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Photochemistry of Phenylimidazoles 
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The photochemical formation of 9,10-phenanthroimidazole from 4,5-diphenylimidazoI.e and 2-phenyl-9,10- 
phenanthroimidazole from 2,4,5-triphenylimidazole have been studied with 313-nm excitation in different 
solvents. Soteworthy is the observation that no dihydropheiianthrene intermediate could be detected and 
that the photocyclization proceeds in air-saturated as well as in degassed solutions. The quantum yields for 
the formation of 9,10-phenanthroimidazole are generally an order of magnitude larger in air-saturated than in 
degamed solutions. The process proceeds through the singlet state and the quantum yield for the cyclization 
reaction in degassed acetonitrile solutions for 4,5-diphenylimidazole and 2,4,5-triphenylimidazole is 0.91 =t 
0.1 X and 0.57 * 0.07 X respectively. The luminescence spectra and quantum yields for 4,5- 
diphenylimidazole and its photoproduct have also been measured. 

Introduction 
The photocyclization of stilbene and its analogs to 

phenanthrene type molecules has been a subject of con- 
tinuing The formation of the yellow 
colored 4a,4b-dihydrophenanthrene intermediate has 
been demonstrated in the photocyclization of czs- 
stilbene and its analogs to phenanthrenes, and the for- 
mation of hydrogen peroxide has been shown to arise 
from t h e  reaction brtn een oxygen and dihydrophen- 
anthrene. In a degassed solution the yellow color dis- 
appears and the system reverts back to czs-stilbene.5 
Although it has been shown that the cyclization of cis-  
stilbene proceeds z'za the T.T*  singlet state,6 the mech- 
anism by vihich the dihydrophenanthrene interme- 
diate is converted to the corresponding phenanthrene 
coritinues to  be a qource of controversy. Recently, 
Srinivasan and Wlsu' suggested a free-radical process 
which leads to either 9.10-dihydrophenanthrene or di- 
rectly to the corresponding phenanthrene, depending 
upon whether the termination step involves a gain or 
los? of a hydrogen atom. In  fact. they report that  the 
313-nm srradiat2on of a degassed solution of a-phenyl- 
cinnamic acid in methanol leads directly to the 9- 
pheraanthroic acid In the absence of any oxidizer. 
In vim- of the continuing inter& in photocycliza- 

tions and the unresolved problem concerning dihydro- 
phenanthrene we have investigated the photochemistry 
of 4,5-diphenyl- and 2,4,5-triphenylimidazole a t  313 nm 
in four different solvents, in air-satura ted and degassed 
solutions. In addition l o  measuring the photochemical 
quantum yields, the luminescence spectra and quantum 
yields have also been meawred. 

Jl atevials. 4.5-DiphenyI- and 2,4,5-triphenylimid- 
azole were obtained from Aldricli Chemical Co. and re- 
crystallized prior to  use. The former was recrystal- 
lized as white needles (mp 232-233') from benzene and 
the latter a a s  recrystallized from dilute ethanol as a 

white powder (mp 273-274'). Zone-refined benzo- 
phenone from J. Hinton was used as a triplet sensitizer 
and cis-1,3-pentadiene from Chemical Samples Go. as a 
triplet quencher. Spectrograde acetonitrile, EPA, and 
hexane were used as received from :\ratheson Coleman 
and Bell. 
9,lQ-Phenanthroimidazole was prepared by refluxing 

9, IO-diaminophenanthrene with an equivalent amount 
of formic acid in xylene, and the xhile product ob- 
tained in low yield was recrystallized from dilute ethanol 
water solutions. The uv spectrum and the melting 
point (303-304') agree satisfactorily n ith the litera- 
turee8 

Small scale photolyses were performed 
in 1-cm quartz spectrophotometric cells, connected by 
a graded seal to a vacuum system (lom4 mm) and sealed 
off after degassing. Excitations a t  285 and 313 nni 
were isolated from an Osram HBO 1OOW/2 high- 
pressured mercury lamp with 10-nm half-bandn idth 
interference filters. The ferrioxalate actinometerg was 
used to measure light intensities, which were typically 
1.4 X l O I 5  quanta/sec. Large-scale photolyses were 
performed a t  concentrations of approximately M, 

Apparatus. 
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using a 450-W Hanovia medium-pressure lamp and a 
Pyrex sleeve to limit the incident wavelength region to 
values greater than 280 nm. Nitrogen gas was con- 
tinuously bubbled through the solution during the large- 
scale runs. 

