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Abstract: The excited state responsible for the azoxybenzene photorearrangement is deduced to be In,r*, not 'r,r* as assumed 
previously. INDO calculations indicate this state to be almost classical In,a*, with excellent agreement between the calculated 
and observed spectrum being obtained. The theoretical model predicts an electrophilic role for oxygen during the rearrange- 
ment. Experiments with substituted azoxybenzenes support this model; among isomeric compounds having different substitu- 
ents on the two rings, the higher quantum yield of reaction is observed when oxygen is to migrate into the ring bearing more 
electron-donating substituents. The evidence is permissive only, since it has not been possible to relate these quantum yields 
to relative rate constants for reaction. 

Photolysis of azoxybenzene and its derivatives causes pho- 
tomigration of the azoxy oxygen atom to the ortho position of 
the more distant aromatic nucleus1 (eq 1 ) .  In this paper we 

0 

are concerned with ( I )  assignment of the reactive excited state 
and (2) correlation of the electron distribution in this excited 
state with the relative facility with which the photorear- 
rangement takes place for simple substituted azoxyben- 
zenes. 

Assignment of Excited State. Tanikaga2 noted that when 
azoxybenzene solutions are photolyzed together with benzo- 
phenone, the yield of the photorearrangement product drops 
and azobenzene is formed. He  proposed that azobenzene 
emanates from the triplet state of azoxybenzene, and that 
photorearrangement is a reaction of the lowest observed singlet 
excited state (a,a*). Monroe and Wamser demonstrated 
subsequently3 that benzophenone acts in this reaction as a 
"chemical sensitizer" rather than as a source of triplet energy. 
Hence azobenzene is not a triplet state product at all, but the 
question of the state responsible for photorearrangement is 
unresolved. 

We implicate a singlet excited state as the precursor of re- 
arrangement on the following grounds. High-energy ketone 
sensitizers depress the photoefficiency owing to competing light 
absorption. The quantum yield for photorearrangement is 

unaffected by potential quenchers such as oxygen, piperylene, 
1,3-~yclohexadiene, and pyrene. Heavy atom solvents, in- 
cluding 2-bromoethanol, methyl iodide, or xenon, do not affect 
the photoefficiency in ethan01.~ Finally, in both benzene and 
ethanol, the quantum yield is unchanged over a wide temper- 
ature range, seeming to exclude a "hot" ground state inter- 
mediate. 

What of the configuration of this excited state? The first 
observed absorption band of azoxybenzene in all solvents 
studied is associated with a r,a* transition (vmax = 31 000 
cm-l, t - 14 000). To understand the nature of the low-lying 
excited states of azoxybenzene, we have undertaken a series 
of molecular orbital calculations, using an intermediate neglect 
of differential overlap technique described elsewhere.6 After 
the ground state self-consistent field MOs were obtained, the 
35 lowest energy r,r* configurations were interacted to obtain 
the lowest lying x,a* states. Likewise, interaction of 38 o,a* 
and a,o* configurations afforded the low-lying n,r* states. 

Input  to the program included idealized crystallographic 
coordinates based on the structure of Krigbaum et for 
ethyl p-azoxybenzoate. Notable features of this crystallo- 
graphic study are the long C-N bonds (1.56 A vs. the usual 
Rc-N of 1.47 A), the strong N-N bond of 1.1 55 A (cf. RN-N 
1.10 A and RN=N 1.24 A), and the distortion from sp2 hy- 
bridization at the N 2 0  bridge (LNNO = 135'). Additionally, 
the azoxy oxygen is located almost equidistant from the nearest 
carbon atom of each ring ( R  = 2.67 A). 

