4-one series. 2$J- 
Triphenyhhiazo1ium4 gives a 7896 yield of the cycloadduct with benxyne, which decomposes 
(Scheme 36) through one of two routes depending on the conditions.“’ Many examples of reactions 
following the same general pathway have been described, mainly by three research group~~~‘*‘~ 
incIu~~ comparative studies with other mesoionic systems. IQ Cycl~dition reaction studies of a 
selenium analogue show it to be a reluctant dipolarophile.‘@ 

The novel photorearrangement shown in Scheme 37 I” illustrates the continuing theme of interesting 
and untypical reactions shown by hetero-atom substituted thiaxolinones. The potential for this process in 
axetidinone synthesis has been realixed, J’*‘~ photo-induced ring contraction of mesoionic tbiaxolin-4- 
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ones in methanol has been demonstrated (Scheme 38),” but yields of methoxy-substituted axetidinones 
are low (21-2596) and the alternative uwrange ment product shown in Scheme 37 is also formed (14%).” 
There is the basis in this reaction for a synthesis of fAkoxycephalosporins, but the relative inac- 
cessibility of mesoionic 5 -amino-thiaxolinJ-ones and the low yields of ringuWra&ed products suggest 
that the route is not particularly promising. lo The same ringu&action, but with extraordinary 
stereospecificity, is induced by treatment of a 2,3,5-triarylthiaxolin~ne with Raney nickel;lU of a 
variety of intermediates, the xwitterion is considered to be most consistent with the stereospec&ity and 
the influence of triphenylphosphine on the cisltrans rati~.‘~ 

Conversion of one mesoionic 2-alkylthiMhiaxolS-one into another (Scheme 39) illustrates a C-2 
addition&nination sequence in this series.” 

-0 R3 -0 R3 

RSH 

These, the longest-known tautomeric thiaxohnones, receive the briefest survey in this Report. Two 
forms, corresponding to amides imidol tautomers, are represented in this series, and no mesoionic 
suucture accommodating charge dehXalisatiotl involving all ring atoms is possible.)*‘@ Except for 
isolated examples, the chemistry is relatively routine. Rulphur analogues (thiaxol-2-thiones) have been at 
feast as fully studied over the years, and mention is made of these where gaps in thiaAn-2-one 
chemistry seem to exist. 

prcpamtions of thiawk%l-2sna 
Reamwgement of a-thiocyanato-elly 1 ketones (Scheme 40) is the major route to thiaxolin-2-ones.“’ 

The reaction can be brought about for the simplest s&Wures in aqueous solutions contain& acid or 
base ‘UJ@ but alternative solvents and a mod&d reaction intemmdiate are conceivable”U’ (e.g. 
e&l saturated with hydrogen chloride) for substrates insolubk in water. This route can be d&ted 
towards thiazolin-2-imines’@ through the use of amines (Scheme 41); cyclixation of enamiues derived 
from a-thiocyanato-allryl-ketones gives thiaxolin-2-01~9 in acid solutions, or thiaxo&2-imines in 
aqueous alkalLw 
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P-t of an N-alkylisothiaxolin-5in-~-one gives the corresponding thiaxol-2-01~ (Scheme 
42). Members of the N-substihded scrics are available from chlorocarbonylsulphenyl chloride (Scheme 
43),us*w and are formed in small amounts in dimethylsulphoxide solutions of 4,4dialkylthiaxolium 
bromi&.ln Cyclonddition rcactiont~ lead& to thiaxolin-2-thiones (Scheme 44)m have been cbcrii, 
this scheme also state3 the conditions recommended for the conversion of a thiaxolin-2-thione into the 
2*ne.ls Routes to thiaxolin-2-thioms employing isothiocyanates are summan ‘sed in Scheme 45.*B*1so 
Tbc went of a SJ-dis~ rhodadne into a tautomeric thiaxolin-2-thione (Scheme 46) ii 
notabk”’ Convemion of thiaxolidin-2,4dione into dchloro-5-formylthiaz.olidin-2+me with pbsphorus 
oxychloride in ZV,Ndimethylformanu ‘del” illustrates another approach to thiaxolik2anes. 
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The restricted range of tautomeric possibilities open to thiaxoliu2+ums, compared with the other 
thiaxolinones, limits the interest in this topic to comparisons with other amide systems, and a substantial 
mount of work continues to be reported at this level, based on spectroscopic studies.‘” only selective 
coverage of this area is intended here. 