The disappearance of 4,s- 
diphenyl- and 2,4,5-triphenylimidazole was followed 
quantitatively at  254 and 262 nm, respectively, with a 
Beckman DU spectrophotometer. The following 
molar extinction coefficients were used at  254 nm: 
9.0 X lo3 for the diphenylimidazole and 77 X 103 for 
9,10-phenanthroimidazole, and at  262 nm: 8.0 X 103 
for triphenylimidaaole and 56 X lo3 for 2-phenyl-9,lO- 
phenanthroimidazole. Uv spectra were recorded with 
a Bausch and Lomb Model 505 spectrophotometer. 
Flourescence and phosphorescence spectra were ob- 
tained with an apparatus described elsewhere,lOrll and 
were not corrected for the variation of sensitivity of 
the photomultiplier-monochromator combination with 
wavelength I 

The photoproduct was separated by thin layer chro- 
matography (Eastnian Iiodak or Brinkman Instru- 
ments thin layer plates with fluorescent indicator) 
using three diff rrent solvent systems: ethyl acetate, 
acetone, and 90% hexane-10% ethanol. The photo- 
product from the 4,Xiphenylimidazole photolysis was 
obtained, following large scale photolysis, by flash 
evaporation and identified by the usual spectroscopic 
methods and by comparison with an authentic sample 
of E), 1 0-phenanthroimidazole. Fractional sublimation 
was found to be ti convenient method for the separation 
of phenanthroimidazole from the diphenylimidazole. 

RWlitS 
Our initial interest in the photoexcitation of 4,s-di- 

phenylimidazole (DPI) arose from the observation that 
its fluorescence in 0.1 211 NaOH decreased with time. 
Figure 1 illustrates the change of fluorescence intensity 
occurring with 285-nm excitation. Large scale photol- 
yses were used to determine that the photochemistry 
of DPX leads to 9,10-phPnanthroimidazole (PI) and 
similarly that 2,4,5- triphenylimidazole (TPI) leads to 
2-phenyl-9,lO-phenanthroimidazole (PPI), i .e.  

Ana ly t i ca l  Procedures.  

(DPI, TPI) 
R = H, C6H, 

(PI, PPI) 

Identification of the photoproduct was made by using 
uv, ir, and thin layer chromatography and by comparison 
with an authentic sample. It was observed that in 0.1 
AI SaOH a side reaction occurs which complicates the 
photochemistry; consequently, quantitative photolyses 
were performed in its absence. The photocyclization 

l o o /  90 
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Figure 1. 
4,3-diphenylimidazole in 0.1 M NaOH (2% ethanol) 
excited a t  283 nm. 

Time dependence of the fluorescence of 
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Figure 2 .  
%phenyl-9,lO-phenanthroimidazole in ethanol, resulting 
from the photochemistry of 4,s-diphenyl- and 
2,4,3-triphenylimidazole, respectively. 

Absorption spectrum of 9,lO-phenanthro- and 

of DPI  in solvents such as ethanol, 97% hexane-3% 
ethanol, 70% water-30yo ethanol, and acetonitrile 
proceeds without any detectable side reaction. 

The photochemical formation of PI from D P I  and 
PPI from TPI is very well suited for a spectrophoto- 
metric determination of the quantum yields, since in 
most solvents the photochemistry proceeds very 
cleanly, i.e., D P I  -t PI and TPI -+ PPI.  I n  each of 
the two systems studied, the product formed does not 
undergo further photochemistry. During the photo- 
chemistry of D P I  the appearance of the photoproduct 
PI is manifested by five well-defined peaks in the uv 
spectrum which agree with the following reported ab- 
sorption peaks and molar extinction coefficients of 
9,lO-phenanthroimidazole: 254 (7.7 X IO3), 282 (1.1 X 
lo3), 300 (S.8 X loa), 324 (sh), 334 (1.5 X 103),and351 
nm (2.0 x lo3).* The absorption spectrum of the ob- 

(IO) A. Weisstuch and A.  C. Testa, J .  Phys Chem., 72,1982 (1968). 
(11) M. O'Sullivan and A.  C. Testa, J .  Arner. Chem. Soe., 92, 258 
(1970). 
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served photoproducts, PI and PPI, are presented in 
Figure 2. 

The quantum yield results in air-saturated and de- 
gassed solutions for the photocyclization of D P I  with 
313-nm excitation are presented in Table I. It is evi- 
dent that  in all cases the quantum yield is very small, 
but significantly larger in the air-saturated runs. 
Stegemeyer'2 has reported a value of = 0.07 for the 
photochemical formation of phenanthrene from cis- 
stilbene in aerated hexane at  25".  Of particular in- 
terest in the present investigation is the result that  the 
yellow dihydrophenanthrene intermediate was never 
observed during the photolysis of DPI,  and that the 
presence of air i s  not necessary for the formation of 9,lO- 
phenanthroirnidazole. 