Calculated and observed transition energies and assignments 
are given in Table I. The spectral location of the first r,r* band 
is confirmed, but the lowest singlet state is n , r*  a t  26 000 
cm-l. Even after configuration interaction, this state is still 
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Table I. Spectrum of Azoxybenzene 

Calcd 
Obsd, cm-I (c)  Position, cm-' Oscillator strength Commentsc 

-25 000 (?)  26 476 (25 O O O ) d  0 n,r* O(n) -+ N-N antibond 
31 200 (14 300)b 34 247 (3 1 200) 0.35 r,r* el,(B) - N-N antibond 
33 3 3 0 s h ( l l  O O O ) b  36 089 (33 0.13 r,r* el,'(B) - N-N antibond 
34 750 sh (8000)b 37 347 (34 300)d 0.01 n , r*  N(n) - N-N antibond 

38 760 (7100)b 41 174 (38 200)d 0.06 r,r* el,(A) - N-N antibond 

43 103 (4 bands) (8700)b 44 525 (44 525)d 0.03 

37 816 (37 816)d 0.01 r,r* I B d A )  

41 992 (41 992)d 0.04 r,r* 'B2u(B) 
r,r* 'Bl,(A) band spacing 1090 cm-I 

>48 800 (>20 O O O ) b  49 151 0.00 ,I.,x* 'Bl,(B) PIUS B - A 
0.06 r,r* delocalized 

0.04 

49 744 
50 818 0.12 r,r* NO antibond - N-N antibond 
53 109 
53 350 0.00 n,r* O(n) - A 
54 169 0.33 r,r* B - A  charge transfer 
54 358 0.00 r,u* ring A 
54 510 0.00 n , r*  O(n) -+ B 
55 419 0.00 r,u* ring A 
55 445 0.95 r,r* 'E,(B) 
55 952 0.00 n,r* O(n) - A 
56 009 0.00 n,r* O(n) - B 
56 085 0.58 r,r* IE,(A) and IE,(B) 

r,r* B - A charge transfer plus 'Bl,(A) 

Vapor. Taken in mixed hexanes. A is the benzene ring nearer the NO function. The group theoretical labels refer to localized D 6 h  
Assuming R(N-N)  = 1.23 A, first-order perturbation theory suggests the transition energies benzenelike transitions and molecular orbitals. 

in parentheses. These shifts are mostly the result of a depressed eigenvalue for the N-N antibond. 

almost pure n,x* with 0.7 electron removed from a n n  orbital 
on oxygen and placed in the lowest vacant MO, which is the 
N-N antibond. 

This assignment is confirmed tentatively by experiment. At  
70 OC, the vapor phase spectrum of azoxybenzene shows a 
small bump near 25 000 cm-l on the tail of the T,T* band. It 
is possible that this is the n ,a*  band. 

Characteristics of this lowest In,r* state are  a greatly re- 
duced N-N bond order, making rotation easier, and a much 
lower N - 0  bond order, consistent with bond breaking. Both 
these features will be argued to be important photochemical- 

A lowest n,a* singlet state accounts for the previously 
inexplicable lack of fluorescence from azoxybenzene.8 
Moreover, its energy is low enough that it may intersect bound 
vibrational levels of the ground state. Hence internal conversion 
to the ground state is likely to be rapid. A short-lived In,a* 
reactive state is compatible with the experimental inability of 
bimolecular quenchers to intercept it before reaction or 
deactivation. 

The calculations locate the first T,X* band near 34 000 
cm-I, and suggest that it involves charge transfer from ring 
B (distant from the N - 0  function) into the N-N antibond. 
The next two resolved bands are calculated to be complex, each 
comprising ring to N-N antibond charge transfer components 
and localized excitations resembling the B1, transition of 
benzene. 

These first three a,a* states are calculated -3000 cm-' 
higher than the observed values. This is poorer agreement with 
experiment than we have obtained previously.6 Perturbation 
theory indicates that if the crystallographic N-N bond distance 
(for ethyl p-azoxybenzoate) were too small the effect would 
be to raise the calculated energy of the N-N antibond. As 
noted already, an N-N bond length of 1.1 55 A represents a 
bond substantially stronger than a N=N double bond, while 
the N - 0  bond length of 1.29 A (RN-o - 1.48 A, RN- - 1.24 
A) argues also for an N-N bond no stronger than double. If 
the N-N bond distance were greater than 1.155 A, the energies 
of the first three a,a* bands would be correspondingly reduced. 
Taking the "typical" N=N distance of 1.24 A, first-order 
perturbation theory gives the results in parentheses in Table 

ly. 

I. These are in excellent agreement with observation. Experi- 
mental justification for this approach comes from a second 
crystallographic showing the N-N distance in p -  
azoxyanisole to be 1.22 A. 

