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The corresponding semiquinone radicals  are  formed via a one-photon reaction during the i r -  
radiation of pyridine,  quinoline, isoquinoline, pyrazine,  pyrimidine,  quinoxaline, and acridine 
in neutral  hydrogen-containing solvents such as ether,  methanol, or  ethanol. In all cases ,  the 
dissolved substance in the nr*-exci ted  (usually singlet) state splits out a hydrogen atom from 
the solvent. Six-membered monoaza aromat ic  compounds on irradiat ion in methanol acidified 
with HC1 are converted to the same semiquinone radicals as in neutral  media, but via a two- 
photon p rocess  consist ing of e lectron t rans fe r  f rom an alcohol molecule to the higher excited 
triplet  state of the protonated monoaza aromat ic  compound. The corresponding cation radi-  
cals are formed by UV irradiat ion of pyrazine,  quinoxaline, and phenazine in methanol acid- 
idified with HClo Six-membered o-diaza  compounds of the phthalazine and cinnoline type do 
not react  with ether  in the absence of a ketone, which acts as a chemical  sensi t izer .  How- 
ever,  they react  with methanol via a two-photon mechanism in which the f i rs t  step is proton-  
ation of the dissolved substance,  which is followed by e lec t ron t ransfer .  

Many papers  devoted to photochemical  substitution reactions of aza aromat ic  compounds with hydro-  
gen-containing solvents have been published in the last decade [11o P r i m a r y  reaction products - photoaddi- 
tion products  that are usually unstable under the experimental  conditions - were isolated in some cases [11. 

The photochemical react ion with acridine has received the most  study [1]. Acridan, diacridanyl,  and 
9-substi tuted 9, 10-dihydroacridan (scheme 1) are  formed in different ratios as a function of the solvent when 
acridine is i r radia ted in ether,  alcohol, or hydrocarbons .  
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We have studied photosubstitution in the case of the following reactions. 1) Photosubstitution of pyri- 
dine by cyclohexane [2] yielded 2-and 4-cyclohexylpyridines and dicyclohexyl (scheme 2): 

This paper was presented by A. Lablache-Combier  at the Euehem conference on the chemis t ry  of hetero-  
cyclic compounds (Grande Motte, France,  April 24-27, 1973). 
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Fig. 1 Fig. 2 Fig. 3 

Fig. 1. ESR spec t ra :  a) 0.1 M solution of quinoline in methanol; b) the same solution 20 rain af ter  i r r a d i a -  
tion; c) 0ol M solution of quinoline in ether;  d) 0.4 M solution of quinoline in e ther .  

Fig. 2. Kinetics of the format ion  of radica ls  f rom var ious  aza  a romat ic  compounds in 0.5 M methanol so-  
lution at 113~ (the concentrat ion units were  selected a rb i t r a r i ly ) :  a) 0~ M quinoxaline; b) 0.4 M quinoline; 
c) 0.6 M isoquinoline; d) 1.4 M pyrazine; e) > 1o5 M pyridine; f) > 1.5 M pyrimidine, 

Fig. 3. ESR spectra: a) solution of quinoline in CH3OH; b) solution of quinoline in CD3OD; c) solution of 
2-methylquinoline in CH3OH; d) solution of 2-methylquinoline in CD3OD~ 
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Fig. 5 Fig. 4 Fig. 6 

Fig. 4. ESR spec t ra :  1) 9-phenylacridine in CH3OH; 2) 9-phenylacr idine  in CD3OD; a) exper imenta l  spec t ra ;  
b) theore t ica l  spec t r a  (0.4 M at 193~176 

Fig. 5. ESR spect ra :  1) 9-phenylacridine in CH3OH; b) 9-phenylacr idine  in CD3OD (0.2 M, l13~ 

Fig. 6. ESR spec t r a  of rad ica l s  formed during UV i r radia t ion  of 0~ M solutions of 9--phenylacridine: a) 
rad ica l  X-H (CH~OH solvent); b) rad ica l  X-D (CD3OD solvent) c) mixture  of radica ls  X-H and X-D [CH3OH + 
CD30D solvent (i:I)]. 

S c h e m e  2 
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2) The photochemical  substi tution of quinoline by cyclohexane and of quinoline and some of its methyl-  
substi tuted der iva t ives  by e the r  [3] gave 2- and 4-subs t i tu ted  compounds when methyl  groups were  absent  
in these  posi t ions.  The photochemical  react ion  of 8-methylquinoline with neut ra l  ethanol gave equal amounts 
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of the 2-(a Zayd roxyethyl) de rivative and 1,2,3,4- tetrahydroquinoline.  
in the case of quinoline [41 (scheme 3): 

Only aromatic compounds are formed 

Scheme 3 ~C2H5 
(C2H5) 2 O 

C4R 9 - s 

2 O <'/o 10 ~ 

C2HsOH ~.,. - [ ~  C(CH3)OC2H5 + ~ H  CH(OH)CH 3 
1.5 ~ 2 0 ~ 

3) In the photochemical  substitution of isoquinoline by ether  [31, substitution occurs  only in the 1 pos-  
ition (scheme 4), and 1-methylisoquinoline does not react :  

Scheme 4 

(C2H5) z O 

CH3CHOC2H5 

5 ~ 

4) In the photochemical  substitution of pyrazine by cyclohexane, the products  are 1-cyclohexylpyrazine 
and dicyclohexyl (scheme 5 ) :  

Scheme 5 
h'q % _p 

C6H12 

8o/o 70~ 

+ Polymers 

5) In the photochemical  substitution of quinoxaline by ether,  the reaction products  [61 are  2-(1-ethoxy- 
ethyl)quinoxaline and 2-ethylquinoxaline (scheme 6): 

