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Abstract-The reactions of a series of imidazoles with singlet oxygen have been investigated. While there is 
evidence that 2,5-endoperoxides or zwitterionic intermediates may be initially formed. the isolated products 
appear to arise from the decomposition ofhydroperoxides ordioxetanes. Nucleophiles such as methanol and 
diphenyl sulfide serve to intercept unstable intermediates. Based on the photooxidation of model 5- 
substituted imidazoles, a rationale is presented for the destruction of histidine residues by two equivalents of 
oxygen in the “photodynamic” process. 

Singlet oxygen, as an electrophilic species, reacts 
readily with electron-rich heterocyclic compounds 
such as furans, oxazoles, pyrroles and imidazoles.‘.2 
Among these substances, imidazoles have been of 
special interest because of the involvement of this 
system in the so-called photodynamic effect3 Thus, it 
is well known that enzymes such as insulin, lysozyme 
and ribonuclease are inactivated by exposure to 
oxygen and light in the presence of sensitizing dyes 
such as methylene blue, and this inactivation has been 
correlated with the oxidative destruction of certain 
amino acid residues in the polypeptide chain. More 
specifically, it has been postulated that the loss of 
activity at histidine sites can be associated with the 
reaction of the imidazole portion of the molecule with 
singlet oxygen.4 

Early investigations on imidazole photooxidation 
were limited to 2-methylimidazole,5 histidines,“ and 
2.4,5-triaryl derivatives.’ More recently,“.’ infor- 
mation has been provided on the structure of the 
initially formed peroxides in alkyl imidazole--singlet 
oxygen reactions. Working at low temperatures two 
groups have found evidence for the formation of 
hydroperoxides’ and 2.5endoperoxides’ as unstable 
intermediates. 

In the studies described here, we report on the 
photooxidationofaseriesofalkyl-andaryl-substituted 
imidazoles using methanol and methylene chloride as 
solvents. Methanol was used for most of the oxidation 
studies because it provided a polar medium for the 
reactions, and also served as an efficient nucleophile 
for reaction with initially formed peroxidic products 
and for addition to reactive imino intermediates. Our 
investigation of transient species in these oxidations 
has also been aided by other trapping methods. These 
have included the introduction of diphenyl sulfide as a 
scavenger for intermediate dioxetanes,‘” and the use of 

alkyl carboxylate side chains substituted at the 2- 
position of the imidazole for intramolecular 
interception of 2,5-endoperoxides. 

The oxidative changes taking place in the imidazoles 
differed markedly from those observed in the oxazole 
series (Scheme 1) where rearrangements to triamides 
(path a) or cleavage to nitriles (path b) have been 
reported.’ As will be outlined in the following 
discussion, imidazole photooxidation products 
appeared to result from initial endoperoxide (I) 
formation followed by ring-opening to form 
hydroperoxides (2). (3) or dioxetanes (4). (Scheme 2). 
The observed reaction products may then be derived 
from subsequent decomposition of the peroxidic 
species (2, 3 or 4). In general, the oxidations were 
carried out at room temperature using methylene blue 
as the sensitizing dye and a 150-watt tungsten 
floodlamp as a source of visible light. Oxygen was 
bubbled through the solutions until the starting 
materials were completely consumed as indicated by 
tic monitoring of the reaction mixture. 

Photooxidation ofthe parent system, imidazole, and 
4-methylimidazole (5, R=Me) in methanol took place 
rapidly, along with considerable decomposition. In 
both cases, the isolated products, (4,5-dimethoxy- 
imidazolidin-2-ones (6)) showed incorporation of one 
molecule of oxygen and two molecules of solvent. A 
likely reaction pathway is pictured in Scheme 3. 

The reactions of a series of phenyl-substituted 
imidazoles with singlet oxygen under similar 
conditions are summarized in Table 1. In the case of 
4,5-diphenylimidazole (entry no. I), the reaction 
course parallels that outlined in Scheme 3, although 
the formation of dibenzoylurea indicates a second- 
stage process involving an additional equivalent of 
oxygen. This more complex type of oxidation. also 
shown by 5-phenylimidazole (entry no. 2). will be 
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discussed in the section on histidine oxidation. 
Tetraphenylimidazole (14), on the other hand, 
underwent reaction to form the cleavage product (15). 
The latter most probably arises from the dioxetane 
(20), formed by the sequence shown in Scheme 4. The 
generation of 20 from initially formed 2,5- 
endoperoxide (18) is consistent with the recent findings 
of Foote et al. on low temperature photooxidations of 
imidazoles’ and may involve the zwitterionic product 
(19) as a non-isolable intermediate. Dioxetane 
formation also accounts for the oxygenation at the 4- 
and S-positions of 2,5_diphenylimidazole in the 
formation of 17 (entry no. 4) as outlined in Scheme 
5. 

Table 2 lists a series of fused-ring imidazoles yielding 
photooxidation products by processes corresponding 
closely to those outlined above. Thus, in entries nos. 
1-3, the products are formed by solvent trapping as in 
Scheme 3 while the reactions in entries nos. 4-9 involve 
dioxetane intermediates as in Scheme 4. Formation of 
the pyridinodiamide (22; entry no. 10) also appears to 
involve a dioxetane (43) as shown in Scheme 6. 

The solvent effects in the photooxidation of the 2- 
phenyl-4,5-pentanoimidazole (entry no. 9) are of 

particular interest in studying the intermediate steps 
leading to the ring-expanded product (39). It appears 
quite probable that the 4,5-dioxetane (44) is a key 
intermediate. In methanol, the dioxetane undergoes 
ring-opening to the imino hydroperoxide (45) which 
readily reacts with solvent at the 5-position. 
Subsequent decomposition of the hydroperoxide (46) 
takes place by a Witkop-type fragmentation” 
(Scheme 7). In the non-polar medium (CH,CI,) 
decomposition of the dioxetane by oxygen-oxygen 
bond rupture is the preferred reaction pathway leading 
to 40. 