0 
1- 

1.496 1.218 I 1.279 Ar 
Ar - N - N -  

1.496 
p-azoxyanisole 

0 
I+ 

Ar 
1.570 1.155 1 1.291 

1.559 
A r -  N -  N -  

ethyl  p-azoxybenzoate  

The remaining a,a* band observable below 50 000 cm-I 
is calculated to be almost pure benzenelike, and shows the usual 
fine structure of the benzene IB,, band. It is calculated in ex- 
cellent agreement with experiment, since the critical N-N 
antibond, and hence the N-N distance, are not involved. 

Substituent Effects. The assignment of a reactive n,a* state 
suggests that the oxygen atom would play an electrophilic role 
in the rearrangement. The generally accepted mechanism of 
rearrangement involves a reaction such as 2 where the oxygen 

becomes bonded to the ortho carbon, Le., an aromatic substi- 
tution (cf. ref 8 and 9).  Originally, Badger and Buttery9 con- 
ceived of this as nucleophilic attack of oxygen a t  carbon. 
However, the phenylazo is able to delocalize both positive and 
negative charge;I0 the observation1] that the photorear- 
rangement may be acid catalyzed supports an electrophilic 
oxygen, although participation of an n,T* excited state is un- 
likely under these conditions. 

In reactions involving cyclic transition states or intermedi- 
ates, it is often not possible to ascribe electrophilic or nucleo- 
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Table 11. Identification and Photoreactivity of Substituted Azoxybenzenes 
0 

h” MS fragmentationg 
Substituents Mp, “C (lit.). (EtOH) Ar+/CsHs+ @re1 

la 
2a 
3a 
4a 
5a 
6a 
7a 
8a 
9a 
1 Oa 
1 la 
12a 
13a 
14 

35-36 (36) 
46-47 (48)e 
63-64 (65)‘ 
69-70 (71) 
98.5-99.5 
63-65 
105-106f 

Oil 
56-57 
1 1  1.5-1 12.5 (1 1 1 )  
43-44 
72.5-73.5 
63-64 

114-1 16 

323 
332 
326 
332 
316 
327 
317 

>323 
32 1 
33 1 
312 
331 
315 

(328) 

0.55 f 0.02 
4.0 f 0.1 

0.13 f 0.01 
0.62 f 0.01 

0.23 f 0.01 
I .68 f 0.04 

0.07 f 0.01 
0.67 f 0.01 

1 .OOb 
0.75 f 0.02 
0.37 f 0.01 
0.47 f 0.02 
0.27 f 0.01 
1.70 f 0.05c 
0.39 f 0.02 

> 1.25 f 0.02 
>0.85 f 0.01 

0.80 f 0.01 
1.16 f 0.06 

<0.07 f 0.01 
2.50 f 0.1 2 

-0.00 

Unreferenced literature melting points are from Beilstein’s “Handbuch”. Assumed: @r = 0.018 f 0.002 in 0.5 M KOH/EtOH at 30 
O C .  Extrapolation to zero conversion; correction for light absorption by 5a as impurity suggests -2.2. Never obtained pure. Repeated 
fractional crystallization effected virtually no separation of 8a from its isomer. Since 8b was isolated pure, this suggests that for 8a should 
be -2.5, since 8a absorbed little more than half the light. Likewise, C-S. Hahn and H .  
H. Jaff6, J .  Am. Chem. Soc., 84,949 (1962). f R. A. Abramovitch, S. R. Challand, and E. F. V. Scriven, J .  Org. Chem., 37,2705 (1972), report 
having prepared this compound in order to reduce it  to the azo compound, but give no physical constants. g I n  each case the ratio of the two 
possible aryl fragments is given taking the height of m+/e 77 as unity. 

for 9a is probably substantially more than 0.85. 

philic character to one of the cyclizing atoms. In this particular 
case, we have argued elsewhereI2 that the atoms cannot all be 
coplanar during cyclization, and that a transition state like that 
below may be involved. It should therefore be possible to dis- 
cover whether the azoxy oxygen behaves as an electrophile or 
as a nucleophile through substituent effects. 