Table 1 : 
9,lO-Phenanthroimidazole from 4,5-Diphenylimidazolea 

Photochemicd Quantum Yields for the Formation of 

la, quanta,' Photolysis 
Solvent sec time, min Ode, X 103 X 10* 

Acetonitrile 1 .60  X IO1& 100-300 0 .91  f 0 . 1  4 . 3  f 0 . 2  
70% water- 1 .32  X l O I 5  200-800 0.47 f 0.05 4 . 7  i 0 . 9  

30% etha- 
nol 

Ethanol 1 .30  x 1016 100 0 .46  2 . 0  
9775 hexane- 1.40 X lo1& 75-200 0.30 6 9  

3y0 etha- 
nol 

a XeXo 313 nm; concentration 7-8 X 10-6 M .  

In the aerated photolysis of TPI the sum of the con- 
centration of the cyclized product and unreacted TPI 
was considerably less than the initial TPI concentration 
indicating that some additional photoreaction occurs in 
the presence of oxygen. Investigations periormed by 
Dufraisse13 and White1* indicate that TPI forms a per- 
oxide upon uv irradiation in aerated solution. Conse- 
quently, quantum yields for this molecule were deter- 
mined only in degabsed solutions, where the reaction 
proceeds witlaout side effects. A summary of the re- 
sults are given in Table 11. It is seen that the quantum 
yields for TPX are in each of the three Solvent 
syetems studied This photocyclization occurs in de- 
gassed solutions without any evidence of the dihydro- 
phenanthrene intermediate as was the case with D P I  
photochemistry. An unexpected result was that the 
photochemistry of TPI in degassed diethyl ether does 
not lead to the phenanthroirnidazole, while D P I  under 
the eame conditions does. 

It has been demonstrated that the photocyclization 
of cis-stilbene proceeds via its lowest excited singlet 
state, and in general this has been true in analogs of 
~tilbenes. '-~ In  the present study we attempted to  de- 
duce the nature of the reactive state by using cis- 
piperylene as B triplet quencher and benzophenone as a 

Table 11: Photochemical Quantum Yields for the Formation 
of 2-Phenyl-9,lO-phenanthroimidazole from 
2,4,5-Triphenglimidazole in Degassed Solutionse 

Photolysis 
Solvent I,, quanta/sec time, min Q x lo* 

Ethanol 1.10 X 10l6 65-200 2 . 2  i 0 . 2  
120 2 . 2  i 0 . 3  

Acetonitrile 1.20 x 10'6 100 0 .57  f 0.07 

99.5% hexane- 1 .40  X 1016 

0.5% ethanol 

a A,,, 313 nm;  concentration 3-4 X lO--5  M .  

triplet sensitizer. A degassed solution of 7.8 x 10-5 M 
DPI  in 97% h e ~ a n e - 3 7 ~  ethanol with 0.2 M cis-piper- 
ylene irradiated a t  313 nm for 1020 min did not lead to 
any significant change in the quantum yield for the 
formation of PI. I n  addition, the fluorescence of D P I  
was unaffected by the presence of added czs-piperylene. 
PI was not formed in degassed acetonitrile solutions 
when D P I  was sensitized by triplet energy transfer 
from benzophenone (ET = 69.0 keal/mol). The ex- 
cited singlet state energy of DPI  was estimated to be 
87 kcal/mol from the mirror image plots of its absorp- 
tion and fluorescence spectrum, and the triplet state 
energy, estimated from its phosphorescence spectrum 
in EPA at  77"Ki, is 67 kcal/mol. The approximate one 
order of magnitude increase in the quantum yield for 
air-saturated solutions relative to degassed solutions 
tends to rule out a triplet mechanism. In view of the 
above results it appears that  the photocyclodehy- 
drogenation of D P I  proceeds from the lowest excited 
T,T*  singlet state. It is somewhat more difficult to 
elucidate the photoreactive state in TPI photochem- 
istry because of enhanced and undetermined photo- 
chemistry in the presence of 0.2 Ill cis-piperylene; how- 
ever, the similarity of the process with DPI and the in- 
creased quantum yields in air-sa turated solutions sug- 
gest a singlet state reaction. 

