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Photoreduction of ortho-benzoquinones 
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Photoreduction of o-benzoquinones irradiated at the wavelengths )'.max = 400 and 600 nm 
corresponding to the S(=-~.:*) and S(n- ,r : ' )  electron transitions in the >C=O groups, 
respectively, in the presence of ,.V.N-dimethylanitine and its derivatives was studied. The 
apparent rate constants of the phoIoreduetion (k H) of o-quinones are determined by the free 
energy of electron transfer from the amine molecule to a photoexcited o-quinone molecule 
(~G~.t). The AG e t values are calculated as the sums of the energies of the 0--+0 transitions of the 
lowest triplet excited state of o-quinones, the reduction energies of o-qumones, and the 
oxidation energies of amines (the last two terms are numerically equal to the corresponding 
redox potentials). The maximum rate of photoreduction was found tbr &G e ~ = 0. The reaction 
mechanism is proposed, in which the reversible formation of a tripIet exiplex is the rate- 
determining stage and hydrogen transfer proceeds in parallel with electron transfer within the 
exiplex. 

Key words: ortho-quinones, N,~v-dimcthylanilines, photoreduction, free energy of electron 
transfer. 

P h o t o n i t i a t e d  redox reac t ions  o f  c a rbony l - con t a in ing  
c o m p o u n d s  (A) with H - d o n o r s  ( D H )  follow a mult is tage 
m e c h a n i s m .  Initially,  the reac t ions  of  low-excited triplet 
3A* molecu les  with  DH p roduce  the so-called triplet  
exiplexes ~-3 ( e n c o u n t e r  complexes ) .  4,5 Quench ing  of  
tr iplet  exiplexes affords two types of  p r i m a ~  products ,  
namely ,  radical  ion pairs ( A ' - , D H  " t )  a n d / o r  radical 
pairs ( A H ' , D ' )  ( react ion ( I ) ) .  

3A* + DH - ,  3[A'.DHI --. ( A " - , D H ' * ) ,  ( A H ' . D ' )  (I) 

But NMe 2 

Bu r R 

2a--h 3a - -c  

2 :  R ~ = H, R 2 = Pr' (a), Pr n (h ) .  H (C), (21 (d) ,  

F /e ) ,  NO2 (g), CN (hi ;  R ~ = R 2 = F ( f )  
3 :  R = Me  (a),  bl (b), C(OIH ( r  

T h e  c o n t a c t  or  so lven t - s epa ra t ed  radical ionic pairs 
relax to give the initial reac tants ,  while  the evolut ion o f  
radical  pairs  leads to the produc ts  of  pho toreduc t ion  o f  A. 

Pub l i shed  data  on the effect of  the nature of  reagents  
on  the  k ine t ics  o f  p h o t o r e d u c t i o n  o f  ca rbony l - con ta in -  
ing c o m p o u n d s  (in particular,  subs t i tu ted  benzoquinones)  
are con t r ad i c to ry .  It has been  repor ted  that the rates of  
p h o t o r e d u c t i o n  of  p - q u i n o n e s  ( i )  in the presence of  
d i p h e n y l a m i n e  increase as t he i r  e l e c t r o n - a c c e p t o r  abili ty 
decrease  f rom p-ch lo ran i l  to d u r o q u i n o n e .  6 On the o the r  
hand ,  a genera l  t e n d e n c y  has been  found for o - q u i n o n e s  
(2) t oward  increas ing the rate o f  pho to reduc t i on  in the  
p re sence  of  tertiary, amines  (3) wi th  an  increase in the  
e l ec t ro , a -accep to r  ability. 7 Based on  recent  advances  in 
the  syn thes i s  o f  new o - b e n z o q u i n o n e s ,  8 in this work we 
p e r f o r m e d  a more  systemat ic  s tudy of  the effect of  the  
na tu re  o f  o - q u i n o n e s  2 on  the  rate of  their  pho to re -  
duc t ion .  

Experimental 

NMR spectra were recorded on a Varian Gernini-300 
spectrometer operated at 300 MHz for IH and at 75 MHz for 
J3C with hexamethyldisiloxane as internal standard. IR spectra 
were recorded on a Specord M-80 spectrophotometer. Elec- 
tronic absorption spectra were measured on Specord M-40 and 
SF-14 spectrophotometers in toluene. The half-wave potentials 
of reversible one-electron reduction. E (A" -/A). of o-quinones 
were measured vs. s.c.e, in DM F. Absorption spe~:tra of charge- 
transfer (CT) complexes were obtained using a difference proce- 
dure by comparing the absorption spectra of the o-qmnone 
solutions in toluene and in toluene--N,N-dimethylaniline (1 : I) 
mixture. 