Previously, Tanikaga showed that unsubstituted azoxy- 
benzene photorearranged faster than any substituted analogue 
he studied.2 Strongly electron-donating (e.g., N(CH3)z) or 
withdrawing (e.g., NO*) groups at the 4,4’ positions inhibited 
the reaction completely. However, the absorption spectra of 
such compounds are markedly different from that of the parent 
molecule. This implies considerable alteration of the properties 
of the excited state. I n  planning our experiments, we wished 
to minimize the problem by using only inductive substituents, 
and CH3 and CF3 groups were chosen for study. 

The compounds examined are identified in Table I1 as 1-14. 
They were prepared by conventional means: the symmetrically 
CH, substituted ones by reduction of nitro compounds, the 
symmetrically CF3 substituted ones by oxidation of anilines. 
Unsymmetrical compounds were prepared by coupling ap- 
propriately substituted nitroso compounds and anilines. The 
resulting azo compounds were then oxidized with H202/acetic 
acid, to give mixtures of azoxy compounds. These mixtures are 
notoriously difficult to separate,I3 and repeated fractional 
crystallization was required. 

The purities of the compounds were determined by NMR.  
Fluorine-containing compounds were analyzed directly using 
I9F NMR;  those lacking fluorine were examined in the pres- 
ence of the lanthanide shift reagent Eu(fod)3.I3 In some cases, 
the less reactive of a pair of isomers could be obtained in higher 
purity by photolyzing to partial conversion. This method was 

used successfully for 5a, loa, and 12a, which were thus ob- 
tained essentially free of their isomers. 

Preparative scale irradiations were carried out to give ref- 
erence samples of the o-hydroxyazo compounds. Compound 
14 was very resistant to photolysis; it did not photorearrange, 
but was slowly reduced to the azo compound. 

A major task was deciding which structure to assign to 
which isomer of an unsymmetrical azoxy compound. Our 
criteria follow. 

(1 )  The products of irradiation, being azo compounds, are 
relatively easy to identify. Mass spectrometry gives strong 
peaks for the molecular ion, the two possible diazonium ion 
cleavage fragments, and the two aryl cations. Thus the location 
of the hydroxy substituent may be deduced (Table 111). Fur- 
ther, the absorption spectrum of the product is shifted with 
respect to the parent compound, particularly if the substituent 
is in the phenolic ring. Thus the absorptions of 5b and perhaps 
12b are blue shifted by comparison with lb, while 8b and 9b 
are red shifted. Charge transfer through the system as a whole 
contributes to the large red shifts of 6b, 8b, and 13b. 

We now apply the criterion of Badger and Buttery9 that the 
azoxy oxygen migrates to the distant aromatic ring. This 
cannot be used in isolation, because we have previously re- 
ported a case where two isomeric azoxy compounds gave the 
same photorearrangement product.I4 In that case, prior pho- 
toisomerization of the azoxy compounds was found to occur. 
Consequently, in this study, the preparative scale photolyses 
were carried out to less than complete conversion and the azoxy 
compound was recovered. In no case was the azoxy compound 
found to have isomerized. 

(2) If we accept the structural assignments using the above 
arguments, the absorption spectra of the azoxy compounds 
present a self-consistent picture. Substitution of the aryl ring 
closer to the N - 0  function causes a much smaller shift in A,,, 
than does substitution in the aniline-like ring. Methyl substi- 
tution of the “aniline” ring causes a red shift, while CF3 sub- 
stitution consistently yields a blue shift. 
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Table 111. Physical Properties of 2-Hydroxyazobenzenes 

I n  0.5 M KOH/EtOH Mass spectrum 
Substituents Mp, “C An,,, c (major peaks) 