Histidine-related photooxidations. Particular atten- 
tion has been paid to the photooxidation of imidazoles 
because of the correlation of enzyme deactivation by 
air and light with the destruction of histidine 
residues.3,4 Two equivalents of oxygen are required for 
the inactivation of each histidine residue in the 
polypeptide chain. In early work on the photo- 
oxidation of histidine derivatives, complex mixtures 
were obtained.6 Our own investigations on the 
methylene blue-sensitized photooxidation of N- 
benzoylhistidine methyl ester (47) in methanol also 
yielded a mixture of products. Hydrolysis of this 
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reaction mixture with 6N HCI yielded aspartic acid 
(48) in 65”;, yield (Scheme X). 

Evidence bearing on the mode of formation of 
aspartic acid in the above process and, more generally. 
on the oxidative cleavage of 5-substituted imidazoles 
by two equivalents of singlet oxygen was derived from 
the photooxidation of5-phenylimidazole leading to 12 
and 13 (Table I, entry no. 2). A rationale for the more 
complex oxidation leading to these products is given in 
Scheme 9. The first equivalent of oxygen adding to I I 
yields an endoperoxide (49) which decomposes with 
loss ofwater to thcdiimino derivative (SO). Addition of 
methanol and dehydration then leads lo the 
imidazolinonc (51) which undergoes tautomerization 
and oxidation to 52 by a second mole ofsinglet oxygen. 
The dioxetane (52) may undergo cleavage to form 13, 

or solvolysis in wet methanol to form 12. Model 
imidazolinones undergo rupture of the double bond 
similar to the conversion of 51a to 13 under similar 
conditions of photooxygenation as summarized in the 
oxidations of 53 to 54 (Table 3). 

Diphenyl sulfd~ us a dioxcvune trapping ugmt. 
Photooxidation of tetraphenylimidazole in benzenc- 
acetone (9:l) leads, nearly quantitatively, to the 
dibenzoyl derivative (15), presumably by cleavage of 
the intermediate dioxetane (55) as shown in Scheme 
IO. Evidence for the intermediacy of a dioxetane was 
obtained by carrying out the photooxygenation in the 
presence of diphenyl sulfide (0.16M). Under these 
conditions the rearranged lactam (56) appears to form 
by attack of the diphenyl sulfide on the 
oxygen-oxygen bond of the dioxetane. followed by a 
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rearrangement involving a 1.2~shift of a phenyl group 
with release of diphenyl sulfoxide. Our studres on the 
action of diphenyl sulfide on stable model 
dioxetanes’” have shown analogous rearrangements 
accompanied by the formation of diphenyl sulfoxide 
(Scheme 11). 

Inrramolrcular inmcepriwt of peroxides. In order to 
learn more about transient products formed at early 
stages ofimidazole photooxidation we investigated the 
possibility of intramolecular trapping of peroxidic 
intermediates. For this purpose we utilized 4,5- 
diphenylimidazole-2-propionic acid and its ethyl ester 
as substrates for singlet oxygen reactions. The ethyl 
ester (57, R=Et) reacted readily with exactly one 
equivalent of singlet oxygen to give a product showing 
typical behavior of a hydroperoxide (immediate 
starch-iodide coloration). This product was stable in 
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solution at -7X’ but gradually decomposed on 
warming above 0‘. The structure of this peroxide was 
uniquely defined as 58 by the 13C NMR spectrum 
which showed equivalent carbons for C-4 and C-5 and 
only one set of phenyl carbon resonances. The isomeric 
S-hydroperoxide or any cyclic peroxide would not 
provide the symmetry required for the obscrvcd NMR 
spectrum. The acid (57, R=H). on the other hand, 
reacted with two equivalents of singlet oxygen to yield 

dibenzoylurea (54a). We suggest that in contrast to the 
ester case (57. R=Et) where the 2-hydroperoxide is 
formed, the carboxyl group in 57. R=H. assists in 
opening the 25endoperoxide yielding the .C- 
hydroperoxide (59). The further reactions ofS9 leading 
to dibenzoylurea would then include carbon--carbon 
bond cleavage by a second-stage singlet oxygen- 
enaminc reaction as outlined in Scheme IL 

EXl’ERI\lESl‘AL 

Methods. Mops are uncorrected. MIcroanalyses were 
performed by Dr. R. Rittner, Olin Corp.. New Haven. IR 
spectra were run as KBr pellets on a Perkin-Elmer model 337 
spectrophotometer and are callbratcd lo polystyrene. NMR 
spectra were taken on a Varian model A@-A spectrophoto- 
meter; chemical shifts arc reported as (i values with TMS 
internal standard. using CDCI, as solvent unless otherwise 
indicated. UV spectra were taken on a Bausch and Lomb 550 
instrument. Mass spectra wereobtained on a Hitacht RMU-6 
spectrometer. 

The standard photooxidation reactlon was carried out in a 
3-neck round-bottom flask at room temp with methylene 
blue as sensitizer. O1 was passed through the magnetically 
stirred soln during irradiation with a I50 watt tungsten lamp. 
The reactions were followed by tic and were terminated when 
the starting material was exhausted. 