2-Hydroxythiaxoles undergo conventional reactions of phenols,‘L7 surviving S-substitution by elec- 
trophiles (e.g. sulphonation with fuming sulphuric acid) and thereby showing the high chemical stability 
which is typical of 24dialkyhhiaxoles. While the thiazole-2-thiol tautomer is favoured in alkaline 
solution for the parent member of the thiazolin-2-thione seriesr’6J as for the 2-hydroxythiaxoles, most 
~0~-2~n~ exist as such in the solid state’62 (~~~ xwitterionic f~u~ations are important 
contributing forms’“>. The N-protonated thiaxolin-2-thione exists in strongly acidic aqueous solutions of 
4Jdisubstituted thiazolin-2-thiones,‘” and while 4$dimethylthiazolin-2-thione exists as a thiol-thione 
mixture in the solid state and in aprotic solvents, thiazolin-2-thione itself and its dmethyl- and 
rlphenyl homologues exist as such in these media.‘@ 

The main reactions, since cycloaddition processes are excluded, are alkyiation at nitrogen and at the 
exocyclic 2-sub&rent (Michael-type addition of a 4Jdisubstituted thiazolin-2-thione to electron- 
deficient alkenes CH#HX in the presence of base gives a mixture of N-alkylthiazolin-2-thionc and 
2-alkylthiothiaxole’66) and ring-opening. 16’ While It-bydroxy-, 2-amino-, 2-methyhunino- and 2dimethyi- 
~~~~y~le are unaffected by treatment in liquid ammonia with dissolved sodium, the 
2mercapto anaIogue gives the d&anion 3CH=NCMe=CH~S.167 This is probably a reflection of the 
formation of the exocyclic sulpburcentred radical anion from which the cleavage is initiated,‘67 while 
the corresponding intermediate is not formed in the 2-bydroxy- and 2-amino- series. 

These compounds show aU the reactions of ~~S~n~ which exist mainly in the keto-form, 
although there are four possible tautomers of the keto-enol type. These compounds are therefore 
effective aminoacylating agents and the main features of interest in their chemistry are in synthesis of 
amino-abids and peptides. Their oxazolidine analogues are important in the synthesis of polypeptides 
and poly(a-amino-acid)s, and the predominance of the di-keto tautomeric form in these compounds and 
the structural resemblance to a carboxylic acid anhydride, has led to the adoption of the name 
“IVi3rboxylic byte for these compounds. This has been carried over to the abbe arudogues, 
which become “N-thiocarboxylic anhydrides” or “N-carboxy-tbioanhydrides’~.sl 

Pmpamtions of thiazofidin-2.5~dion and 2-thiorwthiazolidin-S-ones 
The cyclixation of an N-alkoxythiocarbonyl-a-amino-acid with acid, or under conditions where acid 

is liberated by the interaction of the reagent with the carboxyl group of the substrate, leads to the 
~~-2~~one by cleavage of the alkoxy group in the ~~y-fo~~ 2-~ox~~S~~. 
Phosphorus triimide is the recommended reagent for the cyclixation reacti~n,‘~ leading to crystalline, 
optically-pure thiaxolidi~2Jdiones from L-amino-acids; thionyl chloride is also effective but tends to 
lead to oils as reaction products. rsR The preparation can be conducted in separate steps, employing 
dicyclohexylcarbodi-imide or acetic anhydride for the cyclization, and using hydrogen chloride in 
benzene for alkyl-oxygen fission. ft caption occurs during the 2~ox~~-S~~ isolation 
procedure in the two-step route, rather than at the a&y&oxygen fission stage, since representative 
thiaxolin-25diones are not racemixed in contact with HCl’” (strangely, contact with HBr does cause 
some loss of optical activity’Bq. 

The use of alkoxyth&ubonyhunin~acid trimethylsilyl esters has been advocated for the synthesis 
of thiaxolidin-2$diones under anhydrous conditions, using phosphorus tribromide as cyclixation 
agent.‘” Alternative routes are shown in scheme 47.rW 

Corresponding 2-thionothiaxolidin-S-ones are prepared by cyclixation of thioca&amic acids formed 