The light source used in the experiments was comprised of a 
KGM-24-150 lamp equipped with a focuser and a GS-16 light 
filter transmitting radiation with X >_ 500 nm. The o-quinone and 
amine solutions ([Q] = 5- 10 -4 and [AmH] = 2.5- 10 -2 tool L -~, 
respectively) used in the kinetic studies were deaerated, satu- 
rated with Ar, and placed in a spectrophotometr ic  cell 
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(l = 1.0 cm) at a distance of 10 cm from the focuser. Changes in 
the o-quinone concentration were determined from the de- 
crease in the intensity of the absorption band in the region 
400 nm recorded on an SF-14 spectrophotometer. 

Polarographic studies of 5 - t0 -3 ,14' solutions of o-quinones 
in DMF were carried out using a PU-I polarograph with 01 M 
NaCIO 4 as the supporting electrolyte (NaCIO 4 was twice recry, s- 
tallized from bidistil!ed water and dried in vacuo at t00 ~ for 
12 h). DMF was distilled in vacuo at a pressure of 5. to 10 Tort, 
stored for ~24 h over 4A molecular sieves, and repeatedly 
distilled in vacuo at 2 Tort in an Ar stream. 

The solvents were purified following standard procedures. 9 
N,N-Dimethyt-p-toluidine (3a) (Aldrich) and N,N-dimethyl- 
aniline (3b) (Aldrich) were purified by fractional distillation. 
and 4-(N,N-dimethylamino)benzaldehyde (3e) (F[uka) was re- 
crystallized from hexane. 

The syntheses of o-quinones 2a--f  have been described 
earlier, t0 

3,6-Di-rert-butyl-4-nitrobenzoquinone- 1,2 (2g). 3.6- Di-ter~- 
butylbenzoquinone-1,2 (2.2 g) was dissolved in 50 mL of acetic 
acid and HNO 3 (2 mL) was added. The reaction mixture was 
heated to 50 ~ for 4--5 rain and water (100 mL) was added. 
The organic layer was extracted with hexane (3x30 mL), washed 
until pH 7, and dried with Na2SO4. After concentration to 
~10 mL the hexane solution was chromatogmphed on a column 
with silica gel (with a hexane--ether (100 : I) mixture as 
eluent). The blue-emerald band was separated and green crys- 
tals were isolated after evaporation of the solvent. Recrystalliza- 
(ion from hexane gave o-quinone 2g 10.61 g, 23%), m.p. 85-- 
87 ~ (from IMeOH--H20). Found (%): C, 62.62; H, 7.42. 
C~aH~gNO 4. Calculated (%): C, 63.34: H, 7.22. IR (KBi-). 
v/era-l:  1372, 1544 (NO2); 1680, 1660 (C=O). Itt NMR 
(CDCI3), 6:1.19 (s, 9 H. gu~): 1.23 (s, 9 H, Bu~): 6.52 (s, I H, 
H(5)). 13C NMR ICDCI)). 8: 28.5, 28.6 (CH0; 35.6. 30.4 
(CM%); 131.1 (C(5)H): 139.2 (ring C(3)): 151.8 (ring C16)): 
153.0 (C14)NO2); 178.8 (C(I)=O):  182.5 (C12)=O). 

3,6-Di-tert-butyl-4-cyanobenzoquinone-l,2 (2h). 3,6-Di- 
tert-butylbenzoquinone-l,2 (2.2 g) was dissolved in 50 mL of 
acetone and 5 mL of acetonecyanohydrin. Granulated KOH 
(0.6 g) was added to the mixture. After dissolution of the alkali 
and disappearance of the initial o-quinone (TLC monitoring on 
Silufol plates) the reaction mixture was diluted with wa- 
ter (100mL). The organic layer was extracted with ether 
(3• mL), washed until pH 7, and dried with Na2SO 4. Alter 
evaporation of the solvent ;he dry residue was dissolved in 
10mL of a hexane--ether (100 : I) mixture and chromato- 
graphed under conditions described above. The blue-green band 
was separated and af:er evaporation of the eluent the dry residue 
was recrystallized from hexane to give red-brown cp,.,stals (0.40 g, 
19%), m.p. 144--146 ~ (MeOH--H:O).  Found (%7: C, 73.31; 
H, 7.54. CIsHLgNO 2. Calculated (%): C, 73.44; H. 7.81. 
IR (KBr), v/cm-~: 2235 (CN); t680, 1665 (C=O). IH NMR 
(CDCI3), 8:1.20 (s, 9 H. Bu:); 1.40 (s, 9 H, But); 6.70 (s, I H, 
H(5)). ~3C NMR (CDCIs), 8: 28.7, 30.0 (CH0: 35.2. 37.6 
(CMe3); 117.7 (CN); 118.0 (ring C(4)): 135.0 fC(5)H): 150.7 
(ring C16)); 158.2 (ring C13)): 179.7 (C(I)=O);  182.5 (C(2"~---O). 