Plrofoosiclurron o/ imir/u:o/r. A sample of 4.45 g (65 mmol) 
tmtdaLole was dissolved in 45OOmL MeOH wtth 4mg 
methylene blue. The standard photooxidation was allowed IO 
proced slowly in ttns very dilute soln for I4 days. In more 
concenrratcd soln, constderable tarring took place After 

removal of the solvent I)I r‘~c~~o, the residue was dissolved in a 
small amount of EtOAc and chromatographed on 2001: sihca 
gel. The column was elulcd wtth CHCI,-MeOH. 9: I. 4.S- 
DlmsthoxyimidaLolone-2 was Isolated from the mtxture and 
was crystallircd from EtOAc, 977 mg, 9”,,, m.p. I IZ- I I4 
(Found:C.41.09:H.7.04:N. I~?O.C;IIC.~~~C,H,,,O,N,:C. 
41.09; II. 6%); N, 19.17”,,). IR (CHCI,): 172X&1 I: N-MR 
(CDCI,): 6 3.40 (s. 6H). 4.82 (s. ZH), 7.5 (bs, ZH). 

f’/loroourdarlon of 4-,,~erh~,l1,,rrdu~ole (5). 4-Mel hyl- 
imidazole” (4.5g. 35 mmol) was photooxldized in j L 
.MeOH for 24 hr. The residue, after evaporation of the solvent, 
was chromatographed on 4Wg silica gel. Elution with ether 
and wtth 4”,, MeOH- ether ga\e a thick oil (ISg) which 
crystallized from ether to give 0.56g 5-methoxy-5- 
methylhydantoin. m.p. 12&l 30”. 7 I:“. Recrystalhzation 
from ether provided an analytical sample. m.p. 132.5. 134 
(Found’C.41.70: H. S.6l:N. 19.22.CalcforC,H,N,O,:C. 
41.67. H. 5.59: N. 19.44”,,); NMR: 6 1.63 (s.3 H). 3.27 (s.3 II). 
6.OO(bs,2H);IR:3220.1780.1725cm~’:MS:n~~~~144(M+). 
116. 113. 101. 73. 42. 41 

Elution with 10 “(, MeOH -ether gave an oil (I.? g) which 
sohdified on standing. providing 6, m.p. IW- 109 , I3 “,,. 
Rccrystallizatton from EtOAc provided an analytical sample. 
m.p. l31- 133 (Found: C. 44.98; H. 7.64: N, 17.40. Calc for 
C,,H,zN,O,:(:.~.99;H,7,S?:N, 17.49”,,): NMR.6 1.45(s, 
3~1).3.26(s.3H).3.38(s.31-1~4.58(b.I11).7.44(b.1H).7.15 

(b.IH);1R:32.50,3120.1710cm~‘:MS:m:e145.129,60.43. 
Further elution w’ith 30”,, MeOH-ether provrded an 
tntractablc oil ( IXg, co 18’5,;). 

Phoroorrdtrrfon o/ 4,S-diph~,n~/inlirlu~o/e (7). A sample of 
the imidarolc (1.269. 5.7mmol) was dissolved In IXWmL 

MeOH with 4mg methylene blue. The standard 
photooxidation was carrted out for 24 hr at a temp of 32 
Following the removal of sohcnt it, ruct,o. the residue was 

dissolved tn CHCIJ and chromatographed on 2Wg silica gel. 
Elution of the column with CHCI, yielded a yellow oil which 

was crystalltzed from benzene. Compound 8 was 
recrystallized from benzene to yield 525mg (36”,,). m.p. 
IX0 2”. ht. l7Y X0” “ The IR and UV spectra were 
superimposable on those ofan authentic sample. (Found: C. 
72.16: H, 5.20: N, 10.52. C:alc for ClbHIJOLNZ: C. 71.96: H. 
SS2:N. II.92’:,,): NMR:(CDCIJ):ci8.0 -7.2(m.2H).7.2-7.6 
(~.XH),~.~S(S.~HI:IR:(KB~): 1728cm~‘;l:V:I~~~~“~ (log 
c 276 m/c (4.2.). 

Elution of rhe column with CHCIJ also yielded an 011 
whose bis-2.4-dinttrophenylhydrazonc was identical with 
that ofbcnzil as shown by its superimposible IR spectrum and 
IIS mixture m.p. The yield of the hydrazonc was 74mg (?“,I. 
m.p. I88 89 

Elutlon of the column with C’HCI,- McOH. 98:2. yielded 
two compounds. The first compound was recrystallized from 
bcnzcne to yield 40mg (3”,,) of IO. The IR spectrum of the 
urcawassuperimposableonthatofanauthen~tcsample.‘“An 
analytlcal sample was prepared by repeated rccrystalli/ation 
from benzene. (Found: C, 67.15: H. 4.51. N. 10.44. Calc. for 
C15HIZ03N2: C, 66.95: H. 4.48: N. 10.37”,,). 

The second compound which was eluted from the column 
wasrecrystallired from acetonetoyield 109mg(6”,,)of9with 
MeOH of crystalltzatton. m.p. 209-212 . dec.. lit. 214-214 . 
dec.” The IR spectrum was supertmposable on that of an 
authcnttc sample.‘” (Found: C‘. 68.44: H, 6.0X; N. 9.39. Calc. 
for CI-H,,O,N,: C. 68.71: 11. 6.07: N. 9.10”,,). 

