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Abstract 

The irradiation of urocanate esters in the presence of benzophenone in acetonitrile with a mercury lamp led to the formation of dimers. 
Methyl and ethyl urocanate gave a 2:1 mixture of dimethyl or diethyl c-3,t-4-di- (1H-imidazol-4-yl) cyclobutane-r- 1 ,t-2-dicarboxylate and 
dimethyl or diethyl t-3,c-4-di-( 1H-imidazol-4-yl )cyclobutane-r-1 ,t-2-dicarboxylate. The allyl urocanate gave in high yields only of diallyl c- 
3,t-4-di-( IH-imidazol-4-yl)cyclobutane-r-l,t-2-dicarboxylate. The regiochemistry of the reaction can be explained considering the frontier 
orbital interactions. The stereochemistry of the reaction can be justified on the basis of the AHt of the products. In all the cases, the most stable 
dimers were obtained. © 1998 Elsevier Science S.A. 
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1. Introduction 

Urocanic acid is a degradation product of  I -histidine and 
shows some interesting biological properties as light screen 
[ 1 ]. The esters of  urocanic acid have been used as UV screen 
and several applications have been reported in this field [ 2 -  
8]. Furthermore, the recent photochemical inactivation of  
infectious DNA by urocanic acid and its esters has been 
likewise described [9].  

Besides its biological properties, the photochemistry of  
urocanic acid and its derivatives is usually restricted to the 
study of  the cis-trans isomerization [ 10]. 

A few years ago, we reported that the photochemical irra- 
diation of  3-substituted aryl and heteroaryl 2-propenoic acid 
derivatives can undergo a photochemical dimerization if irra- 
diated in acetonitrile in the presence of benzophenone [ 11- 
14]. Furthermore, this reaction can be used also in the pho- 
tochemical dimerization of  the arylacrylonitrile derivatives 
[15].  

In this paper, we report our results on the photochemical 
dimerization of  esters of  urocanic acid. This study can give 
interesting information in a possible deactivation mechanism 
of these compounds in sunscreen preparations in the presence 
of UV-A filters (benzophenone derivatives). Furthermore, 
this photochemical procedure could represent a way of access 
to the synthesis of  the cyclobutane derivatives 1-3, isolated 
from Caribbean sponges Agelas sceptrum and A. conifera, 
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and characterised by antimicrobial and antibacterial activities 
[ 16-18]. 
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2. Materials and methods 

2.1. Methyl urocanate 

Urocanic acid (3 g, 21.7 mmoles) was dissolved in dry 
methanol (60 ml) and treated with BF3. EtzO ( 8.25 ml, 65.1 
mmoles). The mixture was refluxed under Ar for 24 h. The 
reaction mixture was treated with aqueous Na2CO3 and 
extracted four times with CH2C12. The collected organic 
phases were dried (Na2SOD and the solvent was removed in 
vacuo to give 2.9 g of pure methyl urocanate. JH NMR 
[ ( C D  3 ) 2CO ] 8:8.18 ( S, 1 H),  8.04 ( d, 1 H, J = 15 Hz),  7.96 
(s, 1 H), 6.90 (d, 1 H, J =  15 Hz),  and 4.18 ppm (s, 3 H).  

2.2. Ethyl urocanate 

Urocanic acid (3 g, 21.7 mmoles) was dissolved in dry 
ethanol (60 ml) and treated with BF3-Et20 (8.25 ml, 65.1 
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mmoles). The mixture was refluxed under Ar for 24 h. The 
reaction mixture was treated with aqueous Na2CO3 and 
extracted four times with CH2C12. The collected organic 
phases were dried (Na2SO3) and the solvent was removed in 
vacuo to give 2.9 g of pure methyl urocanate. ~H NMR 
[ (CD3)2CO ] t~: 8.20 (s, 1 H), 8.05 (d, 1 H , J  = 15 Hz), 8.00 
(s, 1 H),6.88 (d, 1 H , J = 1 5 H z ) , 4 . 1 2 ( q ,  2H,  J = 7 H z ) ,  
and 1.17 ppm (t, 3 H, J = 7  Hz). 

2.3. Al~lurocana~ 

Urocanic acid (3 g, 21.7 mmoles) was dissolved in allylic 
alcohol (60 ml) and treated with BF3'Et20 (8.25 ml, 65.1 
mmoles). The mixture was refluxed under Ar for 24 h. The 
reaction mixture was treated with aqueous Na2CO3 and 
extracted four times with CH2C12. The collected organic 
phases were dried (Na2SO4) and the solvent was removed in 
vacuo to give 2.9 g of pure methyl urocanate. ~H NMR 
(CDC13) 6:8.77 (s, 1H),  7.75 (s, 1H),  7.63 (d, 1 H , J  = 15 
Hz), 7.31 (s, 1 H), 6.48 (d, 1 H, J =  15 Hz), 5.93 (ddd, 1 
H, J~ = 8 Hz, J2 = 5 Hz, J3 = 3 Hz), 5.34 (d, 1 H, J =  8 Hz), 
5.23 (d, 1 H, J = 5  Hz), 4.69 (d, 2 H, J = 3  Hz). 