Results and Discussion 

A series o f  sterically h indered  o - benzoqu i nones  2 a - - h  
with d i f fe rent  subs t i tuents  in pos i t ions  4 and  5 of  the 
quinoid  r ing was chosen  for our  study. Pho to reduc t ion  
of  o - q u i n o n e s  2 a - - h  was carr ied out  in the presence of  
para-substituted N,N-dimethylani l ines  3a- -e .  

Table 1. Positions of maxima of the absorption bands of 
o-quinones 2a--h and their CT complexes with amine 3b in the 
visible region and the reduction potentials of o-quinones 2a--h 

o-Quinone k==./nm Lnx, /nm -s  veT c 
(c) a (c) ~ /V / c m  J 

2a 400 578 (130) 0.53 23550 
2b 404 (2100) 578 (76) 0.51 23550 
2c 410 (2400) 598 (60) 0.39 21550 
2d 398 (2150) 575 (86) 0.37 21400 
2e 398 (2300) 566 1607 0.34 21050 
2f 387 (2200) 535 (66) 0.34 21090 
2g 388 (2800) 592 (56) 0.10 18590 
2h 388 12500) 59t 158) 0.06 b 17680 

" In L tool -~ cm-L 
b Calculated from the correlation between the E(A 
VeT C o f  o-quinones 2a--g. 

"-/A) and 

The  resul ts  of  spectral  and  p o l a r o g r a p h i c  studies o f  o- 
q u i n o n e s  2a--h  and the f requenc ies  o f  m a x i m a  for the  
absorp t ion  bands  of  the C T  c o m p l e x e s  o f  o - q u i n o n e s  
2 a - - k  with 3b (VeT c)  are listed in T a b l e  I, 

Analysis  o f  the data listed in Tab le  I shows that  the 
i n t roduc t i on  o f  subst i tuents  in pos i t i ons  4 (or  4 and 5) o f  
the qu ino id  ring of  3,6-d i - ter t -buty lbenzoquinone- l ,2  
leads to a blue shift of  the m a x i m a  o f  the  absorp t ion  
bands  c o r r e s p o n d i n g  to the S(~--~,~*) a n d  S ( n - , ~ * )  e lec-  
t ron t r ans i t i ons  of  the carbonyl  g roups  i r respect ive o f  the 
nature of  subst i tuents .  The  ha l f -wave  r educ t i on  po ten-  
tials (E) o f  o -qu inones  are in the  s a m e  range as the 
E ( A ' - / A )  values of  p -qu inones .  It A l inea r  re la t ion-  
ship  b e t w e e n  the  E ( A ' - / A )  v a l u e s  o f  o - q u i n o n e s  
2a--g and  the  v_c:7 c values was f o u n d ,  E ( A ' - / A )  = 
1.41 - (8 .28-  10-3) 'VETO ( the  c o r r e l a t i o n  coeff ic ient  is 
0.99). This  relat ioship was used for the  d e t e r m i n a t i o n  o f  
the haf t -wave  reduct ion po ten t ia l  o f  o - q u i n o n e  2h. 