l b  
2b 
3b 
4b 
5b 
6b 
7b 
8b 
9b 
10b 
l l b  
12b 

8 1-82 
121-122 
80-8 1 

151-152 
109-1 10 
108-109 
121-122 
110-1 1 1  

a 
72-74 

161 -162 
a 

458 
460 
460 
460 
447 
480 
465 
480 

>466 
460 
484 

<415 

7 600 198 (M+) ,  121, 105, 93, 77 
11 800 212 (M+), 135, 107, 105,77 
9700 212(M+),121,119,93,91 

11 300 226 (M+) ,  135, 119, 107,91 
6 500 266 (M+), 189, 161,77 

1 1  000 266 (M+), 145, I 2  1 , 9 3  
7 600 334 (M+), 189, 161, 145 
7 300 280 (M+), 145, 135, 107,91 

7 800 226 (M+), 121,? l05,? 93 
10 400 254 (M+), 149, 121 ,  105 

12 300 334 (M+) ,  213, 163, 1 2 1 , 9 3  13b 3’,5’-(CF3)2 128-129 490 
a Never obtained pure. A,,, values apply to a mixture containing some of the other isonier. Since 8b was obtained as a pure compound, 

Exact masses: m/e 121; found 121.044 (calcd for C6HsN20, we conclude that the isomer of 8a is substantially less reactive than 8a itself. 
121.040; calcd for CsH90, 121.065; m/e 105, found 105.077 (calcd for CsH5N2, 105.045; calcd for CxH9, 105.071). 

(3) In unsymmetrical azoxybenzenes, mass spectral frag- 
mentation of the molecule has previously been found to occur 
preferentially on the side closer to the N - 0  bond.15 Our ob- 
servations are consistent with that trend (Table 11). 

For azoxy compounds such as 9a, lla, 12a, and 14, one 
might legitimately question whether steric effects ihight slow 
down migration of oxygen into the neighboring ring position. 
Previous work2,12 indicates that this is not a problem in prac- 
tice, a result we have now confirmed for a neighboring triflu- 
oromethyl group, 

Relative Rate Kinetics. The solvent selected was 0.5 M KOH 
in ethanol. The advantages of this medium are (1)  the hy- 
droxyazo compound product may conveniently be monitored 
as its anion (A,,, - 460 nm). (2) Formation of product is linear 
with time to greater conversions because the reactant and 
product spectra overlap less in base than in neutral solution. 
This causes less retardation by an “inner filter” effect. (3) Side 
products, which might arise by the diazonium ion fragmen- 
tation reaction,’* are essentially completely suppressed in this 
medium. Control experiments showed that neither the product 
spread nor the quantum efficiency of the reaction of azoxy- 
benzene was affected when KOH was added to ethanol. 

The relative and absolute quantum yields are reported in 
Table 11. These relative rates of reaction cannot be identified 
with telative rate constants because the lifetimes of the excited 
states of the azoxy compounds are unknown. Moreover, since 
neither luminescence nor quenching is observed, these lifetiines 
are  currently unobtainable with the facilities available to us. 
It Is not likely that all the compounds studied have comparable 
lifetimes. Deactivation of SI  may involve either internal con- 
version or intersystem crossing to the triplet manifold. Internal 
coflversion requires the electronic energy to be degraded to 
vibtation; the largest vibrational quanta (C-H in this case) are 
believed to affect the rate most strongIy.l6 We might consider 
whether increasing the number of C-H bonds through methyl 
substitution would shorten the lifetime substantially. However, 
the work of Froehlich and Morrison” on methylated benzenes 
Indicates essentially no change in singlet lifetime when fewer 
than five methyl groups are present. This is consistent with our 
previous study8 where were showed that perdeuteration of 
azoxybenzene affected the photorearrangement efficiency only 
slightly. As to the effect of substitution on the intersystem 

crossing rate, we have no information; however, cases are 
known, e.g., the 9- and 10-substituted anthracenes,lp where 
substantial effects are observed. 

For this reason, we can interpret our data only qualitatively. 
Considering isomeric pairs of azoxy compounds, we note that 
in every case, the picture emerges of greater photoreactivity 
when the oxygen is to substitute into the more electron-rich 
ring. For example, 2a, which has the methyl group in the ring 
under attack, photolyzes more efficiently than 3a.19 Based on 
a single pair of compounds, this would be a very suspect cori- 
clusion, for it is implicitly assumed that 2a and 3a have com- 
parable lifetimes. However, the pattern is repeated for all the 
pairs of compounds studied; it is more pronounced for the tri- 
fluoromethylated compounds, for the inductive effect of this 
group considefably surpasses that of the methyl group ifl 
magnitude.*O Thus the substituent effects are consistent with 
oxygenation being an electrophilic attack upon the aromatic 
nucleus. 