between aminmcid amides and carbon disulphidc (Scheme 48).‘blozU3 Crystalline products obtained in 
this way from r.-amino-acid amides are racemic, in contrast with thiazolidin-2,Sdiones formed analo- 
gously under acid conditions. Several papers appeared, extending the work of the penicillin project on 
this ring system, and descriii their use in peptide synthesis and stepwise degmdati0n.l The 
currently-used preparative methods’” are based on the work descrii in the earlier literature.y 
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a-Isothiocyanato-alkanoic acids exist in equiliium with 2-thiono-oxaxolidin-j-ones, which do not 
show, through their reactions, any tendency to isomerise into thiaxolidin-2Jdiones.“’ 
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Tautomerism of thiawli&-2.5-d and 2-thionothiawlidin-5-ones 
The optical stability of thiaxolidin-2Jdiones in solution is less than that of correspom oxaxolidin- 

2,5dione~,‘~ but nevertheless is suthciently high that their use in peptide synthesis can lead to 
optically-pure products when aminolysed in aqueous reaction media at pH 10.‘” The tendency towards 
enolixation shown by certain thiaxolinJ-ones is therefore almost exGngui&d in these compoumIs, 
which extend the trend towards the predominance of the ket~tautomeric form which is Mated by 
replacing a 2-alkyL or -phenyC substituent by an alkoxy-substituent. A 2-hydroxy group would bc 
expected to have a similar inthtence to an alkoxy-group, if the inductive effect of the 2-substituent 
controls the keto-enol equilibrium,s’ but infrared spectroscopic datasl indicate the presence of a 
2-keto-substituent in this series, both for solid samples and for solutions in polar solvents. By analogy, 
both amide and imidate moieties involving positions 2 and 3 of a thiaxolidin-2Jdione are capable of 
stabihxing the keto-tautomer involving positions 4 and 5, to an extent greater than resonance stabilixa- 
tion which should be expected to operate for the fully enoked form. 

2-Thionothiaxolidin-j-ones are commonly depicted as such, e.g. l& but owe correctly as 2- 
mercaptothiaxolin-j-ones when drawn to illustrate their applications in synthe~is.‘~ The m propea- 
sity towards the thiolimidate form, which contrasts with the behaviour of the thiaxolldin-2,5diones, may 
account for the greater tendency of 2-mercapWhiaxolin-j-ones to undergo racemixation. Op&alIy- 
active d(phydroxybenzyl)-2-~~p~~~-5- is completely racemixed after 23h in solution in 
methanol. An identical solution containing 0.1 equivalents of hydrogen chloride shows a much slower 
racemixation rate and, surprisingly, racemixation was extremely slow in ethyl acetate as solventU 
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Reactions of thiawlidin-2,5-dion and 2-thionothhzolin-S-ones 
Ring ckavage by nuckophiles, and condensation reactions involving the “act& methylene group” in 

the 4-unsubstituted compounds, are the main reactions of these compounds, as for other thiazolin-j-ones 
(!Icheme 47). The particular nucleop~c cleavage reaction with considerable value in synthesis is 
aminolysis by an am&acid or a peptide, leadii to a dipeptide or a polypeptide respectively. In 
contrast to the products formed in this way with other thiaxolin&ones, thiolcarbamates are relatively 
unstable, and reaction conditions can be adopted so that the net result of the aminolysis of a 
thiaxolidiu2,5dione by a peptide is the addition of an amino-acid residue to the N-terminus of the 
peptide. Thus, a “one-pot” stepwise peptide synthesis invoking sequential addition of amino-acids as 
the approp~ly usury ~~-2~~ones is feasibie, and has been investigated as a possible 
improvement over the analogous use of oxaxolidin-2$diones.‘” 