Scheme 6 

(C2Hfi)20 
C H (O C2H~,) C H 3 C2H5 

21 ~ 2 ~ 

The s t ruc tures  of the compounds obtained suggest a radical mechanism for the occur rence  of these 
photochemical  react ions.  F rom the numerous studies devoted to the flash photolysis of acridine,  it was 
concluded that radicals  of the I type are  intermediates in these reactions [1]. However, 4 years  ago, when 
we began our studies, there had been prac t ica l ly  no ESR studies of these photochemical  reactions nor spec- 

H 

t ra l  studies of the one- and two-ring compounds, and the mechanisms of the photochemical subst i tut ion-ad-  
dition react ions were interpreted in analogy with the photochemical  reactions of acridine.  Our goal was to 
confirm that radicals  a re  the intermediate  par t ic les  in these react ions,  to charac te r ize  them, and to estab- 
lish the mechanism of their  formation and, consequently, the mechanism of the photochemical  substitution- 
addition react ions .  

STRUCTURE OF THE RADICALS FORMED IN NEUTRAL MEDIA 

Electron-spin-resonance signals are observed when pyridine, quinoline, isoquinoline, acridine, pyra T 
zinc, pyrimidine,  quinoxaline and some of the i r  metayl-subst i tu ted derivat ives in ether,  methanol, o r  ethanol are 
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T A B L E  1. E x p e r i m e n t a l  S e c o n d a r y  M o m e n t s  of H a d i c a t s  F o r m e d  
d u r i n g  UV I r r a d i a t i o n  of Aza  Compounds  in CHaOH and CD3OD at  
l13~ 

Compound 

Quinoline 

2 -Methylquinoline 

4-Methytqninoline 

2,4-Dimethylquinoline 

Isoquinoltne 

3 -Methylisoquinoline 

S o l v e n t  M 2 A M  2 

CHaOH 
CD3OD 
CHaOH 
CD~OD 
CHaOH 
CDaOD 
CHaOH 
CDaOD 
CHaOH 
CDaOD 
CHaOH 
CD3OD 

88 
76 
95 
82 

127 
114 
134 
121 
81 
73 
82 
75 

12 

13 

13 

13 

8 

7 

T A B L E  2. E x p e r i m e n t a l  S e c o n d a r y  M ome n t s  
(G 2) of R a d i c a l s  F o r m e d  d u r i n g  UV I r r a d i a -  
t ion of Quino l ine  and I soqu ino l ine  in V a r i o u s  
So lven ts  a t  l13~ * 

Solvent 

Methanol 
Ethanol 
Ether 

Quinoline Isoquinoline 

100 92 
102 95 
112 --T 

# 

C a l c u l a t e d  with a l l owance  fo r  the fac t  tha t  
g = 2.0023 at  113~ 
t T h e  s e c o n d a r y  m o m e n t  cannot  be  m e a s u r e d  
a c c u r a t e l y  b e c a u s e  of the low i n t e n s i t y  of the 

s i gna l .  

T A B L E  4. S e c o n d a r y  M o m e n t s  of the Rad -  
i c a l  F o r m e d  d u r i n g  UV I r r a d i a t i o n  of 9- 
P h e n y l a c  r i d i n e  (l13~ 

rl i 

Secondar moment 
Solvent 

Methanol 
d4-Methanol 
Ethanol 
Ether 

exptl, theoretical 

42 
38 31 
41 
45 

T A B L E  3. T h e o r e t i c a l  and E x p e r i m e n t a l  
S e c o n d a r y  M o m e n t s  of t he  R a d i c a l s  F o r m e d  
by  I r r a d i a t i o n  of Some Azo Compounds  
(CD3OD, 113~ 

Compound 

Quinoline 
2 -Methylquinoline 
4-Methylquinoline 
2,4-Dimethylqulnoline 
Isoquinoline 
3 - Methylisoquinoline 

Secondary moment 
theoretical ] exptt. 

72 
75 

114 
116 
68 
70 

76 
82 

I14 
12[ 
73 
75 

i r r a d i a t e d ,  but  only  in g l a s s  m a t r i c e s .  The  ESR s i g n a l s  
t h e r e f o r e  do not  have  h y p e r f i n e  s p l i t t i n g  and cannot  be  
a n a l y z e d  by  the u sua l  me thod .  Le t  us  c o n s i d e r  the 
p r o b l e m  of the  i d e n t i f i c a t i o n  of the s t r u c t u r e  in the 
c a s e  of qu ino l ine .  Th i s  me thod  was  a l s o  u sed  fo r  the 
r e s t  of the  i n v e s t i g a t e d  c ompounds .  The  b r o a d  band 
of the ESR s p e c t r a  ob ta ined  at  77~ by  UV i r r a d i a t i o n  
with  a P h i l i p s  Sp 500 l a m p  of a v e r a g e  p r e s s u r e  of 0.1 
M so lu t ions  of quinol ine  in me thano l ,  e thano l ,  o r  e t h e r  
is  due to the  s u p e r i m p o s i t i o n  of the s i g n a l s  of r a d i c a l s  
of the d i s s o l v e d  s u b s t a n c e  and the s o l v e n t  [7]~ 