Conclusions 
Our calculations and experiments permit us to draw two 

related ~onclusions about the mechanism of the azoxybenzefle 
photorearrangement. First, a low-lying I n , r *  excited state is 
almost certainly involved; second, attack by oxygen a t  the 
distant ortho carbon represents electrophilic attack a t  the ar. 
omatic ring. This second conclusioh, supported by the calcu- 
lated electron density of the lowest lying excited singlet state, 
receives only qualified experimental support because we cannot 
identify the relative quantum yields of reaction with rate 
constants for reaction 2. This is a particular problem whtn the 
observed quantum yield is so low; almost 98% of all photons 
absorbed are not accounted for. Nevertheless, we believe the 
conclusion to be justified on the grounds that the results of the 
calculations and the experiments present a consistent picture. 
The reactivity pattern of the isomeric unsymmetrical azoxy- 
benzenes is in every case what could be expected from a COO- 
sideration of the electronic distribution in a lo&y.t ]n , r*  state. 
Taken together, these reactivity patterns provide strong cif- 
cumstantial evidence for this interpketation. 

Finally, we attempt to consider the evehts that most prob- 
ably take place following excitation. According to the crys- 
tallographic studies, the oxygen atom in the ground state Of 
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azoxybenzene is almost  equidis tant  from the  or tho  carbon 
a toms of each ring. If we assume tha t  the  structure of t h e  
molecule is similar in solution, it is clear that  there is attraction 
between the  oxygen and t h e  nearest o r tho  hydrogens in t h e  
ground s ta te .  This is because t h e  distances (2.04 and 2.26 A) 
are well within the van der Waals radii (2.6 A). Population of 
the ‘n,x* s ta te  causes severe reduction in the  N-N bond order  
and removal of almost  a full electron from oxygen. The oxy- 
gen-ortho hydrogen interaction must  now b e  repulsive, a n d  
rotation about  t h e  N-N bond becomes facile. Since the ni- 
t rogen atoms are now pyramidal ,  the  oxygen is situated con- 
veniently for at tack a t  t h e  dis tant  or tho carbon with formation 
of a five-membered ring. This is clearly shown i n  molecular 
models. 

T h e  subst i tuent  effects support this  hypothesis, with elec- 
tron-attracting groups in the distant ring disfavoring C-0 bond 
formation,  and  electron-releasing groups facilitating it.  Pic- 
torially, we  might  represent t h e  first s ta tes  of the  reaction by 
t h e  c rude  valence bond formalism of eq 3. 

hy 

c- 

Experimental Section 

Mcthods for preparative photolysis and for the separation and 
identificalion of photoproducts have been described in detail pre- 
viously.* In  this work ethanol means the 95% constant boiling azeo- 
trope. Melting points are uncorrected. Analytical data on new com- 
pounds are in  Table IV.25 

Preparation of Azoxy Compounds. Most physical constants are in 
Table 11. Azoxybenzene was made as described previously.8 Reduction 
of the nitro compound with Tl/ethano12’ gave after purification 
4,4’-dimethylazoxybenzenc (55%) and 3,3’,5,5’-tetramethylazoxy- 
benzene (34%). Purified samples of 4.4’-bis(trifluoromethyl)azox- 
ybenzene (35%) and 3,3’5,S’-tetr:j kis(trifluoromethyl)azoxybenzene 
(43%) were obtained by oxidiying the aniline with H Z O ~ / C H ~ C O ~ H  
at  60 “C. Unsymmetrical compounds were made by oxidizing azo 
compounds. prepared from the aniline and the nitroso compound. The 
isomeric azoxy compounds were separated by repeated fractional 
crystallization from methanol, but evcn so, 100% purity was not at- 
tained (Table V).2s 

Hydroxyazo Compounds. Autheniic samples were prepared by 
photorearrangement of azoxy compounds. Physical constants are 
recorded i n  Table 111. Compound 12a rearranged very inefficiently 
and gave a mixture, which included thc aro compound, and 14 af- 
forded exclusively the azo compound 15. 