Phoroosidorlon o/ S-phmj /ir~tidu:rde (I 1 ). A sample of 5- 
phenylimlda/ole” (4.5 g. 3 I mmol) was dissolved in 4500 mL 
MeOH with 4mg merh>iene blue. The standard 

photooxidation was carncd out for 32 hr. After removal ofthe 
solvent in L’(I(UO. rhe residue was dissolved in a small amount 
of CHCI, and chromatographed on silica gel. The column 
was eluted with CHCI, and the first 6OOmL were collected. 
This fraction was then rechromatographed on 2Oog silica gel. 
and the column eluted wtth ether. Two compounds were 
isolated from the chromatography. The first, compound 12. 
was crystallized from CHCI, ether: yteld, 971 mg, 15 YJ,,. m.p. 
167 -170’. (Found: C, 58.22; H. 4.85; N, 13.58. Calc for 
CI,,H,“N,O,: C, 58.25; H. 4.89; h‘. 13.59”,,); NMR 
(deuteroacetone): (13.1 (br. I H ). 3.37 (s. 3 H). 7.5 (m. 5 H), 8.0 

(br. 1 H); UV: j.““” 269 (logr: 2.4). 263 (log,: 2.8). 258 (log,: 
2.9). 245 (loge 3.1) nm: IR (KBr): 17Y2. 1723cm-‘. 

The second compound 13 tsolated from the chromato- 
graphy, m.p. 169 I72 , yield IO5 mg. 2 ‘I,,. aas recrystallized 
from trlchloroethylcnr. (Found. C. 54.06: H. 4.54; N, 12.61. 
CHIC. forC,,,H,,,N,O,:C. 54.19. H.4.64: N. 12.57”,,): KMR 

(CDCI,):6 3.84(s, 3H). 7.55. 765 (m. 3H). X.1 (m. ?H). IR 
(KBr): 1797. 1703. 166Xcm ‘_ 

I’ltorou.\idtrric,n ol I.~.J.S-I~I~U~/~~~~~~/;~~II~~U~~~/~~ (14). The 
Imldalole” (2.08 g. 5.6mmol) was dissolved in 17OOmL 
MeOH with Sg methylene blue. The standard photo- 
oxldatton rcactton was carrted out for 24 hr. The MeOH was 
removed under reduced pressure. and the sohd whtch resulted 
was recrjstalli/ed twice from .McOH ytcldinp XOg (Y7”,,) of 
15. m.p. 145-146.5”. identical with an authentic sample.J” 

P horoo.~id~rrion o/ ‘.j-dipl~c~f~~lin~rcltr-olr (16). 2.S 
Diphenyltmtdazolc was prepared according IO the method of 
Aincs.‘.’ 

A sample of I.339 g (6.1 mmol) of tmtda~ole was &solved 
rn I400 mL MeOH with 4mg mcthylenc blue. The standard 
photooxidatton was carried out for 30 hr at 32 After removal 
of the solvent in !xI~~,o. Ihe residue was dissolved m a small 
amount of CHC1.,, chromatographed on 2Wg silica gel, and 
the column was eluted with a 7:3 soln of benzene-EtOAc. 
The crystallme residue was recrystallized from benzene to 
yield 451 mg of I7 m.p. I54 I57 .29 ““, The analytical sample 
was prepared by repeated recrystallization from benzene, 
m.p. IS6 I57 (Found: C. 72.32: H. 5.18; N. 10.68. Calc. for 
C,,ll,,0,NZ:C.72.17:H.S.30:N. 10,52”,,):NMR(CDCI,). 
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6 7.9-8.2 (m, 2 H), 7.2- 7.8 (m, 8 H), 3.40 (s, 3 H); UV: I.Mc”H 
258 (loge 3.97). 238 (logt;4.18); IR (KBr): 1763, 1617cm-‘; 
(CHCI,): 1747, 1730cm-‘. 

Pho~ooxidarion of terruhgdrobenzimidazole (21). Tetra- 
hydrobenzimidazole was prepared by the general method of 
Brcdereck and Theihg,” m.p. 147-149’. litI 149-150-. 
Photooxldation of the imidazole (I. 13 & 0.93 mmol) for 24 hr 
in MeOH with NaOAc (20 mg) was followed by dissolution of 
the residue in CHCIj and clarification with charcoal. The soln 
was evaporated in racuo. triturated three times with MeOH 
and evaporated. and crystallized as its methanolate from 
4mL MeOH to give hard cubic crystals of 22 (48Omg. m.p. 
167-169.). A second crop was obtained. 3OOma. m.o. 
156-16&.:overallyield,42:‘,~,. A run without NaOAcGve tie 
product in 37”;, yield. m.p. 113. 127’. Recrystallization From 
EtOH-EtOAc gave pure material, m.p. 15&157”, which was 
further recrystallized for analysis. (Found : C. 54.13; H, 8.3 I ; 
N, 14.09. Calc. for CpH,,NLOA: C, 53.99; H, 8.05; N, 
13.99”,;); NMR: ci 1X- 1.60 (b, 8H), 3.38 Is, 3H), 6.39 (b, 
2H); IR: 3240. 3200. 3100. 17lOcm. ‘: MS: m/e 200 (M’), 
184. 168, 136. 

Photooxidu~ion q/ 4-phenpl-I (1.2a)p)lrimidazo/e (23). The 
imidazole (Aldrich, 1.5 g, 7.7 mmol) was photooxidized for IX 
hr in 1.5 L MeOH, and the residue after evaporation of the 
solvent was chromatographed on 200 g silica gel. The fraction 
eluted with ether crystallized to give 24, m.p. 83-85’ (0.25 g, 
12 :,A). An analytical sample was obtained by recrystallization 
from ether--hexane, m.p. 85-89”. long flat prisms. (Found: C, 
65.97; H. 5.78; N, 10.17. Calc. for C,,H,bN20j: C, 66.19; H, 
5.92; N. 10.29’:;): NMR: ci 8.18 (bd. 1 H). 7.73 (m. 3 H), 7.32 
(m. 3H). 6.60 (m. 2H). 3.71 Is. 3H). 3.33 (s. 3H): IR: 3440. 
1740crt- ’ ; Uv: dyeoH 230 (logc4.i). 288 (iigc4.i)nm; MS: 
mje 272 (M’), 257. 241. 226,212, 198,181, 169, 134, 122.94. 