The use of thiaxolidin-2Jdiones in peptide synthesis shows some equality with, or advantages over, 
the use of oxaxolidin-2Jdiones in the cases of glycine and alanine derivatives, where aminolysis 
proceeds without sign&ant racemixation, and in the case of his&line, where a troublesome side- 
reaction in the 0~~~-2~~0~ series (shown also in the case of glycine, Scheme 49) is not a 
problem with the ~~-2~~0~ acmes, since ~te~~~ thiol ca&anWes formed from these 
compounds on aminolysis do not rearra~ readily. The compounds shown in Scheme 49 arise via a 
side-reaction involving a carbamate-isocyanate rearrangement.‘” 
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Optkally-pure thiaxolidin-2$diones are not racemixed iu contact with HCl, but the mildly bask 
conditions accompanying aminolysis lead to unacceptably high proportions of unwanted dii- 
stereoisomers during peptide synthesis in nearly all cases. IQ An explanation for the higher acidity at C-4 
in this series, relative to corresponding oxaxolidin-2,5diones, has been found’” in the higher resonance 
energy of hydroxythiaxole anions relative to their oxaxole analogues. A further relevant factor’” may be 
the smaller bond angk strain at the sp’ C-4 centre resulting from the difIerent geometry of the two ring 
systems (C-S bonds are longer than C-O bonds). The factor co&roll& racemization in the thiaxolin-5- 
one series is the nature of the 2-substituent, and the lower bond order of the carbonyl groups in 
&xolin-5+~tes and thiaxolidin-2Jdiones shown by IR spectroscopic studies’” indicates the greater 
contribution of canonical forms with high ekctron density in the ring, compared with oxaxolinones. 

Connation of 2-~r~p~~~5~~ with aldehydes and ketones, followed by hy~lysis, is a 
standard route for the synthesis of amino&ds~R and is illustrated in Scheme 47. Many condensation 
reactions of the same type were investigated by Cook et al.14*1J on the basis of the possible relevance of 
the reaction, and its products, to the chemistry of penicillin. 

This hg-knowd” ring system has sustained a steady trkkk of research papers, because of its 
pharmacetltical potential (low level hypnotic activity, structural simila&y with barbiturates). Their 
sulphur am&ties, rl&a&es (2-thioalidin4-otms; the name rhodank acid is frequently used in 
the earlkr literature for tikse compounds), isorhodanines (2-oxothiaxolidi&thiones), and thi* 
rhodanines (thiaxolidin-24dithiones) have an even longer history. Further potential uses of these 
compounds (antiviral properties of rhodanines,“s metal corrosion inhi&ition properties of thiaxolidin-TM- 
di~ne,‘~ for exampk) are being uncovered. 
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Nitrogen analogues (24minothiazolidin4ones) are encountered as intermediates in standard syn- 
theses of these compounds, and have received brief mention earlier in this Report. 2-Iminothiazolidin- 
24diones continue to be named “pseudothiohydantoins” in C~ical Abstracts. 

Tautomerism of thiawlidk2,ddiones and their sulphur and nitrogen analogues 
These compounds are named accordii to their predominant tautomers, i.e. allcxocyclic double 

bonds, in the preceding paragraphs. Differences in reactions at C-2 and C-4 in thiaxolidin-2Jdiones 
refIect the diierent environments of the two carbonyl groups (S-CO-NH- vs C-CO-NH-) rather than 
any signi6cant contribution of an enolic form involving one of these positions. The X-ray structure of 
2-imino-5-phenylthiazolidin4one’~ reveals the enhanced acidity of the proton at position 3 which is 
consistent with the structural similarity of a tautomer containing the O=C*NHC=X moiety with imides, 
well known as N-acids. 2-Aminothiazoli&onyl-S-acetic acid is shown by X-ray crystal analysis to 
adopt the amino-tautomeric form, and not the iminothiazolidinone alternative’” in the solid state. 