In  this photochemical investigation the fluorescence 
and phosphorescence spectra of 9,l.O-phenanthroimid- 
azole are reported for the first time. The fluorescence 
yield in ethanol, relative to a value of 0.09 for d,Z- 
tryptophan,15 was determined to be 8.35 and its phos- 
phorescence yield in EPA at  77°K %!as estimated to be 
0.08 relative to  a value of 0.90 for benzophenone.16 
The fluorescence yield of D P I  in ethanol was deter- 
mined to be 0.09, while in 0.1 Jl SaOH, @F = 0.68. 
This significant increase of fluorescence in a basic 

(12) H. Stegemeyer, Z .  Naturjorsch., 176, 153 (1962) 
(13) C. Dufraisse, A. Etienne, and J. Martel, C. R .  Acad. Scz., 244, 
970 (1957). 
(14) A. White and M. Hading, Photochem. PhotobioL., 4 ,  1129 
(1965). 
(15) V. G. Shore and A.  B. Pardee, Arch. Biochem. Biophys., 60,  
100 (1956). 
(16) N ,  J. Turro, "Molecular Photochemlatry," W. A. Beniamin, 
New York, N .  Y., 1965, p 75. 
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EMISSION SPECTRA ( 2 8 5  nm EXCITATION) 
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Figure 3. 
4,5-diphenylimidazole and 9,lO-phenanthroimidazole obtained 
with 285-nm excitation. 

Fluorescence and phosphorescence spectra of 

medium is due to the formation of the anion.” The 
phofiphorescence yield of D P I  in EPA was dctcrmined 
to be 0.02 relative to  benzophenone. The fluorescence 
and phosphorescence spectra of 4,5-diphenylimidazole 
and its photoproduct, 9,10-phenanthroimidazole, are 
presented in Figure 3 .  Noteworthy is the observation 
that there is increased structure in the fluorescence and 
phosphorescence spectrum of PI relative to DPI,  
which may be related to the restricted motion of the 
phenyl rings in forming the photoproduct. 

Discussion 
The photocyclization of stilbene and its analogs to 

phenanthrene type compounds is generally accepted to 
occur v ia  a dihydrophenanthrene intermediate, which 
is air oxidized to  the Phenanthrene.’ I n  the present 
investigation w e  have been unable to observe any evi- 
dence for the dihydrophenanthrene intermediate during 
the degassed photolyses of D P I  and TPI ;  consequently, 
i t  appears that  the formation of the phenanthroimid- 
azoles can occur directly from the phenylimidazoles 
without any oxidizer. 

The formation of PI from D P I  is enhanced by a 
factor of 20, relative to degassed runs, when photolyzed 
in air-saturated hexanti-ethanol solutions; however, it  
is very unlikely that sufficient dissolved molecular 
oxygen exists in degassed solutions, a t  the concentra- 
tions needed for the amount of phenanthroimidazole 

formed. When degassed samples of D P I  and TPI 
were opened to the atmosphere after photolysis no 
additional phenanthrene was formed. YIoore, et ul.,5 
Mallory, et u Z . , ~  and Fisher’ postulate that  oxygen 
is required to oxidize the 4a,4b-dihydrophenanthrene 
intermediate, formed by irradiation, to the corres- 
ponding phenanthrene. Moore, et al. ,b have reported 
that 0.92 mol of oxygen are consumed for each mole of 
phenanthrene formed. This type of oxidation does not 
appear to be operative in the photocyclization of DPI.  

Srinivasan and Hsu7 recently demonstrated solvent 
effects on the photocyclization of stilbene as an indica- 
tion of a free-radical mechanism, which appears to  be a 
factor in the photochemistry of DPJ and TPI. Al- 
though we are unable to account for the loss of hydrogen 
atoms in forming the phenanthrene compounds, a hy- 
drogen abstraction involving the solvent, followed by 
cyclization and aromatization, as suggested by Sriniv- 
asan and H s u , ~  could lead to formation of a species, 
which either loses a hydrogen atom to produce the 
phenanthroimidazole or undergoes a hydrogen abstrac- 
tion process to form 9,10-dihydrophenanthroimidazole, 
i.e. 

I] N 

The absence of the dihydrophenanthrene intermediate 
during the degassed photolysis of IIPI and TPI in this 
investigation suggests that  the process involving loss of 
an H atom predominates. A more definitiye mech- 
anism, however, for the loss of hydrogen atoms during 
the photochemistry of phenylimidazoles and other 
analogs of stilbene still needs to be elucidated, 

(17) H. Walbe and R. Isensee, J. Org. Chem., 26, 2789 (1961), report 
pK, = 12.80 for the loss of the proton attached to  the pyrrole nitro- 
gen. 
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