Phoroosidarion o/ 2-phm~l-( 1.5)lmida;epine (25). The 
imidazole (l.SOg. 7.1 mmol) was photooxidized in MeOH 
with NaOAc (200mg) for 8 hr. The residue, after clarification 
with charcoal, crystallized from EtOAc-ether to give 26, m.p. 
112-120“ (1.1 g, 60>,;). Photooxidation without NaOAcgave 
the product, m.p. 95-110‘. in 367; yield. Recrystallization 
from EtOAc provided pure 26. m.p. 121. 125”. (Found: C, 
69.06; H, 7.02; N. 10.84. Calc. for C, sH,,,N202: C, 69.74: H, 
6.85; N. lO.65o/0); NMR: li 7.55 (m, 5 H), 3.40-4.20 (m, 2 H), 
3.15 (s, 3H), I.ZO-2.10 (b. 8H); IR: 1730, 1603cm“; UV: 
/.Mc”” 252 (log E 3.8). 286 (log E 3.5) nm; MS: m/e 258 (M’ ), 
243. 215, 127, 96. 

Preparorion q/ 2-me~h~l-4,5-pen~anoimidazofe (27). 2- 
Acetoxycycloheptanone (45 g) was retluxed in 300 mL 
formamide at I80- 190 for 6 hr. Aqueous base was added and 
the resultant alkahne (pH 10) mixture was extracted with 
CHCI,. The dried extracts were evaporated to dryness and 
the solid residue crystallized from CHCI,-pet ether, yield: 
19g (42”;). m.p. 228-236.. An analytical sample was 
prepared by recrystallization from EtOH-EtOAcether. 
m.p. 233.. (Found: C. 72.46; H, 9.46: N, 18.31. Calc. for 
Cg-H,4NZ: C, 71.96; H. 9.39: N, 1X.65;‘); NMR: 6 1.70 (b, 
6HL 2.30 (s. 3H). 2.60 (m. 4Hl. 7.93 (IH): IR: 3500. 
160~cm~‘:‘UV:i.hicoH222~logr:3.8),268(l~gc2.4)nm;MS: 
m/c 150(M’),44 

I’horooxidation y/ 2-nlrrh~/-4.5-penranoimida-ole (27). The 
imidazole (1.25 g. 8.3 mmol) was photooxidized in 2 L MeOH 
for 18 hr in the presence of NaOAc (15mg). The clarified 
residue was crystallized from CHCI,-CCII to give 28, m.p. 
142-145’ (250mg. 15”;,). A run without NaOAcgave IZ”:,of 
product, m.p. 78-90 ‘_ Recrystallization from MeOH-EtOAc 
~l:IO)gave~ure2&m.p.1~0 148,.(Found:C,56.13:H,8.78; 
N. 13.60. Calc. for C,,,H,!,N,O,: C. 56.06: H. 8.47: N. 
13.06”,,); NMR: 6 3.4dis. j’H), 1.50 (s, 3 H), ca 2 (9-12H); 
IR: 3230. 3100, 166Ocm. I; UV: i’+““” 214 (log I: 3.1) nm; 
MS: m;‘e 214 (M’ I, 199. 183, 171, 100. 

Photooxidation in CH,CI, and acidic work up gave the 
hydrolysis product. 29, in 33’?,, yield, m.p. 139.. 142 The 
same product was obtained from hydrolysis of 28. (Found: C, 
53.99; H. 8.05; N, 13.99. Calc. for C,H,,N20,: C, 54.03; H, 
7.94; N. 13.539;,): NMR (DMSO-d,): 6 6.70 (b. 2-3 H). 2.50 

(s.3 H),2.10(b, 1OH);IR: 3410,3350,3270,3210,1730,1640, 
1620cm-‘; MS: m/e 200 (M’). 142, 100, 59. 43. 

Preparation oj 2-phen~ltetrah~drohen~imiduzole (2-phenyl- 
4,5-butanoimidarole, (30)). According to the method of 
Weidenhagen.‘” a soln of adipoin (15 g, Aldrich) in MeOH 
(MOmL) was added to a mixture of copper acetate (63~). 
cone ammonia (56OmL). and benzaldehyde (2Og). The soln 
was heated on a steam bath for 2-3 hr and allowed to cool to 
room temp. The Cu- complex of the imidazole (25-30 g) was 
removed by filtration and freed of Cu by treatment of an 
alcohol suspension with gaseous HLS. The mixture was then 
heated with Norit and filtered and the red-brown soln 
evaporated to dryness in cacuo. The solid (crude imidazole) 
was suspended in EtOAc and filtered with suction, yield 
lo- 15 g (5C--58 “/‘,). Recrystallization from alcohol provided 
pure imidazole, m.p. 250-255”. (Found: C, 78.39; H, 7.20; N, 
14.26.Calc.forC,JH,,N,:C.78.75:H.7.12:N, 14.131;,);lR: 
3400,1650cm-‘; UV:IMcO” 210(loge3.6),294(logc4.0)nm; 
MS: m/e 198 (M’). 