To inves t igate  the effect o f  the n a t u r e  o f  substrate  
and  a m i n e  on  the p h o t o r e d u c t i o n  o f  o -qu inones ,  we 
s tudied spec t ropho tome t r i ca l ly  the  k ine t i c s  o f  this reac-  
t ion in t o l u e n e  and acetoni t r i le .  The  r eac t i on ,  as appl ied 
to o - q u i n o n e s  2a--h, is c h a r a c t e r i z e d  by p h o t o c h e m i c a l  
activity o f  b o t h  absorpt ion  bands  in the  visible region. 
This  is due  to the fact that  the  lowest  t r ip le t  exci ted state 
of  the  o - q u i n o n e s  is a T(n-- ,~*) s tate .  Near ly  100% of  
pho toexc i t ed  molecules  unde rgo  t r a n s i t i o n s  into th is  
state 12 f rom the S ( ~ * )  and  S ( n ~ , ~ * )  states. I~ To  
simplify calc t i la t ions ,  we inves t iga ted  the  reac t ion  ini t i -  
ated by rad ia t ion  co r re spond ing  to  the  S (n -*x* )  t rans i -  
t ion. S ince  for o -qu inones  2a--h the  abso rp t ion  bands  
c o r r e s p o n d i n g  to the S(n~,-t*) t r a n s i t i o n s  are observed 
in the s ame  spectral  region, the k ine t i c s  o f  the  pho to re -  
duc t ion  o f  all the o -qu inones  can  be  s tud ied  using the  
same source  o f  po lychromat ic  r ad i a t i on  a n d  a light fi l ter 
t r a n s m i t t i n g  the  radia t ion with k >_ 500 nm.  At a [2] : [3] 
molar  ra t io  o f  I : 50 the p h o t o r e d u c t i o n  obeys  a first- 
order  k ine t ic  law up to a - 4 0 %  c o n v e r s i o n  of  the  
o -qu inone .  The  apparen t  rate c o n s t a n t s  o f  p h o t o r e d u c -  
t ion (kH) o f  o -qu inones  were d e t e r m i n e d  graphical ly  f rom 
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the slope of the linear portion of the In(1210/1210 vs. time 
curve ([210 and 121~ are the initial concentration of 
substrate and its concentration at instant -c, respectively). 
The dependence of the k H values found for the photore- 
duction of o-quinones 2a--h in the presence of amines 
3a--e in toluene on the E(A ' - /A)  values of the sub- 
stances are shown in Fig. 1. A curve with a clearly seen 
maximum for o-quinone 2d fits the points corresponding 
to the photoreduction of compounds 2a--h in the pres- 
ence of amine 3b. The available data for the photoreduc- 
tion in the presence of amine 3a only allow the plotting 
of descending branches of the curve, which also has a 
maximum. It seems likely that the position of the maxi- 
mum lies in the E ( A ' - / A )  range between -0 .4  and 
-0.5 V. The same is also true for the curve for the 
dependence of the photoreduction of o-quinones in the 
presence of amine 3e on E ( A ' - / A ) .  In this case, the 
position of the maximum should lie near E ( A ' - / A )  = 
-0.2 V. The lack of o-quinones with E(A"-/A) = 
-0.1 -- -0 .3 V and -0 .4  --  -0.5 V precludes exact 
determination of the positions of maxima on the curves 
of photoreduction in the presence of amines 3a and 3e. 
From the aforesaid it follows that changes in the rate of 
the photoreduction of o-quinones in the presence of 
amines pass through an extremum rather than go in 
parallel with the electron-acceptor ability of o-quinones, 
as was assumed previously. 6 For the same amine, the k H 
value is maximum for that o-quinone which is character- 
ized by a specified E(A'- /A)  value. The position of the 
maximum also depends on the nature of the amine, that 
is, the maximum shifts toward more negative reduction 
potentials of o-quinone as the electron-donor ability of 
the amine increases, and vice versa. 

k H 103/s -I 

I 

5.0 
o 3 

4.0 I ~ 

3.0 

2.0 

10 

0 0.1 0.2 0.3 0.4 - E ( A ' - / A ) / V  

Fig. I. Relationship between ~he rate constants of reduction 
(kH) and the reduction potentials (E(A'-/'A)) of o-quinones 
2a--h in the presence of 4-(N,:V-dimethytamino)benzatdehyde 
(/), N,N-dimethylaniline (2). and N,N-dimethyl-p-toluidine 
(3) in toluene at 298 K. 