When  m e t h a n o l  is  u sed  a s  the so lven t ,  a m e t h y l  r a d i c a l  is  f o r m e d ,  w h e r e a s  when e t h e r  is  used  as  the 
s o l v e n t ,  an  e thy l  r a d i c a l  i s  f o r m e d  (F ig .  1, s p e c t r a  a and C)o I f  the  i r r a d i a t e d  so lu t i on  is  a l lowed  to s tand  
in the d a r k ,  the m e t h y l  r a d i c a l s  v a n i s h  a f t e r  20 min ,  and only  the s igna l  of the r a d i c a l  of the d i s s o l v e d  sub-  
s t a n c e ,  which  does  not  have  h y p e r f i n e  s p l i t t i n g  (F ig .  l b ) ,  r e m a i n s .  The  c o n c e n t r a t i o n  of e thy l  r a d i c a l s  d e -  
c r e a s e s  when a 0.4 M quinol ine  so lu t i on  r a t h e r  than a 0.1 M so lu t i on  is  u sed .  Th is  is  a g e n e r a l  p r o p e r t y .  
A l i m i t i n g  c o n c e n t r a t i o n ,  above  which  one canno t  d e t e c t  so lve n t  r a d i c a l s ,  e x i s t s  fo r  e ach  of the i n v e s t i g a t e d  
c o m p o u n d s .  As  shown in F ig .  2, one o b s e r v e s  a d e p e n d e n c e  be tw e e n  the k i n e t i c s  of f o r m a t i o n  of r a d i c a l s  of 
the  d i s s o l v e d  s u b s t a n c e  and th i s  l i m i t i n g  c o n c e n t r a t i o n .  We e x p l a i n  the  a b s e n c e  of so lve n t  r a d i c a l s  a t  high 
c o n c e n t r a t i o n s  of the d i s s o l v e d  s u b s t a n c e  b y  t h e i r  r a p i d  r e c o m b i n a t i o n .  Th i s  r e c o m b i n a t i o n  p r o c e e d s  m o r e  
r e a d i l y  when l a r g e  amoun t s  of r a d i c a l s  a r e  f o r m e d  (for high c o n c e n t r a t i o n s  of the d i s s o l v e d  subs t ance )  than 
when s m a l l  amoun t s  a r e  f o r m e d  (for low c o n c e n t r a t i o n s  of the d i s s o l v e d  subs t ance )  [6]. (We a s s u m e  tha t  
the so lven t  r a d i c a l s  a r e  f o r m e d  a s  a r e s u l t  of  p h o t o c h e m i c a l  r e a c t i o n  of the d i s s o l v e d  s u b s t a n c e . )  
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The solvent radicals are not stable enough at II3~ to be detectable by means of ESR spectroscopy, 

and only the signals of the dissolved substance remain~ We carried out all of our subsequent ESR experi- 
ments at this temperature. From the structures of the products of the reactions of quinoline with ether [3] 

and alcohol (scheme 3), two types of radicals - radical 17 or radicals Ilia, b [7] - can be formed as inter- 

mediates in the investigated photosubstitution reactions. The formation of an anion radical is excluded: 

R N H H 

H �9 H �9 H 

As shown in Fig. 3, the ESR signals obtained during UV irradiat ion of quinoline or  2-methyl quinoline in 
CH3OH do not coincide with the signals obtained when CD3OD is used as the solvent. This is evidence that 
a port ion of the solvent is included in the radical  of the dissolved substance~ 

To confirm the s t ruc tures  of these radicals ,  we had to use the method of secondary moments .  The 
experimental  secondary  moment of the ESR signal, M2, is 

c~ 

M2 =~AH~G (H) dH, 
0 

where G(H) is the absorption curve,  and H is the magnetic field, 

It is shown in Table 1 that the difference between the secondary moments  in CH3OH and CD~OD is al- 
most  constant in a single ser ies  of quinoline and isoquinoline derivat ives.  The experimental  secondary mo- 
ments for quinoline and isoquinoline in methanol and ethanol are  a lmost  identical (broadening of the spec-  
t rum bee.ause of the effects of the matr ix  and saturation of the signal [81 is observed in ether) (Table 2). 
F rom the data in these two tables, one can exclude radicals  IIIa and IIIb (Tr or  o'), inasmuch as in radical  III 
0r), the constant of the interaction of the hydrogen atoms with the sp3-hybridized carbon atom should have a 
high value~ For  IV [91 it is 61.6 G and, consequently, the experimental  secondary moment should be higher 
than the observed value. Fu r the rmore ,  when R = CH2-OH, the methylene protons are  found in the Y posi-  
tion, and their  interaction constant is less than 1 G [10]; in this case,  the difference between the exper imen-  
tal secondary  moments  in CH3OH and CD3OD should be considerably less than the observed 13 G 2 (Table 1). 

In radicals  III (o'), the hyperfine interact ion constant of the nitrogen atom should have a value on the 
order  of 50 G - it is 52.5 G [11] for the pyridine cation radical  - and the ESR spectrum consequently should 
be considerably b roader  than the spect rum observed.  

The data in Table 1 and 2 cor respond to radical  IIo To confirm this hypothesis,  we calculated the 
theoret ical  secondary moment of this radical ,  in which the nitrogen atom is in the sp2-hybridized state. 
According to [12], the secondary  moment of radicals  of the II type is 

(y2 
M~=M2H+M~,r ~ q-M2N+M2NH, 

where M2H and M~g, respect ively ,  are  the contributions of the hyperfine interaction of hydrogen and anisot-  
ropy g, 0- i's the width of the band of a single crys ta l ,  and M2N and M2N H pertain to the hyperfine interaction 
of the nitrogen atom and the hydrogen atom bonded to it. 

In analogy with previous ESR studies, we have assumed that [7] 

~/ I2N _ D ~,'~--" 0 ,  

M2H =Eni174pi, 
i 

where Pi is the spin density on the carbon atom bonded to the hydrogen atom, n i is the number of hydrogen 
atoms bonded to carbon atom i, M2N = 914pzN (PN is the spin density on nitrogen), ~2/4 = 6 G 2, and M2g = 
4 G 2. 

For  the methyl der ivat ives  we assumed that M2CHo = 495Pt2, where Pt is the total spin density a s so -  
ciated withthe methyl groupo The spin densit ies were calculated by the method in [13], during which we as-  
sumed that [71 

759 



T A B L E  5. Spin D e n s i t i e s  of Semiqu inone  R a d i c a l s  F o r m e d  f r o m  

Qu ino l ine s  and I s o q u i n o l i n e s  

�9 ,. i 2-Methyl- 4-Methyl- 
Position [ Qumoune i quinoline quinoline 
. . . . . . . . . . . .  , . . . . . . . . . . . .  