Photooxidation q/ 2-phenpltetrahpdrobenzimiduzo~e (30). 
The imidazole (0.715 g, 3.6 mmol) was photooxidized in 1 L 
MeOH with NaOAc (1Omg) for 15 hr. After the usual work- 
up, the residue was crystallized from ether as clusters of 
rhombic prisms, yielding 31 (0.61 g) m.p. 85.5 -88”. which was 
twice recrystallized for analysis. The first recrystallization 
provided 466mg, m.p. 86-88”. The combined mother liquors 
provided a second crop, 160 mg, m.p. 8&84 ‘; overall yield, 
72%. (Found: C, 69.05; H, 6.80; N, 10.85. Calc. for 
C,*HLbN202: C, 68.83; H, 6.60; N, 11.47‘/,); NMR: 6 
1.8-2.3(bm,8H).3.8(s3H).7.7-7.8(m,5H);IR:1680,1660. 
1630cm~‘;UV:i.Mcc’H2O9(logc4.1),246(logc4.2)nm:MS: 
m/e 244 (M' ), 229, 215, 99, 59. 45. 

Preparotion o/ I-methy/-2-phen$4,5-penranoimidazole 
(32). 2-Phenyl-4,5-pentanoimidazole (3.8 g) was dissolved in 
dry THF. IODmL. NaH (0.5g) was added and the mixture 
heated. Mel (3 g) was added dropwise and the mixture heated 
for 30 min at 80’. A few drops of water were added. and the 
THF was evaporated in cacuo. The residue was dissolved in 
CHCI,, washed with water, and evaporated. The residue was 
crystallized in two crops from cyclohexane by addition of 
EtOAc, total wt. 2.1 g, m.p. 1 lo- 116”. Recrystallization from 
ether provided material melting at 119- 123’. (Found: C. 
79.81;~H. 8.02; N, 12.58. Calc. l%r CISHIXNI’: C. 79.61; H. 
8.02; N, 12.38%): UV: i. MeoH 209 (log c 3.9). 278 (loge 4.1) nm. 

Photooxidation of I-melhpl-2-phenyl-4,5-pentanoimidazole 
(32). The imidazole (0.50 g, 2.2 mmol) was photooxidized for 
2 hr in CH,CI,. The residue. after clarification in ether with 
charcoal. c;ystallized on standing at room temp for 15 hr. 
Crystallization from cyclohexane afforded 33 m.p. 84-87‘ 
(0.2Og. 35 I’,;>). which was further recrystallized for analysis. 
(Found: C, 70.24; H. 7.02; N, 10.94. Calc. for C15H,,NLOL: 
C, 69.74; H. 7.02: N, 10.849/,); NMR: 6 7.7 (m. 5 H). 3.3 (s. 
3H), 2.5 (m. 4H), 1.6 (m, 6H); IR: 1630, 1680cm ‘; UV: 
/.“““” 209 (log c 4.2). 258 (log E 4.2) nm; MS: m/e 258 (M . ), 
243. 241, 215, 181. 161, 118. 

Prepurution q/ I-merll)l-2-phen)/tetrah~drobenrimlda-ale 
(34). Compound 34 was prepared exactly as for 32. m.p. 
128-129‘ (cyclohexane). (Found: C. 79.04: H. 7.95; N. 13.39. 
Calc. for C,,,HlbNL: C, 79.21; H, 7.60; N, 13.20”/,); UV: 
iMeO” 209 (log t 3.8). 278 (log E 4.0) nm; MS: m/e 212 (M + ). 

Photoosldation of 1-merhyl-2-phen~lterrahydroben- 
xnida~ole (34). The imidazole (0.39g. 1.8mmol) was 
orange photooxidized in CH,CI, for 3.5 hr. The residue 
crystallized on standing several days at room temp. 
Recrystallization from benzene-hexane afforded 35, m.p. 
101-106” (0.13g. 29 “/,), which was further recrystallized for 
analysis. (Found: C, 68.65; H. 6.82; N. 11.64. Calc. for 
C,,H,,N,O,: C, 68.83; H, 6.60; N, 11.47%); NMR: 67.50 
(m, 5H), 3.19 (s, 3H). 2.95 (m, 4H), 2.03 (m, 4H); IR: 1710, 
1670cm- ‘; UV: ,i”@‘” 209 (loge4.0), 243 (loge 3.9) nm; MS: 
mie 244 (M’), 215. 161. 118. 

Phorooxidarion oj 4,5-butano-( 1,2z)p~~imida;o/e (36). 4,5- 
Butano( 1,Zz)pyrimldazole” (1.7 g, 10.5 mmol) was photo- 
oxidized for 15 hr in 2 L MeOH. The residue was clarified 
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wtth charcoal (CHCI,), trtturated wtth a little benzene, and 

filtered. The solid (0.9Og 469,,, m.p. I56 164”) was 
recrystallized from CHCI,:pet ether to give pure 37, m.p. 
162-163.5 The same oroduct. m.u. 16Gl64’. was obtained 

on photooxidation in’CH,CI, for I hr (52”d). (Found: C, 
64.3l;H,5.9l;N. 13.36.Calc.forC,,H,,N,O,:C.64.69;H, 
5.92;N. 13.72~,):NMR:b3.OO(b,4H),2.OO(b,4H),7.35(qd, 
2H), 7.90 (td. I H). 8.72 (bd, 1 H); IR: 1690, 1640cm- I; UV: 
i.Mti’H 215 (log E 4.0). 260 (log E 3.6). 263 (sh. log E 3.0). 283 (sh, 
loa E 3.0) nm; MS: ntie 204 (M’). 176. 94. 

?‘rep&rion rt/ 2-phen_&~,5-p~ntunoimidu~o/~~ (38). The 
imidazole was prepared as for 2_phenyltetrahydrobenzi- 
midazole using 2-acetoxycycloheptanone, m.p. 273 .277 
(Found: C. 78.X0; H. 7.83; N, 13.16. Calc. for CIJHt6N2: C, 
79.21; H, 7.60: N. 13.20?,,); IR: 3420, 1590cm-‘; UV: iu”” 
294 (log I: 4.3). 212 (log c 3.9)nm; MS: m/e 212 (M’). 