As was found previously in the studies of photore- 
duction of fluorenone in the presence of para-substi- 
tuted dimethylanilines in benzene,  13 the dependence of 
the quantum yield of photoreduction ('PH) of fluorenone 
on the electron-donor ability of amine 3 passes through 
a maximum. Theretbre, the profiles for the efficiency of 
photoreduction of electron acceptors in the presence of 
amines 3 as functions of the redox potentials of both 
components of the photoreaction pass through a maxi- 
mum. Hence, a common parameter should exist which 
characterizes the reaction pair and controls the process 
of photoreduction. This can be, e.g., the free energy of 
electron transfer (AGeK) from the amine molecule to the 
photoexcited molecule of a carbonyl compound. In the 
1960s, quantitative relationships between the kinetics of 
electron-transfer quenching of excited states of aromatic 
hydrocarbons in the presence of amines and the thermo- 
dynamic properties of the reaction pairs were first 
tbund 14'Is and a widely used (see Retg. 1, 3--6, 13) 
empirical equation (2) fbr calculating the cxGe. c values, 
which characterize the e lectron phototransfer, was 
proposed: 

• = - ~ E o o -  E(A"-/A) + E(D/D" + ) -  

- T&Se + 3 kcal tool -I. (2) 

Here, AEoo is the energy of a singlet or triplet 3A 0-~0 
transition for the lowest excited state of a carbonyt- 
containing compound; E (A ' - /A)  is the reduction en- 
ergy of the acceptor and E(D/D "+) is the oxidation 
energy of the donor (these values are numerically equal 
to the corresponding redox potentials); and &S e 
-18  cal tool -I  deg -~. By going from calories to more 
convenient (in this case) electron-volts, we get the 
equation tbr T = 298 K 

~G:t = -,'XEoo - E(A'-/A) -'- E(D/D" *) + 0.36 eV. (3) 

Only approximate calculations of ~Get values for the 
system 2- -3  are possible because of the lack of experi- 
mental ~,xE00 values for o-quinones 2a--h. Tile cX/~) o 
value for unsubstituted o-benzoquinone is 1.44 eV. t6 
Comparison of the energies of triplet states of benzene 
and its derivatives (PhX, where X = OH, Me, NH 2, 
CN), benzophenone and 4,4"-dichlorobenzophenone, 
and naphthalene and its derivatives IA7 indicates that the 
introduction of any atoms or groups into the molecule of 
unsubstituted benzene, benzophenone,  or naphthalene 
causes a slight decrease in the ~E0o value irrespective of 
the nature of the substituent. Analysis of the absorption 
spectra of o-quinones 2a--h  in the visible region (see 
Table 1) shows that for all these compounds the posi- 
tions of the maxima of the bands corresponding to the 
S ( n - , r : )  transition fall in the same region of width 
0.1 eV. It is obvious that changes in the energies of the 
corresponding triplet states of molecules 2a--h should 
not exceed this value. This suggests that all the o-quinones 
under'study have nearly the same 6E00 values (~1.35 eV) 
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Table 2. Raze constants and calculated AGe~ values for the reactions of photoreduction (k~0 of o-quinones in the presence of amines 
3a--c in toluene and acetonitrile 

o-Oui- 3a 3b 3c 
n o l l e  

k H " 103/S - ; A 6  e , , /eV k H - 1 0 3 / s  - I A(?r ~,/eV k H - 1 0 3 / s  - i A G e d e V  

PhCH~ MeCN PhCH 3 MeCN PhCH; MeCN 

2a 0.3 0.1 0.28 0.35 0.25 0.15 1.7 
2b 0.6 0.05 0.26 0.7 0.3 0. t3 2.7 
2e 1.2 0.2 0.14 5.2 1.8 0.01 4.7 
2d 1.7 0.6 0. I2 5.7 0.7 -0.01 3.8 
2e 2.8 1.4 0.09 4. I 0.35 -0.06 3.6 
2f 2.6 0.9 0.09 3.7 0.15 0.06 2.3 
2g 2. I 0.1 -0.15 2. I 0.05 -0.28 0.5 
2h 2.3 0.2 --0.19 1.5 -- -0.32 1.0 

0.45 
0.4 
0.3 
0. 

0.09 
0.07 

-0.05 
-0.07 
-0.10 
-0.10 
-0.34 
-0.38 

and al lows calculat ions of  the ~,\Ge ~ values for each 
o - q u i n o n e - - a m i n e  pair. The experimental  k H values for 
the pho to reduc t i on  of  o -qu inones  2a- -h  in the presence 
of  amines  3 a - - c  in toluene and acetonitrile and the 
cor respond ing  AGe. E values for each o -qu inone- -amine  
pair are listed in Table 2. The  oxidation potentials of  
amines 3b,c  were taken from Ref. I1. Based on the 
l inear d e p e n d e n c e  between the E(D/D "~) value for 
amine 3 and the Hammet t  crp constants ofsubst i tuents  in 
molecule  3h ( E ( D / D  "*) = 0.70 + 0.637"c% at a corre-  
lation coef f ic ien t  of  0.99), we determined the E ( D / D '  *) 
value, for amine  3c (0.85 eV). 