1 ] 0,1566 
2 I 0,2109 
3 I --0,0250 
4 I 0,3634 
5 0,1837 
6 i -0,0065 
7 [ 0,0791 
8 i 0,1037 

0,1320 
0,1833 
0,0101 
0,3568 
0,1966 

--0,0151 
0,0931 
0,1001 

0,1345 
0,2135 

--0,0443 
0,3726 
0,1996 

--0,0119 
0,0880 
0,1115 

2,4- Isoquinoline Dimethyl- 
quinoline 

0,1130 
0,1825 

--0,0130 
0,3658 
0,2132 

--0,0209 
0,1036 
0,1088 

3-Methyliso- 
:quinolifie 

0,4042 0,4084 
0,1007 0,1095 

-0,0510 -0,0495 
0,1507 0,1396 
0.t178 0,1124 
0,1216 0,1247 

-0,0295 --0,0334 
0.2476 0,2486 

T A B L E  6. R a d i c a l s  F o r m e d  d u r i n g  UV I r r a d i a t i o n  of 9 - P h e n y l -  
a c r i d i n e  (233~ l iqu id  phase),  and Quinoxa l ine  ( l13~ g l a s s )  

Solvent 9-Phenylacridine Quinoxaline 

CHaOH 
CH3OD 
CDaOD 
CD3OD 
CH~OH (50)-CHsOD (50) 
CH~OH (80)-CH3OD (20) 

X-H 
X-D 
X-H 
X-D 
X-H (50)--X-D (50) 
X-H (80)-X-D (20) 

VIII-H 
VIII-D 

a 

G 

F ig .  7. ESR s p e c t r a  ob ta ined  by  i r r a -  
d i a t i on  of a 0.4 M so lu t i on  of 4 - m e t h -  
y lqu ino l ine :  a) in n e u t r a l  CD3OD; b) in 
a 0~ M so lu t ion  of  DC1 in CD3OD; c) 
in twofold d i lu ted  (CD3OD) so lu t ion  b .  

,aN=,~C+0.9~C-C; ~C--N=~C--C; ~=1,2, 

w h e r e  a N  is  the c o u l o m b i c  i n t e g r a l  of the n i t r o g e n  a tom,  o~ C 
i s  the c o u l o m b i c  i n t e g r a l  of the c a r b o n  a tom,  fi C-C is the r e s -  
onance  i n t e g r a l  of  the  C - C  bond,  f iC-N is  the r e s o n a n c e  i n t eg -  
r a l  of t he  C - N b o n d ,  and ~ is  the p a r a m e t e r  of  the i n t e r a t o m i c  
exchange  i n t e g r a l .  

To c a l c u l a t e  the sp in  d e n s i t y  a s s o c i a t e d  with the m e t h y l  
g roup  we used  a h y p e r c o n j u g a t i o n  m o d e l  wi th  an induc t ive  e f -  
fec t  [7]. 

The e x p e r i m e n t a l  and t h e o r e t i c a l  s e c o n d a r y  m o m e n t s  
fo r  the II r a d i c a l  o r  i t s  m e t h y l  d e r i v a t i v e s  co inc ide  s a t i s f a c t o r -  
i ly  in the c a s e  of qu ino l i ne s ,  and the e x p e r i m e n t a l  and t h e o r e t -  
i c a l  s e c o n d a r y  m o m e n t s  fo r  the V r a d i c a l  o r  i t s  3 - m e t h y l  d e -  
r i v a t i v e  c o i n c i d e  s a t i s f a c t o r i l y  in the c a s e  of i soqu ino l i ne s  
(Table  3)~ 

On the b a s i s  of s i m i l a r  e x p e r i m e n t s  and c a l c u l a t i o n s  fo r  
o t h e r  compounds  we a r r i v e d  a t  the c o n c l u s i o n  tha t  on i r r a d i a -  

t ion in e t h e r ,  n e u t r a l  m e t h a n o l ,  o r  e thano l ,  p y r i d i n e  f o r m s  r a d i c a l  VI [2], p y r a z i n e  f o r m s  r a d i c a l  VII [6], 
qu inoxa l ine  f o r m s  r a d i c a l  VII I -H [6], p y r i m i d i n e  f o r m s  r a d i c a l  IX [14], and a c r i d i n e  f o r m s  r a d i c a l  I [15], as  
p o s t u l a t e d  by  f l a sh - .pho to ly s i s  e x p e r i m e n t s  [1]. In a l l  of t he se  r a d i c a l s  the n i t r o g e n  a t o m  bonded  to the h y -  
d r o g e n  a t o m  is sp2--hybridizedo 

C6H 5 

H , e p  
I H I H H A A 

V__ ~ Vl._~ Vl,--i-H A=H ~ ~-a A=H 
VII---~- D A= D ~ -  D A= D 

In the c a s e  of 9- -phenylacr id ine  [15], we w e r e  ab l e  to v e r i f y  the v a l i d i t y  of m a n y  of the p a r a m e t e r s  used  in 
the c a l c u l a t i o n s ,  i n a s m u c h  as  th i s  compound  f o r m s  r a d i c a l s  that  a r e  s t a b l e  in the  l iqu id  p h a s e  on i r r a d i a -  
t ion in e t h e r ,  m e t h a n o l ,  o r  e thano l .  The  e x p e r i m e n t a l  s p e c t r a  of CH3OH and CD3OD so lu t i ons  and the c a l c u -  

l a t ed  s p e c t r a  c o i n c i d e  (F ig .  4). The  r a d i c a l  o b s e r v e d  in CH3OH is  undoub ted ly  X-H, whi le  tha t  o b s e r v e d  in 
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CD3OD is undoubtedly X-D. When the experiment  is ca r r i ed  out in a glass matr ix  at 113~ (the conditions 
under which the spec t ra  of all of the compounds that we studied were recorded),  the hyperfine splitting of 
the signals of the 9-phenylacridinyl  radicals  X-D and X-H vanishes (Fig~ 5), and they take on the form of 
the signals cha rac te r i s t i c  for  the radicals  of other compounds. The experimental  secondary moment and 
the theoret ical  moment  of the X-D radical  calculated with the same pa ramete r s  as those used for  quinoline 
and other  investigated compounds are  in good agreement  [151 (Table 4). 