Phorooxidarion o/ 2-phenyl-4,5-penranoimida--ok (38). The 
imidazole (0.50 g. 2.36 mmol) was photooxidtzed in the usual 
manner for 2.5 hr in MeOH. An ether soln of the residue. on 
seeding, deposited crude 39 m.p. 71-80’ (44Omg 73%). A 
pure sample from ether gave m.p. 86-88 ~. (Found: C, 70.33; 
H, 6.91; N. 10.69. Calc. for CISH,,NzO,: C, 69.74; H, 7.02; 
N, 10.84”/,); NMR:6 1.6, (b.6Hk2.4 (b,4H), 3.8 (s.3 H), 7.4 
(m, 3H), 7.8 (m. 2H): IR: 1680, 1620cm-‘; UV: iMcoH 208 
(log F. 4.2). 247 (log I: 4.0) nm; MS: m;u 258 (M+), 242. 229, 
215, 201. 

3-P/ten~~/-2.4-dia;u~~~/ode~-3-m- 1.5-dione (40) was ob- 
tained from the photooxidation of 38 in CH2C12 (61 ‘!,:), m.p. 
168-170 from EtOAc. (Found: C, 69.02; H. 6.81; N, 11.33. 
Calc.forC,,H,,,N202:C,68.83;H,6.60;N, 11.47Y<,);NMR: 
d; l.6(b.6H12.4(b.4H).7.4(m.3H).7.8fm.2H):IR:32OO. 
1710,‘1660, i630&‘; UV: jMF”” 209 (logz4.2). 253 (log6 
4.1) nm; MS: mje 244 (M’), 215, 201, 147. 103, 104. 

HJdro/ysi.s o/ 39 und 40 gure N-hen~oylpinrelumide, m.p. 
153-156. (water). (Found: C. 63.86; H, 6.85; N, 10.42. Calc. 
for C,,H,,Nz03: C, 64.11; H. 6.92; N, 10.68’~,); IR: 3390, 
3300.3190. 1740. 1680. 1640cm-‘: MS: m;c 262 (M’). 245. 

Phoroo.\-idurion of 2-merhJ/imida;o-( l,Sn)pyid& (41:. The 
tmidazole” (l.7g 14mmol) was photooxidized in 2L 
MeOH for 4 hr. The residue, after clarification with charcoal, 
was crystalltzed from ether to give lustrous plates of42, m.p. 
68 70’ (0.90 g, 42 ” ,,). Recrystallization from ether gave an 
analytical sample, m.p. 78 -79’. lit” 81 82’ ; identical in all 
respects to that prepared from picolinamide and AcIO. 
(Found:C,58.6l;H.4.89;N. 17.ll.Calc.forC,H,N,O,:C, 
58.53: H. 4.91: N. 17.06?:): NMR: 6 2.61 Is. 3H). 7.60 (m. .,. 
I H), 8.20 -7.95 (m, ZH), 8.63 (bd. I H), lO:L5 (b,’ I H), fR: 
3300, 1725. 1705, 1690. 166Ocm. ‘: UV: j.uao” 230 (logs 4.2) 
268 (log c 3.8) nm; MS: mie 164 (M’), 149. 106. 78, 43. 

P/roroo.\-i~lorlon o/ rhe mcJrhs/ esrer oj N-berl;o?./hrsridine 
(47). A sample of N-benzoylhistidinez5 (I 10mg 0.4mmol) 
was dissolved m 1OOmL MeOH with I mg methylene blue. 
The standard photooxidation was carried out for 30 hr. After 
removal of the solvent in racuo. the residue was hydrolyzed in 
IOmL 6 N HCI. The solvent was removed in racuo with mild 
heating (60 ). and the residue analyzed using a Spinco amino 
actd analyzer with the following results: residual histidine, 
3 ‘I#,: aspartic acid (48) 62 Y,,; IWO peaks in the hydroxy acid 
region, c IO:<, and _ l5”,,. 

A control experiment was run in which IOOmg of the 
starttng material was hydrolyzed in IOmL 6N HCI. The 
solvent was removed in rocuo and the residue was 
chromatographed as before. Only one peak corresponding to 
histidine was obtained. 

Phorooxidurron cd 4,5-diphen~~/imidu-olinone (53a). The 
imidazolinone“’ (2.Og 8.5mmol) was suspended in 2 L 
MeOH and photooxidized for IX hr. The residue was clarified 
with charcoal in CHCI,. The residue was triturated with ether 
yielding. 54a ( 1.2 g, 55 “,). 

P/loroosidarion o/ 1.3-dimerhJ/-4,5-diphen~~/imidu-_o/inone 
(53b). The imidazohnone’” (0.50 g, 1.9 mmol) was 
photooxidized in MeOH for 12 hr. The residue was 
crystallized from EtOAc hexane to give 54b, m.p. 157-159 
(0.31 g 55”,,). A yteld of 70?;, was obtained using CH,Clz as 

solvent. Recrystallization from EtOAc provided the 
analytical sample, m.p. 160-161 , lit” m.p. 162-163 . 
(Found:C,68.98;.H,5.70;N.9.56.Calc.forC,7H,,N,O~:C. 
68.91; H, 5.44; N,9.45:,); NMR: 6 1.30 (IOH), 2.9 (s,6H); 
IR: 1725, 1680, 1655cm , _‘. MS: m;e 296 (M’), 191, 105.77. 