Prepamtions of thiawlidin-2,4-&n and their sulphur and nitrogen analogues 
Reactions of thioureas with a-halogeno-acid derivatives”’ or with dimethylacetylenedicarboarboxylate’n 

yield 2-iminothiazolidin4+nes (Scheme 22) which are easily hydrolysed to the thiazolidiu2,4diones. 
a-Isothiocyanatoalkanoic acid amides similarly yield the imines,“R as do a-isothiocyanatoacylureas.‘” 
Rhodanines are easily prepared from an a-halogeno-acid and ammonium dithiocarbamate 
NHICSS-NH’+,‘” and N-substiMed rhodanines are formed in the same way from ammonium 
alkyldifhiocBrbBmBtes,“’ or through the most frequently-used route, from an isothiocyanate and an 
a-mercaptoalkanoic acid.‘” 

Reactions of thiawlidin-2,4_diones and their sulphur and nitrogen analogues 
N-Alkylation lead& to N-alkylaminomethylthiazolidin-2,4diones is easily accomplished under the 

usual Man&h reaction conditions *Ia N-Ethylation occurs, using iodoethane in solvents of low polarity, 
while 0-alkylation involving the carbonyl group at position 2 accompanies N-alkylation when the more 
reactive alkylating agents are used. “U Alkylation of a rhodanine occurs exclusively on the exocyclic 
sulphur atom.‘O The fact that enol ethers are not formed in this reaction is consistent with the behaviour 
of other Mazolinones which are reluctant to enolise. Alkylation of 3JdisubstiMed rhodanines yields the 
corresponding Salkylated mesoionic thiazolin40nes.‘“~‘u~‘~ 

Sodium borohydride reduction of 35.5~trisubstituted thiazolidin-2,4diones gives the 4-hydroxy- 
thiazolidin-2-ones.‘” The same carbonyl group is the site of reaction with S-substituted thiazolidin-2J- 
dione with P4SlL aminolysis of the resulting dthione giving Cines.‘” 

Rhodanines lacking a 5-substituent show the typical “active methylene” condensation reactions 
undergone by other thiazolinoms with this structural feature. 

A large number of papers, mostly from Russian laboratories, have appeared describing the in- 
corporation of thiazolidinethiones and d&ones into cyanine dyes, and into other dye structures, based 
on the condensation of the thiazolidine with an aldehyde or ketone to give the corresponding 5- 
alkylidenethiaxolidin-2&dithione or its 2-ox*analogue.‘= Condensation with a 2-alkylthiothiazoline 
(Scheme 50) is effected in boiling acetic acid, W@ whereas the other aldol-type condensations described 
employ the usual basic reaction media. 

Alkylation of the di-anion of thiazolidin-2Jdione, created in liquid ammonia (Scheme 51) with 
lithium amide, yields the SJdi-alkylated thiaxolidin&me; remarkably, no N-alkylation was observed,‘90 
in contrast to results with this compound involving alternative base-induced alkylation procedures.‘” 

S 
Scheme SO. 
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‘Ike compounds, although incapable of tautomerism, are given a brief mention in this Report since 
their reactions may inch& redox processes through which tbey are brought to lower oxidation level 
thiazolinones capable of tautomerism. They are also potential starting mate&h for alternative syntheses 
of the otha thiadnow. 

The use of oxalyl chloride in d&rent syntheses, bad on standard routes to other thiazolinones, is 
illustded in Scheme 5219’-‘9) 

0 

scheme 52 

Reaction of a tbioacylkxyan&e with an isonitrik yields a 2-substituted S-alkylimino--liti 
one (Scheme 53).‘” The reaction of a tlkddin4Jdione shown in Scheme 54’% is a super&al analogy 
to the reversal of this synthesis. 
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Conversion of a 2-he&o-atom substituted tl&didMJdioae into a thiazoMin-2,4J-txione seems 
feasible by analogy with the reactions of analogous tbiazolinoaes, but does not appear to have been 
des4xii. 
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