F rom the resul ts  of these experiments  we concluded that the pa rame te r s  used for the calculation of 
the theoret ical  secondary  moments  of the radicals  formed from quinoline and other compounds were accu-  
ra te ly  chosen and, consequently, that the s t ruc tures  postulated by us are  cor rec t .  

MECHANISM OF THE PHOTOCHEMICAL REACTIONS IN NEUTRAL MEDIA 

Nonpolar Aprotic Hydrogen-Containing 

Solvents 

It is well known that the mechanism of photochemical  substitution of s ix-membered aza aromat ic  com-  
pounds by ether  implies splitting out  of a hydrogen of the solvent by the nr*-exci ted state of the dissolved 
substance [1, 16]. All of these react ions are  one-photon reactions [81, and their  mechanism is s imi lar  to 
the mechanism of the photochemical  reaction of quinoline, which is depicted in scheme 7. A dependence 
exists between the s t ruc ture  of the isolated products  

Scheme 7 

ether  + C H3--~ H-- OC2H5 
H 

[ ~ H  \CH(OC2Hs) CH 3 

~\CH(Or CH 3 

-}- ~ Oc2H5 

H 

Jr- ~ Oc2H5 

(schemes 1-6) and the spin density calculated for semiquinoline radicals I, II, and IV-X: as shown in Table 
5, recombination between the semiquinone radical and the solvent radical for quinoline and isoquinoline 
occurs at the carbon atoms with the highest spin density (C-2 and C-4 of quinoline, and C-1 of isoquinoline) 
[7]~ Similar dependences were obtained for pyridine [2], pyrazine [5], pyrimidine [14], quinoxaline [6], acri- 
dine, and 9-phenylacridine [15]o 

In the case of 4-methylquinoline [3] and quinoxaline [6], primarily 2-(1-ethoxyethyl) derivatives are 
obtained in addition to 2-ethyl-substituted compounds (their ratio in the first case is 5 and 40%)~ It is pos- 
sible that they are formed not by recombination of the semiquinone and ethyl radicals, which is observed 
at 77~ by ESR spectroscopy, but rather are the photochemical products of a Norrish reaction of the II type, 
which takes place with the primary products [3, 4] (scheme 8). If recombination were to occur, ethyl-sub- 
stituted compounds would be obtained in all cases and one should expect the formation of 4-substituted de- 
rivatives. 

CH 3 Scheme 8 CH 3 

/ell 3 
v " N -  - c - H  ~'~N/.~c'--H 

I H I H. /0 .f6 
CH CH 

I I CH 3 CH 3 

--CH3CHO [~~HCHCH3 C2H5 
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M e t h a n o l  a n d  E t h a n o l  

In polar  solvents the n~* transi t ions are  shifted to lower wavelengths, while the ~r* transit ions are  
shifted to higher  wavelengths [17], and formation of semiquinone radicals  via the same mechanism as in 
ether or cyclohexane is therefore  not apparent.  The radicals  formed during i r radiat ion of 9-phenylacridine 
in the liquid phase at 233~ and during irradiat ion of quinoxaline in a glass matr ix at l13~ are  shown in 
Table 6. These compounds were selected because radicals  VIII-H and VIII-D, X-H and X-D, or  mixtures 
of them are readily distinguished in them (Fig. 6). In methanol or in deuteromethanol the hydroxyl hydrogen 
of the alcohol is linked with the ni trogen of the semiquinone radical  [18]. Rapid exchange occurs  between 
this hydrogen and the hydroxyl hydrogen of methanol: radical  X-D is formed during irradiat ion of 0.2 M 
solutions of 9~phenylacridine in a mixture of CH3CH2OCH2CH 3 and CH3OD even when the methanol concentra-  
tion is 1%. Similar results  were obtained for a 0.4 M solution of quinoxaline at l13~ When the methanol 
concentration in ether  is 1%, it is absolutely obvious that the f irst  step is photochemical  reactions with 
ether  181. 

This sor t  of rapid exchange, even in a glass matr ix at l13~ seems strange a pr ior i .  Kellog has 
reported that 1-hydro~-deutero-3,5-diearbethoxypyridine is formed in the i r radiat ion of XI in CH3CH2OD 
(scheme 9)~ RadicalXIH is possibly an intermediate in this reaction and d~)es not exchange the ni trogen- 
bonded hydrogen for deuterium from the hydroxyl group of the solvent [19, 20]. 

Scheme 9 
D H H 

CH~ j -N ' :  "CH.~ . o C H ~  "N" " C H ,  CH  3" N " C H  3 
H ~ ~ H ~ H 

Because of the rapid exchange, one cannot establish which of the hydrogen atoms of methanol is ini- 
tially bonded to the nitrogen atom of the semiquinone radical .  Consequently, one cannot determine whether 
the mechanism of the photochemical  react ions of s ix -membered  aromat ic  compounds with methanol is the 
same as that in the react ion with ether  or  another solvent. This problem will be solved in the future. 