The  k H plots  as func t ions  of  AGe. I for all the 
o - q u i n o n e - - a m i n e  pairs are shown in Fig. 2. As can be 
seen, passage from the E ( A ' - / A )  coordinate (see Fig. I) 
to AGe. l leads to match ing  of  the three curves (see 

k H 1 0 3 / S  - I  

5.0 

4.0 

3.0 

2.0 

1.0 

o / 

A 2 

/X 

I I O t 

-0 .2  --0. I 0 0.1 0.2 AGet/eV 

Fig. 2. Relationship between the rate constants of photoreduc- 
lion (k,.0 04" o-quinones 2a--h and the free energy of electron 
transfer (AGe. 0 in the presence of 4-(N,N-dimethylamino)- 
benzaldehyde (I), N,N-dimethylaniline (,'9. and N.N-dimethyl- 
p-toluidine (3) in toluene (a) and acetonitrile (b) at 298 K. 

Fig. I), v, hich means that the .,~Ge t scale ,s c o m m o n  to 
the photoreduct ion of  all o -qu inones  2a- -h  in the pres- 
ence of  amines 3a--e .  The k H = J(AGeO curves display 
distinct maxima at e, Ge. l ~ 0.1 eV (toluene) and at 
AGe.t ~ 0.15 eV (acetonitrile). When  moving along the 
AGe. t coordinate toward smal ler  AGet values (nearly 
clown to zero), which corresponds  to replacement o f  the 
reagents in the o - q u i n o n e - - a m i n e  pairs by stronger e lec-  
tron acceptors and donors,  respectively,  the k H value 
monotonical ly  increases and reaches  a maximum,  and 
then the rate of  photoreduct ion decreases drastically on 
going to negative ,AGe. ' values. Thus,  the rate of  pho to re -  
duction of o-quinone is de te rmined  by the free energy of  
electron transfer (AGeO from the amine  molecule to the 
photoexcited o-quinone molecule  (see Eq. (3)). 

Calculations of  the rate cons tan ts  of  photoreduct ion  
of  f luorenone (k" H) in the presence  of  amines  3 in 
benzene using published data t3 followed by compar i son  
of  the k" H values with the cor responding  AGe. t values 
determined from Eq. (3) lead to an analogous depen -  
dence of  k" H on ,AGe.r with a m a x i m u m  at ~-\Ge t = 0. The  
quantum yields and the rate cons tants  of  photoreduct ion  
o f  f luorenone in the presence o f  amines  3 as functions o f  
both the oxidation potential o f  amine ,  E ( D / D " - ) ,  and 
the calculated •Get values are listed in Table 3. The  
enemy of  the lowest triplet exci ted state of  f luorenone 
(the =--,,-t* state), AE0o, is 2.3 eV t8 and E ( A ' - / A )  = 
1.35 eV. 2 The ox ida t ion  p o t e n t i a l s  of  p - C I -  and  
p-Me2N-derivat ives  o f  3 were taken from Ref. I I. The  
E ( D / D ' * )  values for p - C N - ,  p -Br - ,  and p-EtO-subs t i -  
luted amines 3 (1.12, 0.85, and 0.65 eV, respectively) 
were found from the l inear relat ionship between the 
E (D/D"  ~) values and H a m m e t t  %, constants  of  substi tu- 
ents in molecule 3, as was descr ibed above. 

At the same time, no s imilar  relationship with an 
extremum is observed tbr the p - q u i n o n e - - d i p h e n y l a m i n e  
system. 6 The rate of  pho toreduc t ion  of  p -qu inone ,  as 
well as that of  the formation o f  radical products ( Q H " ) ,  
increases as the e lec t ron-accep tor  ability of  qu inones  
decreases on going from p-ch loran i l  to duroquinone .  
A c c o r d i n g  to the p roposed  r eac t i on  m e c h a n i s m ,  6 
the first stage of  the in terac t ion  o f  a photoexci ted  
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Table 3. Quantum yield (~PH) and the rate constant of photore- 
ducfion (k'~) of fluorenone in the presence of para-substituted 
N,N-dimethylanilines (data taken from Ref. 13) as functions of 
the oxidation potential of amine, E(D/D'-), and calculated 
6Ge~ values 