2.4. Dimerization of methyl urocanate 

Methyl urocanate ( !.38 g) was dissolved in acetonitrile 
(90 ml) in the presence of benzophenone (400 ml). The 
mixture was flushed with nitrogen for 1 h. The mixture was 
then irradiated with a 125-W high-pressure mercury arc 
(Helios Italquartz) surrounded by a Pyrex waterj acket. After 
72 h, the solid mass precipitated in the reaction mixture was 
filtered and recrystallized by EtOH-water to give 880 mg of 
dimethyl c-3,t-4-di- ( 1H-imidazol-4-yl ) cyclobutane-r- 1 ,t-2- 
dicarboxylate. ~H NMR (DMSO-dr) tS: 12.27 (s, 1 H), 8.02 
(s, 1 H), 7.32 (s, 1 H), 4.03 (s, 3 H), 3.96 (m, 1 H, J a = 9  
Hz, JB =9  Hz, J = 9 . 7  Hz, J '  =0.1 Hz), and 3.32 ppm (m, 1 
H, JA = 9Hz, JB = 9 Hz, J = 9.7 Hz, J '  = 0.1 Hz). The aceton- 
itrile derived from the reaction mixture was evaporated to 
give 430 mg of dimethyl t-3,c-4-di-(1H-imidazol-4- 
yl) cyclobutane-r- l,t-2-dicarboxylate. ~ H NMR (CDC13) 6: 
7.80 (m, 1 H), 7.58 (m, 1 H), 7.47 (m, 1 H), 3.78 (in, 1 H, 
JA = 9 Hz, JB = 9 Hz, J = 6.3 Hz, J '  = 0.2 Hz), 3.70 (m, 1 H, 
JA = 9 Hz, JB = 9 Hz, J =  6.3 Hz, J '  = 0.2 Hz), and 3.48 ppm 
(s, 3 H). 

2.5. Dimerization of ethyl urocanate 

Ethyl urocanate (3 g) was dissolved in acetonitrile (90 
ml) in the presence of benzophenone (600 ml). The mixture 
was flushed with nitrogen for 1 h. The mixture was then 
irradiated with a 125-W high-pressure mercury arc (Helios 
Italquartz) surrounded by a Pyrex water jacket. After 72 h, 
the solvent was evaporated and the crude product was chro- 
matographed on silica gel eluting with CHCI3-MeOH 85/ 
15. This way, 1.1 g of diethyl c-3,t-4-di-(1H-imidazol-4- 
yl) cyclobutane-r- 1,t-2-dicarboxylate was obtained. ~H NMR 

(DMSO-d6) t~: 7.61 (s, 1 H), 6.94 (s, 1 H), 4.93 (s, 1 
H),4.16 (q, 2 H, J = 7  Hz), 3.66 (m, 1 H, J a = 9  Hz, JB=9  
Hz, J =  9.7 Hz, J '  = 0.1 Hz), 3.45 (m, 1 H, JA = 9 Hz, JB = 9 
Hz, J = 9 . 7  Hz, J '  =0.1 Hz) and 1.24 (t, 3 H, J = 7  Hz). The 
second product from the column chromatography was diethyl 
t-3,c-4-di- ( 1H-imidazol-4-yl ) cyclobutane-r- 1 ,t-2-dicarbox- 
ylate. ~H NMR (Py-ds) 6:7.93 (s, 1 H), 7.60 (is, 1 H), 7.08 
(s, 1 H), 4.76 (m, 1 H, JA=9  HZ, JB=9  Hz, J = 6 . 3  Hz, 
J '  =0.2 Hz),4.45 (m, 1 H, JA=9Hz, Ju=9Hz, J=6.3Hz, 
J '  =0.2 Hz), 4.16 (q, 2 H, J = 7  Hz), and 1.10 ppm (t, 3 H, 
J = 7  Hz). 