MECHANISM OF PHOTOCHEMICAL REACTIONS IN HCI-ACIDIFIED ALCOHOL 

Six-Membered Monoaza Aromatic Compounds. 

Structures of the Radicals Formed in 

Acidified Methanol 

It is considerably more difficult to determine the structures of radicals formed during UV irradiation 
of six-membered monoaza aromatic compounds in acidified CH3OH than the structures of radicals formed 
in neutral solution. The signal for pyridine is small as compared with the noise level. Nevertheless, when 
the pyridine and HCI concentration is 1.5 M (in CH3OH), one can conclude that the ESR spectrum obtained 
at II3~ does not correspond to radical XIV or to the cyclohexadienyl radical formed by the addition of a 
hydrogen atom to the ring-carbon atom - in this case the signal would be greater than the observed signal 
[8, 21]o The spectra obtained in neutral CH3OH and during irradiation of dFpyridine in CD3OD and DCI re- 

call the spectra obtained by irradiation of ds-pyridine in CD3OD [2]. 

H H 

x~_._2v 

The ESR spectra  observed during irradiat ion of a 0.4 M solution of quinoline in 0.4 M acidified 
CH3OH at 113~ are broad bands devoid of hyperfine splitting, but they are  na r rower  than those observed 
in the spectra  of solutions in neutral  methanol. This cannot be the signal of a radical  of the XV type that 
was proposed by Stermitz and co-workers  to explain the mechanism of the photochemical reaction of quin- 
oline with HCl-acidified ethanol (scheme 10) (other reactions of this type have also been descr ibed I1, 4, 8, 
211). The signal of this radical  
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would be b r o a d e r  than that of r ad i ca l  lI and, consequent ly ,  that of the obse rved  s ignal .  The ESR s p e c t r u m  
obse rved  dur ing UV i r r a d i a t i o n  of 0.4 M solut ions of 4-methylquinol ine  in a 0.4 M solut ion of DC1 and 
CD3OD di f fe rs  f rom the s p e c t r u m  of a solut ion in neu t ra l  CD3OD, but the r eco rded  spec t rum is ve ry  c lose  
to the s p e c t r u m  of a solut ion in neu t ra l  CD3OD (Fig,  7) upon twofold dilution of  the solut ion with CD3OD [8, 
21]. S imi l a r ly ,  the s p e c t r a  of quinoline,  isoquinol ine,  and 9 -phenylac r id ine  in HCl-ac id i f i ed  methanol  at 
low acid and solution concen t ra t ions  coincide with the s p e c t r a  in neu t ra l  methanol .  This p roves  that iden- 
t ica l  semiquinone r a d i c a l s  a r e  formed during i r r a d i a t i o n  of s i x - m e m b e r e d  a r o m a t i c  compounds in neu t ra l  
and ac id i f ied  methanol~ The na r rowing  of the s ignal  at high concent ra t ions  is a s soc i a t ed  with e l e c t r o n -  
exchange p r o c e s s e s ,  as shown in scheme 11 for  auinoline,  r a t h e r  than with exchange of the hydrogen atom 
at tached to the n i t rogen atom with the solvent .  If this so r t  of exchange occurs  suff ic ient ly  rap id ly ,  this hy- 
drogen a tom will  not p a i r  up with the e l ec t ron .  In the case  of the deu te r ium atom, the d i sappea rance  of 
this pa i r i ng  will  have a ve ry  s l ight  effect  on the form of the spec t rum;  this does not ac tua l ly  occur  (Fig.  7) 

[8, 211o 

S c h e m e  II 

H H H H 

We have p r ev ious ly  shown that this  so r t  of e l ec t ron  exchang e occurs  in the case  of anion r ad i ca l s  [23] and 
cat ion r a d i c a l s  [24], for  example ,  cat ion r ad i c a l  XVI [25]. 

C H300C - - ~ 1 - -  C H2C H 2C H2- -~ I~ '~  COOC H3 

XVI 

M e c h a n i s m  of P h o t o c h e m i c a l  R e a c t i o n s  

i n  H C 1 - A e i d i f i e d  A l c o h o l  

The UV i r r a d i a t i o n  of s i x - m e m b e r e d  monoaza a r o m a t i c  compounds in neu t ra l  and HCl-ac id i f ied  meth-  
anol leads  to ident ica l  r a d i c a l s ,  but t he i r  format ion  in the f i r s t  ca se  is the r e su l t  of a one-photon reac t ion  
[2, 6-8, 14, 15], whereas  in the second case  it is the r e su l t  of a two-photon reac t ion  [8, 211. Nei ther  s e m i -  
quinone r a d i c a l s  nor  the t r i p l e t  of the d i s so lved  subs tances  that a r e  obse rved  when HC1 is used a re  observed  
when hydr iodic  acid is used .  The p r e s e n c e  of HI cons ide rab ly  reduces  the l i fe t ime  of the t r i p l e t  but has  
l i t t le  effect  on the Quantum yie ld  [26]. This con f i rms  the a s sumpt ion  that in HCl-ac id i f ied  methanol  s e m i -  
quinone r a d i c a l s  a r e  formed only as a r e su l t  of two-photon p r o c e s s e s  and not as a r e su l t  of s imul taneous ly  
occu r r i ng  one- and two--photon p r o c e s s e s .  Cons ider ing  the photochemical  r e a c t i v i t i e s  of aza compounds - 
only the n~r* s ta te  can r ead i ly  sp l i t  out hydrogen [1, 16, 27] - and the fact that semiquinone r ad ica l s  a r e  
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formed in HCl-acldified methanol, it can be concluded that the mechanism of the photochemical  reaction of 
s ix -membered monoaza aromatic compounds with HCl-acidified ethanol differs from the mechanism pro-  
posed by Stermitz in the case  of quinoline [221 (scheme 10). The reaction might have occurred through en- 
ergy transfer from the molecules  of the dissolved substance (XVII) to the solvent molecules  with subsequent 
dissociation of the excited state of the solvent molecule and addition of the resulting H" radicalto the unpro- 
tonated molecule,  as shown in scheme 12 in the ease of the reaction with quinoline~ Similar p r o c e s s e s  in- 
volving energy transfer and ethanol dissociation were noted in the irradiation of ethanol solutions of naph- 
thalene [28]. The same mechanism was proposed to explain the photochemical  reactions of pyrazolopyrimi-  
dines with HCl-acidified methanol [29]~ 