Phorooxidarion of rerraph~tr~/inlidu;olin~~rr~~ (Sk). The 
imidazolinone” (2.0~. 5.2 mmol) was photooxtdized in 
CHzC12 for 5 hr. The usual work-up gave .s.?m-S&. 1.7 g, m.p. 
160 - 180’. 80 %. Recrystallization from alcohol afforded 
1.35g lustrous plates. m.p. 196-200 , identical with an 
authentic sample,” m.p. 197- 199 , lit”’ 200 

Phorooxrdurion oj rerraph~,n~/irt~ida~~~/~ (14) in rhe presence 
o/ diphenyl ,su/jide. Compound 14 (744mg 2 mmol) and 
diphenyl sulfide (2.9g. I6 mmol) were dissolved in benzenc- 
acetone (9: 1) and photooxidized for 30 min with methylene 
blue as sensittzer. Two mmol of O2 were consumed. After 
evaporation of the solvent and chromatography on silica gel 
the mixture yielded 56 (244mg. 33:‘,,, m.p. 157-158 ). 
(Found: C. 83.71; H, 4.97; N. 7.27. Calc. for Cl-H:,,N20: C. 
83.48; H, 4.19: N. 7.21 2,); IR: 1725. 1610, 1590. 157Ocm ‘; 
MS: m;e 388 (M’), 360, 269. 257. 180. 165. 

Also isolated were diphenyl sulfoxide (41’)“) and 15 (I 2 ‘I,). 
4,5-Diphm~lrmidurole-2-propionic wd. er/rjV csrw (57, 

R=Et). Desyl bromide (27.5g. IOOmmol), KzCO., (l4g. 
IOOmmol), succinimide (log. 1COmmol) and Bu,NBr 
(20mg) were stirred and retluxed for 12 hr in 100 mL CHCIA. 
The mixture was filtered and the solvent evaporated to yield a 
mass of white crystals that were filtered oRand washed with a 
little ether (yteld: Zl.Og, 75”,). Without further purificatton 
this product was dissolved in 75mL EtOH and sapomficd 

with 5.Og (78mmol) KOH dtssolved in 50mL hot EtOH. 
After refluxing for I hr, the mixture wascooled. acidified wtth 
cone HCI and refluxed overnight. The mixture was then 
cooled and filtered to give a white product whtch was washed 
with water and dried (yield 20.6g: 81 I’,,: m.p. 135 I36 ). 
NMR: d I.20 (1, 3 H), 2.59 (br.s. 4 H). 4.08 (q. 2 H), 6.54 (d. 
1 H), 7.33 (m. 9H), 7.93 (br. d, 2 H): IR: 3370. 1735. 1635. 
1500cm-‘. 

Without further puriticatton the above product was 
dissolved in IOOmL glacial AcOH wtth 21 g ammomum 
acetate and refluxed 6 hr under N1. The mtxture was then 
poured into ice water, filtered. and the product recrystallized 
from 2-butanone (yield: 9.5g: 55”,,) m.p. 127 (phase 
transition); 1422143 NMR: ci I.23 (I. 3 H). 2.X7 (m. 4H). 
4.12(q.2H),7.30(m. lOH):IR:3420. 1720. 1600, 1420. 1370. 
ll80cm-‘; (Found: C, 74.93; H. 6.07: I\;. 8.91. Calc. for 
C 20 20 2 H N 01: C, 74.98: H. 6.29; N, X.74”,,). 

Saponificatton of the imidazole ester with KOH and 
acidihcatton gave 57 (R=H) as an amorphous solid m.p. 
>25O’.NMR(DMSO-d,):ii282(m.4H).7.30(m. IOH):IR 
(KBr): 3300, 1720, 1600. 1440. 1380. ll85cm-‘. 

Phorooxidarron oj 4.5-drplro~~~limi~/u~~~/~~-2-propio,lrc uc id 
(57, R= H ). The imtdazole propionic actd ( 1.45 g, 5 mmol) was 
suspended in 150 mL dichloroethane and photooxidized 7 hr 
at 0’ with methylcne blue sensitizer. Ten mmol of O1 were 
consumed. The mtxture was washed with water and 
evaporated to give a gummy solid ytelding l50mg of 
crystalline !Xa after trituration with ether and filtratton, m.p. 
203.5-204.5. (III lb 202-203 ). IR: 3181, 1759, 1678. 1600, 
1524. 1491. 1279cm-‘; NMR (CDCI, + DMSO-d,): 6 
stgnalsonlybetween 7-X; MS:m:e268(C,,H,,NL0,. M.W. 
268). 

When the photooxidation wascarried out m an NMR tube 
(CDCI,) and the products observed dtrectly in the NMR. 
only dibenzoylurea resonances were found. 

Phorooxrdurion o/ 4,5-dfph~n~litnidu-olr-2-proprut~i~ ucid 
ethyl esrer (57, R=Et). The imtdazolc ethyl ester (320mg, 
1 mmol) was dissolved in 2mL CH,CI, and photooxidized 
with Scnsitox (polymer-based Rose Bengal) a~ -78 The 
mixture was decanted and the solvent exchanged to CDCI, 
by repealed partial evaporation at -78 under reduced 
pressure. The carbon NMR was then taken at - 78 : 13.7 
(-CH,). 28.3.28.9 (methylene), 60.5 (-OCH,-). 123.9 (C=N), 
128.0, 128.7, 129.3, 131.2 (aromattcs). 167.2 (NNC(OOH)R). 
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172.3 (C=O). When warmed above 0 the sample 
decomposed. In a large scale run (5 mmol) the amount of O2 
taken up in this oxidation was shown to be one molar 
equivalent. 
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