2.6. Dimerization of allyl urocanate 

Allyl urocanate ( 1.5 g) was dissolved in acetonitrile (90 
ml) in the presence of benzophenone (400 ml). The mixture 
was flushed with nitrogen for 1 h. The mixture was then 
irradiated with a 125-W high-pressure mercury arc (Helios 
Italquartz) surrounded by a Pyrex water jacket. After 72 h, 
the solvent was evaporated and the crude product was chro- 
matographed on silica gel. The elution with chloroform - 
methanol 85:15 gave 1.080 g of diallyl c-3,t-4-di-(lH- 
imidazol-4-yl)cyclobutane-r-l,t-2-dicarboxylate. IH NMR 
(DMSO-dr) 6:8.64 (s, 1 H), 7.98 (s, 1 H), 6.92 (ddd, 1 H, 
J~ =8  Hz, J2=5  Hz, J3=3  Hz), 6.28 (d, 1 H, J = 8  Hz),6.20 
(d, 1 H, J = 5  Hz), 6.00 (s, 1 H), 5.65 (d, 2 H, J = 3  Hz) 
4.73 (m, 1 H, JA =9 HZ, JB =9 Hz, J=9.7 Hz, J'=O.1 Hz), 
and 4.57 ppm (m, 1 H, JA=9  HZ, JB=9  Hz, J = 9 . 7  Hz, 
J '  =0.1 Hz). 

3. Results and discussion 

The esters used in this work were prepared according to a 
previously reported procedure by using BF3- Et20 as catalyst 
[ 19 ]. The irradiation was carried out in an immersion appa- 
ratus by using a 125-W high pressure mercury arc in the 
presence of a Pyrex filter. As solvent we used acetonitrile 
according to our previous reports in this field. 

The irradiation of methyl and ethyl urocanate 4a -b  led to 
the formation of a mixture of two dimers (5a-b)  and (6a -  
b) ( Scheme I, Table 1 ). The identification of the dimers was 
performed on the basis of the 1H NMR spectra. The analyses 
of the ~H NMR spectra of the compounds 5 and 6 is reported 
in Table 2 on the basis of literature data [20]. In particular, 
we obtained from the spectra the N, L, K, and M parameters. 

N O2R + 

HI 4 MeCN ~["""~ 5 ~CO2R ~ " "  . . . . .  6 "CO2R 

a: R = CH3 

b: R = C2H5 
Scheme 1. 
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Table 1 
The photochemical dimerization of imidazol-4-yl acrylates ~ ' ~  ( ~  

Substrate Product Yield (%) ~' O .  ~-~. 

. . . / a - - ~ O . v / ~  
4a 5a 64 [H 0 MeCN N 

6a 31 ~ N A  
4b 5b 37 7 8 

6b 15 Scheme 2. 

7 8 72 

All the yields refer to isolated chromatographically pure compounds. 

Table 2 
Analysis of the AA' BB' part of the ~H NMR spectra of dimeric compounds 

Compound N L K M J J '  JA Jl~ 

Table 3 
HOMO and LUMO of imidazolyl acrylic derivatives 

Compound Electronic HOMO LUMO LSOMO HSOMO 
state (eV) (eV) (eV) (eV) 

4a So -9 .152  - 1.004 
Tt - 6.635 - 3.646 

5a 9.8 9.6 18 0 9 9 9.7 0,1 
6a 6.5 6.1 18 0 9 9 6.3 0,2 
5b 9.8 9.6 18 0 9 9 9.7 0,1 
6b 6.5 6.1 18 0 9 9 6.3 0,2 
8 9.8 9.6 18 0 9 9 9.7 0,1 

These values were used to calculate the coupling constant J 
(JAn in a A A ' B B '  system), J '  (JAB'), JA (JAA'), and JB 
(JBw), on the basis of the following equations: 

K=(JA + JB) 

M=(JA-JB)  

N = ( J + J ' )  

L = ( J - J  ') 

The obtained values for J were in agreement with a trans 
relationship between the A and B part of the system, while 
the values of Ja and JB w e r e  in agreement with a trans rela- 
tionship between A and A'  and B and B' ,  respectively, when 
the value is 9.7 Hz and in agreement with a cis relationship 
when the value is 6.3 Hz. 

The irradiation of  allyl urocanate gave an interesting result. 
In this case, the above described regio- and stereoselectivity 

resulted to enhancement. In fact, we observed the selective 
formation of  only one dimer (8) (Scheme 2, Table 1 ). On 
the basis of the analysis of the ~H NMR spectrum (Table 2), 
we could assign the trans-2, cis-3, trans-4 structure. 

These experimental data allow us to draw a conclusion. In 
spite of  the previous reported data where only the cis-trans 
isomerization of  the substrates was described, the presence 
of benzophenone (and, obviously, of  benzophenone deriva- 
tives) usually present in UV-A filter in sunscreen prepara- 
tions, can sensitize the dimerization of  urocanate esters. 