CL-H 

Scheme 12 

(CHBOH) + 

"k EL- H 
Q 

CH20H ~- H 

CH3OH 

XVH 

In our case ,  a mechanism s imilar  to that indicated in scheme 12 is unlikely, inasmuch as very  small  
amounts of the unprotonated aza aromatic compounds remain in the sys tem,  and radicals of the XVIII and 
XIX type were never detected. We will subsequently present a rigorous proof that this sort of energy-trans-  
fer process  is not realized in the case  of phthalazine. 

~ H20 H H ~  

x v L.___ Lj Xj_~X 

The mechanism presented in scheme 13 for the photochemical  reaction of quinoline with HCl-acidified 
methanol is the most  probable mechanism.  Electron transfer is realized in this case  between methanol 
and the higher excited triplet state of the protonated form of quinoline. This sort of electron transfer was 
also previously  reported (see review [301)o It takes place,  for example,  between the s~nglet excited state of 
paraquat dichloride and methanol [31] (scheme 14), 

XVT______~ + CH3OH ~ CH ~ + CH3OH �9 

Electron transfer does not occur from the chloride ion, inasmuch as chlorine radicals were not de- 

tected, and chlorination products were not isolated. This sort of electron-transfer process occurs only 

from the iodide ion [30, 321. 

Scheme 14 

C H 3-~-~N~N+-- C H 3 
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PQ* "~ hv (P(~4-"I-~SHCH2 OH 
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HOOCH 3 
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M e c h a n i s m  o f  P h o t o c h e m i c a l  R e a c t i o n s  

in  N e u t r a l  A l c o h o l  

On the bas is  o f t he f ac t s t ha t  rapid exchange occurs  between semiquinone radicals  and the hydroxyl hy-  
drogen of alcohol, that the react ion of monoaza aromat ic  compounds in neutral  methanol is a one-photon r e -  
action whereas it is a two-photon react ion in HCl-acidified methanol, and that C1- does not t r ans fe r  an e lec-  
tron in HC1 media, it can be concluded that the react ion does not occur  with e lectron t ransfer  f rom CH30- 
or  f rom CHaOH to the excited protonated aza aromat ic  compound. It is more likely that the photochemical  
react ions in methanol or ethanol proceed in the same way as in ether,  i.e.,  as a resul t  of splitting out of a 
hydrogen atom of the methyl group by the nr* -exci ted state of the dissolved substance in the case of meth- 
anol and of a hydrogen atom of the methylene group in the case of ethanol [17]. This sor t  of equilibrium 
has already been proven in the case of acridine [1, 16, 331. 

S i x - M e m b e r e d  p - D i a z a  A r o m a t i c  C o m p o u n d s  

Pyrazine ,  quinoxaline, and phenazine are converted to cation radicals  XX-H, XXI-H, and XXII-H, re-  
spectively, on i r radia t ion in HCl-acidified methanol at 293~ (liquid phase). If  the solvent is CD3OD acidi- 
fied with DC1, cation radicals  XX-D, XXI-D, and XXII-D are formed [18]. The signals of these radicals  have 
good hyperfine splittings, and their  ESR spectra  have a l ready been studied by Barton and Fraenkel  [34]. 

A A A 
i [ I 

I f [ 
A A A 

X XX-H A=H XXI-H A=H /,X I.___~I - H A=H 
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Scheme 15 

CH3OH ~ HCL 
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. ( o ' l  CH3OH 

H H 
KI ". N ~" . . , ' 4 -  f 

TO explain the formation of these radicals  we have proposed a mechanism (scheme 15) that is s imi lar  
to the mechanism presented in scheme 13. It consists  in e lectron t ransfer  f rom methanol molecules to 
photoexeited diprotonated molecules of the diaza aromat ic  compounds. Inasmuch as this reaction occurs  
very  rapidly, it was not possible to conclude whether it is a one-photon or two-photon reaction. However, 
it is logical to suppose that e lectron t ransfer  to diprotonated excited compounds will proceed more  readily 
than to monoprotonated compounds~ This mechanism is more likely than the mechanism proposed by Bailey 
and co-workers  for  the photochemical  react ion of phenazine (P) in strongly acidified methanol [35]: 

h v  

pH+-+IpH**, 

IpH+* + H+~.<.~_ipH2++*, 
I PH=+ +* + CHaOH~ PH2 + CHaOH +*, 

PH2+ PH+--~ (PH) 2+ H +, 
(PH) m-~-2PH, 

PH. +H+-+P,H2 +' (XXI-H). 

Trans fe r  of two electrons of the methanol molecule is assumed in the third step of this mechanism,  and 
this is very  unlikely. Bailey and co -worke r s  were unable to cha rac te r i ze  the PH~ radical  by e i ther  ESR 
spect roscopy or  flash photolysis~ 
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We feel that the photochemical  r eac t ions  of s i x - m e m b e r e d  d iaza  a roma t i c  compounds with neut ra l  
methanol  a r e  one--photon p r o c e s s e s  [6] that take p lace  due to spl i t t ing out of one of the hydrogen a toms of 
methanol  by the n r * - e x c i t e d  s tate  of the d i s so lved  substance .  These  reac t ions  p roceed  in the same way as 
the reac t ions  of s i x -membered  monoaza a r o m a t i c  compounds.  