Visible spectra of these products were recorded on a Beckman 
Model 24 spectrophotometer in  0.5 M KOH in ethanol. At least two 
different stock solutions of each compound were prepared. Each stock 
solution was diluted to givc three working solutions of different con- 
centration. Beer’s law was verified for each, and the extinction coef- 
ficients of Table 111 are thus the avcrage of at least six determina- 
tions. 

Mechanistic Studies. Rotating “merry-go-rounds” were used to 
ensure equal illumination of samples. Product formation was moni- 
tored by spectrophotometry at the wavelengths indicated; usually this 
was -410 nni  in  neutral solution and -460 nm in basic solution for 
la .  A Kayonet photoreactor quipped with eight RUL 3000 lamps 
having maximal output near 300 nm was operated at ambient tem- 
perature ( ~ 4 0  “C).  Temperature control was provided in a system 

in  which a merry-go-round and a Honovia 500-W medium-pressure 
mercury arc housed in a water-cooled Pyrex immersion well were 
contained in a constant temperature bath. Except as indicated, this 
could be held constant to f O .  1 “C. All figures reported below represent 
the average of two independent samples having good agreement be- 
tween them. Since the geometry of the setup changed from experiment 
to experiment, comparison from one set of data to another is not 
possible. 

Quantum Yield of Photorearrangement. This was determined rel- 
ative to the ferrioxalate actinometer.22 Five duplicate determinations 
in 0.5 M KOH-alcohol gave I#+ = 0.018 f 0.002 (lit.” 0.008 at 320 
nm). The value 0.22 f 0.02 given in our earlier paper8 should have 
been 0.022 f 0.002. 

Photolysis of 3,3’-Bis(trifluoromethyl)azoxybenzene. The azoxy 
compound (0.7 g, mp 43 ~ 4 4  “ C  (lit.24 46 “C), prepared by oxidation 
of m-trifluoromethylanilinc), was irradiated in 0.1 M KOH-ethanol 
(500 mL) for 88 h. The product was separated from unreacted azoxy 
compound on alumina, but the two possible products could not be 
separated. l9F NMR of thr  crude product showed three resonances 
at  2638, 2685, and 2732 tlz from internal CFC13, ratio 2:I:l,  indi- 
cating that both hydroxyazo compounds has been formed in equal 
amount. 

Relative Quantum Yields. These determinations were made at  30 
“C. Ethanol-0.5 M KOH was the solvent. Concentrations of azoxy 
compounds were sufficient to give absorbance >20 to minimize light 
absorption by products. Duplicate samples of four different azoxy 
compounds, always including la, were irradiated simultaneously. 
Illumination was stopped after different times (usually 2- 20 min) and 
the solutions analyzed spectrophotometrically a t  the various A,,, 
values. Relative reactivities were calculated for each time and the 
average of four to ten values obtained. Always included were runs 
where the concentrations of all but l a  were halved; this had no effect 
on the results. The data of Table 1 are the average of different ex- 
periments of the type described in which different combinations of 
azoxy compounds were photolyzed. New stock solutions were prepared 
for these new combinations. Good agreement between runs was always 
obtained. I n  the case of 6a, the reaction was strongly retarded by 
products; the initial relative quantum yield was obtained by extrap- 
olation of I5 runs to zero conversion. 
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Supplementary Material Available: Experimental data on the effects 
of oxygen, heavy atoms, sensitizers, quenchers, base, and temperature 
on photorearrangement; analytical data on new compounds (Table 
IV); approximate purities of azoxy compounds (Table V)  (6  pages). 
Ordering information is given on any current masthead page. 
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trans-Stilbene-Amine Exciplexes. Photochemical Addition 
of Secondary and Tertiary Amines to Stilbene 
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Abstract: The fluorescence of trans-stilbene is quenched by several secondary and tertiary amines. Quenching bq tertiary 
amines in  nonpolar solvents is accompanied by the appearance of exciplex fluorescence. The temperature dependence of fluo- 
rescence quenching by secondary and tertiary amines in polar and nonpolar solvents is indicative of reversible exciplex forma- 
tion in all cases. Addition of the 01 C--H bond of tertiary amines to singlet stilbene occurs only in  polar aprotic solvents. Electron 
transfer from the tertiary amine to stilbene apparently must precede proton transfer. The addition of thc N-H bond of secon- 
dary amines to stilbene occurs in all aprotic solvents. The behavior of exciplexes formed from rr0n.r-stilbene with secondary 
and tertiary amines and conjugated dienes is compared 