Substituent in qo H k' H " 10 -s HD/D'*) 6(.;~.~ 
the amine /L mol -t s -~ /V /eV 

p-Me2N -0.02 3.2 0.016 -0.59 
p-MeOCHN -002 8.2 -- -- 
p-EtO 0.35 35.0 0.55 -0.04 
p-MeS 0.29 19.4 -- -- 
p-Me 0.60 9.6 0.65 +0.06 
H 0.44 3.1 0.7l ~0.12 
p-CI 0.31 0.93 0.84 +0.25 
p-Br 0.23 0.92 0.85 +0.26 
p-EtCO 2 0.12 0.56 . . . . .  
p-CN 0.09 0.006 1.12 +0.53 

quinone molecule (3Q,) with DH includes the forma- 
tion of a triplet exiplex Ibllowed by electron trans- 
fer and establishment of a prototropic equilibrium, 
( Q ' - , D H  "+) ~ ( Q H ' , D ' ) ,  which is shifted toward 
the products of proton transfer as the electron-acceptor 
ability of quinone or the electron-donor ability of Dlt  
decreases. This suggests that the constant k h should 
monotonically increase with increasing A(.;e. ~, which was 
found previously. 6 ttowever, calculations of ,AGe. t values 
using Eq. (3) show that the AGe. ~ values for all the pairs 
of compounds  I - - P h , N H  lie between -0 .95  and 
-0.12 eV. Therefore, an increase in k~t 6 with increasing 
AGe.t is similar to that found (i) in this work for the 
system 2 ~ 3  and (it) previously 13 for the system 
fluorenone--3 at AGe. t < 0. Most likely, these examples 
are particular cases of a general relationship between the 
rate of photoreduction of carbonyl-containing com- 
pounds and AGe. ~, which has an extremum. At AGe. ~ k 0, 
the k H values pass through a maximum (for the 2--3 and 
l luorenone--3 systems). ]h i s  effect cannot be rational- 
ized in the framework of the mechanism proposed 
earlier. 6 

We believe that the reason for such an extremat 
dependence of the rate of photoreduction of o-quinones 
and fluorenone on ~xGe. ~ can be established by analyzing 
the kinetics of phototransfer of electrons and hydrogen 
in the system l--polymethylbenzene (ArH). 4,5 In these 
studies it was found that the equilibrium constant of the 
formation of a triplet exiplex KT~ (encounter com- 
plex 4,5) [1", ArH] is determined by the nature of both 
the reagents and the solvent (the KTE value reaches 
-200 m -~ for the reaction in CCI4) 5 and that the KTE 
(,dGe. 0 curve passes through a maximum at AGe. t -~ 0 
(Fig. 3). The fact that the dependences of k H (for 
o-quinones),  k h (for fluorenone), and KTE (for p-qui- 
nones) on AGet belong to the same type (see ffig. 3) 
indicates that the rate of photoreduction of quinones 
and fluorenone in a medium of low polarity is deter- 
mined by the stage of the formation of the triplet 

exiplex. In this case the rate constant for electron trans- 
fer, considered as a function of LX.Ge t, increases on going 
to negative ,SGe. t values until reaching a diffusion limit ~,5 
rather than passing through an extremum. It is believed 
that hydrogen transfer occurs as a one-step process 
independently of the electron transfer; in other words, 
hydrogen transfer occurs concurrently with electron trans- 
fer rather than following it. s,6 In a simplified form, the 
photoreduction of o-quinones can be described by the 
scheme shown below, which seems to be common to 
quinones and fluorenone. 

/q-~ C IAH'.D') 
3A* + DH ~ 3[A~',DHJ (4) 

(A" -,DII "") 

k H = /6re- k h - [Dll I (5) 

According to reaction (4), the molecule of carbonyl- 
containing compound ~A*, which is in the lowest triplet 
excited state, and a molecule of hydrogen donor DH 
form a triplet exiplex. The reaction is reversible and the 
equilibrium constant KTE is determined by the redox 
properties of 3A* and DH, which are characterized by 
the parameter AGet. The maximum KTE value is reached 
at AGe. t ~ 0. An explanation for this fact has been 
proposed recently 4 on the basis of Mulliken's theory. 
Here, ~ the stability of a triplet exiplex depends on the 
degree of "mixing" of the wave functions of two limiting 
states of the triplet exiplex, namely, the state with a 