P H O T O C H E M I C A L  A C T I V I T Y  O F  S I X - M E M B E R E D  o - D I A Z A  A R O M A T I C  

C O M P O U N D S  IN H Y D R O G E N - C O N T A I N I N G  S O L V E N T S  [27 ]  

The behav io r  of one-r ing and two- r ing  s i x - m e m b e r e d  o -d i aza  a roma t i c  compounds d i f fe rs  f rom the 
behavior  of o ther  d iaza  a roma t i c  subs tances .  

Nei ther  py r idaz ine ,  phthalaz ine ,  cinnoline,  nor  any of the i r  me thy l - ,  phenyl - ,  and d iphenyl - subs t i tu ted  
de r iva t ives  r eac t  with e ther :  the format ion  of p roduc ts  was not observed ,  and ESR s ignals  were  not de tec ted .  
In the case  of phthalaz ine ,  XXIII is formed when a ketone is added to a photolyzed solution, and an ESR s ig-  
nal appea r s .  The ketone does not act  as a t r i p l e t - t r i p l e t  ene rgy  c a r r i e r ,  inasmuch as the quantum yield for  
phthalazine is one [36], but r a t h e r  as a "chemica l  s e n s i t i z e r "  I3710 P r e c i s e l y  this method was used to ob- 
tain diadducts  of e the r s  with quinoxaline [6]. The reac t ion  mechan i sm in the case  of phthalazine  is depicted 
in scheme 16~ The phtha laz inyl  r ad i ca l  (XXIV) and i ts  homologs were  c h a r a c t e r i z e d  by means  of the meth-  
od of secondary  moments .  

When methanol  is used as the solvent ,  semiquinone r ad ica l s  a r e  formed as a r esu l t  of a two-photon 
p r o c e s s  even in the absence  of ketone.  

The fact  that an ESR signal  is not detected when e the r  is used as the solvent  p roves  that the two-pho- 
ton reac t ion  with methanol  is not a c h a r g e - t r a n s f e r  reac t ion  with subsequent  sp l i t t ing  of methanol  into 

Scheme 16 CH 3 

CsH5COCH3 h--~ (C6H5COCH3)T + CH3CH2OC2H5~ C6H~'-C--OH -.p CH~.-~H--OC2H 5 

C6H5~Co -I- ,, 
I 
OH 

C2HsOCHCH 3 
XXlII 

~ y --F C6HsCOC H 3 
N-.. H 

X X I._.~V 

l c . ~ . - o c 2 ,  s 

C2HsOCHCH 3 

"CH2OH and H" r a d i c a l s  in analogy with scheme 12. Thus,  in con t ras t  to naphthalene [28], ene rgy  t r a n s f e r  
f rom the exci ted t r i p l e t  s ta te  to the solvent  is imposs ib l e  for  unprotonated o - d i a z a  a roma t i c  compounds.  

The f i r s t  s tep in the photochemica l  r eac t ion  with methanol  should be protonat ion  of the o -d i aza  com- 
pound with subsequent  e l ec t ron  t r a n s f e r  f rom methanol  or  f rom CH30- to the t r ip l e t  exci ted  s tate  of the 
monoprotonated a r o m a t i c  compound. This  mechan i sm in the case  of phthalazine is p r e sen ted  

CH3OH 

T ~ 

+ CH3OH 
...N +" ] 

CH3OH + 

- ~ + ~.,OH 
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in scheme 17. A tr iplet  state can be detected by ESR spec t roscopy  only in methanol solution and not in e ther  
solution~ This proves  that in this case a tr iplet  compound different f rom phthalazine is observed and is in 
agreement  with the proposed mechanism.  The fact that the photochemical  reaction is not a one-photon re-  
action in the p resence  of CH30- is yet another proof  that s ix-membered monoaza compounds do not react  
with methanol with e lec t ron t rans fe r  f rom the CH3OH and CH30- molecules to a molecule of the protonated 
monoaza compound. 

CONCLUSIONS 

As a result of this research, it has been established that if the aza aromatic compound has an n~r* 
state, it is precisely this state that is active, and a one-photon reaction occurs. For quinoline and quinoxa- 
line this is undoubtedly a singlet state, inasmuch as the r~r* * state is a triplet state [I, 3, 38]. In the case 
of isoquinoline, this is also possibly a singlet state, inasmuch as the S I and T I states are 7rr*-excited 
states~ The difference in energies between the S1(~r* ) and S2(nTr* ) levels is less than between the T2(n~* ) 
and Tl(~t~r* ) states [1]. For acridine it has been provefi by numerous studies that the photochemical reac- 
tion proceeds at least partially with the Sl(nr*) excited state [I, 16]. Inasmuch as the spectroscopic state 
of pyridine is unknown, the nature of the n~r* active excited state cannot be proved. 

If an nr* state is not formed during excitation, the photochemical reaction should proceed via a differ- 
ent path~ This explains the unusual behavior  of phthalazine and other o-diaza aromat ic  compounds [27], in- 
asmuch as it is known that the singlet states of phthalazine have a very  br ief  lifetime [39] and that a v~r* 
triplet is formed quantitatively during excitation [40]. The react ion proceeds via a two-photon mechanism 
concluding with protonation, if it is not a l ready realized by an acid of the HC1 type, and electron t r ans fe r  
f rom the oxygen-containing so lvent to the higher excited tr iplet  state of the dis solved substance.  

This r e s e a r c h  also opens up the possibi l i ty of the use of ESR spec t roscopy in the study of severa l  
aspects  of photochemical  react ions in those cases  in which flash photolysis and emiss ion spec t roscopy  do 
not give information. 

The experimental  conditions have a l ready been descr ibed by us in [2, 3, 5, 8, 15], 
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