Furthermore, we have to note that the reaction showed a 
high regio- and stereochemical control. It is known that high 
regio- and stereochemical control in the photochemical 
dimerization of  cinnamic acid can be obtained irradiating in 
the solid state [21-26] .  The high stereoselectivity here, 
observed in particular in the case of the dimerization of com- 
pound 7, was not described before. 

The regiochemical behaviour can be explained assuming 
frontier orbital control of the reaction. We estimated the 
HOMO and the LUMO energies for the compound 4a by 
using PM3-RHF-CI semi-empirical method and the results 
are collected in Table 3 [ 27 ]. In fact, the best interaction 
occurs between the LSOMO of the excited triplet state and 

So-HOMO S0-LUMO 
4~.20 035 -O. l l  -0.30 

N s 
2 -o o 009 

" "( -o26 - u ~  -o.02 . - -  0.13o 
H u o25 H O 0.23 

T~-LSOMO T 1-HSOMO 

4) 12 0 36 0 07 _, 4).43 
N " o N 
1 / - - " - ~  (, 41 _()59 008 . . . .  / / - ' - - ' ~  0.16 -O..16 0~9 

41.43 ~ N ~ U ~  ,,,.~e, ~ x , / ~  /~ ' , ~ ,~ ,b ,  ~ 
005,  0 2 0   ,,TH 4,33 - 0 -4,19 - -o o, 

H 0 030 H O 0.25 

Fig. 1. LSOMO and HSOMO of Ti and HOMO and LUMO of So of compound 4a. 
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Table 4 
The heat of formation of all the head-to-head dimers of imidazolyl acrylates 

Dimer Heat of Formation (kcal mol- ~) 

Methyl ester Allyl ester 

x• - 52.42 - 8.89 

x 

X~_._~ -61.74 - 16.69 

Y 

x ~  - 54.64 - 5.48 

x Y 

x ~ _ ~  - 53.37 - 12.85 

Y 

x ~ - _ ~  -46.54 -4.21 

x ~ Y  - 48.92 - 7.71 

x 

X = 1H-Imidazol-4-yl, Y = CO2R. 

the H O M O  of  the ground singlet state. The L and H S O M O s  

for the triplet state and the H O M O  and the L U M O  for the 

ground singlet  state o f  the same molecule  are depicted in 

Fig. I. 
Therefore ,  we can see that we have a total superposi t ion 

be tween both L S O M O / H O M O  and H S O M O / L U M O  of  the 

reagents. These  data are in agreement  with the exclus ive  

formation of  head-to-head directs.  The  s tereochemical  

behaviour  of  the dimerizat ion of  methyl  urocanate can be 

expla ined calculat ing the heat o f  formation for all the possible  

head- to-head dimers.  Calculat ions  were  per formed by using 

A M  1 semi-empir ica l  method  [ 28,29 ]. The data are col lected 

in Table  4. We  can see that the obtained dimers are the more 

stable ones. Furthermore,  the difference in stability be tween 

the dimers  accounts  for the different  yields observed.  

In allyl ester, the compound  which showed the highest  

s tereoselect ivi ty and the data col lected in Table  4 are in agree- 

ment  with the format ion o f  the compound  8; in fact, it is the 

more  stable dimer.  In this case, the d imer  corresponding to 

the compound  6a  was not obtained, and the data reported in 

Table 4 are in agreement  with this result; in fact, this d imer  

showed that AHf = - 5.48 kcal t o o l -  ~ and this value is high 

if compared  with the AHf  of  the compound  8 ( - 16.69 kcal 

m o l -  ~). 

Furthermore,  we did not  observe the formation o f  a d imer  

with A H f =  - 12.85 kcal  m o l -  t. In this case, the pho tochem-  

ical behaviour  of  the substrate seems exclude  the format ion 

o f  dimers  with a cis relat ionship between two imidazolyl  

rings. On the basis o f  our  results we can not explain this 

selectivity.  

4. C o n c l u s i o n  

In conclusion,  we have seen that urocanate esters can give 

dimerizat ion reaction in the presence o f  benzophenone.  This 

result  could preclude the use of  these compounds  in sunscreen 

in the presence  o f  benzophenone  derivatives.  Furthermore,  

the dimerizat ion shows an interesting s tereoselect ivi ty  that 

can be expla ined consider ing the frontier  orbital interaction 

and the heat o f  formation of  the products.  Finally,  the ster- 

eose[ect ivi ty o f  the reaction o f  the allyl urocanate offers an 

interesting substrate for the synthesis o f  the naturally occur-  

ring cyclobutane der ivat ives  1-3.  
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