k H �9 103/s-I 
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Fig. 3. Relationship between the rate constants of photoreduc- 
tion (k H, k'H) of o-quinones (/) (in toluene) and fluorenone (2) 
(calculated using data taken from Ref. t3, in benzene) in the 
presence of p-substituted N,N-dimethylanilines and the depen- 
dence of the constant for triplet exiplex fbrmation (/(re) in the 
p-quinone--polymethylbenzene system (3) (data taken from 
Ref 4, in CH2CI 2) on aGot at 298 K. 
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localized excited state and the state with complete charge 
transfer. [A*,DH] - - - - "  ( A ' - , D H "  +). At AGet = 0, the 
states [A*,DHI and ( A ' - , D H  "+) are at equal enemy 
levels and [A*,DH] closely matches ( A ' - , D H ' ~ ) ,  which 
means the greatest decrease in the energy of the triplet 
exiplex with respect to 3A*: hence,  in this case KT[ ~ is 
maximum. Hydrogen transfer occurs in the triplet exiplex, 
thus compet ing  with electron transfer. Both k h and ke. ~ 
values are de termined  from the AGe. t value. 4-6 For a 
non-polar  medium,  we have kh/ke, t ~. 102 at AGe t -+ 0, 6 
so that e lectron transfer can be ignored, the expression 
for k H is simplified to Eq. (5), and the AGe. t profiles of  
k H and KTE coincide.  It should be emphasized that this 
holds only for particular _AGe. t values. For the I - - A r H  
system in a medium of  low polarity (CH2C12), the ke. t 
value remains constant  (~106 s - I )  as AGe t decreases 
down to 0.25 eV and then increases up to 108 s -~ for" 
AGe. t values in the range between 0.25 and -0.1 eV. It is 
in this range o f  the AGe. t values that the extremum 
dependence  o f  KTE on /3Ge. t is observed. 4 In acetonitrile, 
the ket values (an increase by two orders of  magnitude) 
change analogously as AGe z decreases in a much more 
narrow region (from 0.25 to 0.2 eV), so this increase in 
k~. r must affect the dependence  of  k H on J, Ge. t. Since 
electron transfer begins to compe te  with hydrogen trans- 
fer, the range of  AGe. t values in which a "burst" of  k H 
occurs should be narrowed, Compar ison of  the experi- 
mental k H --= flAGe.~) curves lbr o-quinones in the pres- 
ence o f  amines  3 in toluene and acetonitri le (see Fig. 2) 
shows that this is true. When moving from the positive to 
negative AGe., values down to AGe. t = 0.2 eV, the k H = 

flAGe.~) curves in toluene and acetonitri le are close: 
however, after passing this value the constant k H in 
toluene is increased (see Fig. 2, a), whereas a sharp 
decrease in the k~ values in acetonitr i le  occurs (see 
Fig. 2, b). In toluene,  a "burst" of~: H occurs in the range 
covering AGe. t values from 0.3 to ~ - 0 . 4  eV (a total o f  
~0.7 eV), whereas in acetonitr i le  it occurs in the AGe. t 
range from 0.3 to 0 eV (a total o f  0.3 eV only). 

Thus,  we de te rmined  spectral characteristics and 
the hal f -wave potent ia ls  o f  one -e l ec t ron  reduction,  
E ( A ' - / A ) ,  o f  a ser ies  o f  subs t i tu ted  3,6-di - ter t -  
buty lbenzoqu inones - l ,2  and obtained a linear correla- 
tion between the E ( A ' - / A )  values and the frequencies o f  
CT complexes  o f  the corresponding o-quinones with 
N,N-dimethylani l ine .  It was found that the rate of  pho- 
to reduc t ion  o f  o -benzoqu inones  in the presence o f  
N,N-dimethylani l ine  derivatives depends on the redox 
potentials o f  both reagents, passes through a maximum, 
and is de te rmined  by the free energy of  electron transfer 
(~3Ge.t) from the amine molecule  to photoexcited o-ben-  
zoquinone  molecule .  

The fact that an analogous dependence  of  the rate of  
photoreduct ion  on AGe ~ is also observed for the photo-  
reactions o f  f luorenone with N,N-dimethylanil ine de-  
rivatives suggests that there is a c o m m o n  regularity, 
which controls  the reactions of  photoreduct ion of  car- 

bonyl -conta in ing  compounds  in the presence o f  amines.  
The format ion of a triplet exiplex,  in which hydrogen 
transfer occurs  concurrently with e lec t ron  transfer, is the 
l imiting stage of the pho toreduc t ion .  
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