Stilbene and other diarylethylenes undergo a number of 
photochemical addition reactions with e l e ~ t r o n - r i c h ~ , ~  and 
e lec t r~n-poor~  alkenes, dicnes,s.6 and amines7 We have re- 
cently characterized the exciplex intermediates in the photo- 
chemical [,2, + ,2,] cycloaddition reactions of trans-stilbene 
and diphenylvinylene carbonate with conjugated dienes.6 
Frontier orbital interactions in these a-donor-a-acceptor ex- 
ciplexes appear to determine product stereochemistry and 
regiochemistry. Recent investigations of the reactions of singlet 
trans-stilbene with amines have established that secondary 
amines add to stilbene in nonpolar solvents, whereas no reac- 
tion occurs with primary or tertiary amines.' Exciplex fluo- 
rescence has been observed from trans-stilbene-N-methyl- 
pyrrole and exciplex intermediates postulated for the addition 
of secondary amines.7h We were interested in comparing the 
behavior of n-donor-a-acceptor type exciplexes with our results 
for a-a type exciplexes and thus have investigated the inter- 
actions of singlet trans-stilbene with several secondary and 
tertiary alkyl amines. 

Results 
Product Studies. Irradiation of an acetonitrile solution of 

trans-stilbene (0.01 m)  and triethylamine (1.0 m )  results in 
the formation of diastereomeric NJV-diethyl- 1 -methyl-2,3- 
diphenylpropylamine (Ia), 1,2-diphenylethane (11), and 
1,2,3,4-tetraphenylbutane ( I l l )  along with isomerized stilbene 
(eq I ) .  The diastereomeric amine adducts were not separable 

Ph Ph 
I I  

PhCH-bHbHN(CH2CH,)i + PhCH.CH?Ph + PhCH,kHkHCH?Ph 

by vapor phase or column chromatography; however. the I3C 
N M R  spectrum of the mixture showed two signals of ap- 
proximately equal intensity for all saturated carbons, indi- 
cating the formation of a mixture of diastereomers. The mass 

Ia I1 111 

spectrum of Ia and other stilbene-amine adducts are re- 
markably simple and of considerable value in confirming 
structure assignments (see Experimental Section). Quantum 
yields for product formation at  several amine concentrations 
are given in Table I .  Formation of addition (la) and reduction 
(11,111) products was not detected when photolyses were car- 
ried out in hexane, diethyl ether, or ethyl acetate solvents. 
Quantum yields for formation of Ia in mixed ether-acetonitrile 
solvent increase with acetonitrile content (Table 11). The 
failure of Kawanisi and Matsunaga7" to observe products from 
irradiation of stilbene in neat triethylamine ( t  = 2.4 D) is 
consistent with these observations. 

lrradiation of trans-stilbene and diisopropylethylamine in 
acetonitrile solution similarly results in addition of an amine 
a C-H bond to stilbene. The complicated I3C N M R  spectrum 
of the amine addition product indicated the formation of both 
possible adducts, one as a pair of diastereomers (eq 2). 
Quantum yields for formation of amine adduct (Ib and lb'), 
diphenylethane, and tetraphenylbutane are given in eq 2. 

/ph + CH&HJ(CH(CH,J,), 

Ph 1.0m 

CH,CN J hv, Pyrex 
( 2 )  

I 'CH,CH, Ib' 

I b  
CH i 

Ib + Ib' (a = 0.088) + I1 (a = 0.15) + 111 (@ = 0.030) 

Kawanisi and Matsunaga'" have reported the formation of 
N,N-diethyl- 1,2-diphenylethylamine (IC) and 1,2-diphenyl- 
ethane (11) from the photolysis of stilbene in neat diethylamine. 
These products, alone with tetraphenylbutane (111), were 
isolated from photolyzed hexane solutions of 0.01 m frans- 
stilbene and 1.0 m diethylamine (eq 3 ) .  Quantum yields for 
formation of both addition and reduction products decrease 
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