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In order to investigate the reactivity of a photolytically generated arylnitrene with an intramolecular 
CH bond, the photochemistry of 2-(w-phenylalkyl)phenyl azides (la-d) was examined. Irradiation 
of 1 in solution revealed that the insertion of the nitrene into an adjacent CH bond to  give cyclic 
compounds 4 and 6 occurs favorably only when a reactive CH bond, such as benzylic, is located 
close to the nitrenic center. This process can compete with the formation of products derived from 
triplet nitrene, but not with the capture of didehydroazepine by DEA. On the other hand, irradiation 
of l b  in an  Ar matrix a t  12 K gave a mixture of the CH insertion product 4b and the 
didehydroazepine 15. The origin of the difference in reactivity of the nitrene observed in solutions 
and in a matrix, and the spin state of the nitrene involved in the CH insertion reaction, are discussed. 

The photochemistry of aromatic azides has been of 
interest due to its application in photoresist systems and 
in biochemical photoaffinity 1abeling.l Both uses are 
based on the intermolecular covalent bond formation 
between nitrenes, which are known to be short-lived 
intermediates generated by the photolysis of azides, and 
surrounding macromolecules. In spite of extensive in- 
vestigation of the photochemistry of phenyl azide and its 
 derivative^,^,^ the essential features of the mechanism 
of this bond formation remains controversial. 

The insertion of a photolytically generated nitrene into 
a CH bond is thought to be an important bond-forming 
reaction in many systems of practical application, ( e g . ,  
in the photoresist system involving bidazide) and par- 
tially cyclized p~lyisoprene~). However, several questions 
arise: (a) why can the nitrene generated photolytically 
in the photoresist system insert into a CH bond of the 
polymer, while photolysis of a fluid solution of phenyl 
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azide in a hydrocarbon solvent, such as cyclohexane, gives 
no CH insertion products and (b) which state of the 
nitrene is involved in a CH insertion reaction. In order 
to shed light on the intrinsic reactivity of a photolytically 
generated nitrene toward a CH bond, we have examined 
the photochemistry of the aromatic azides having an  
alkyl side chain adjacent to the reaction center. Although 
it has been reported that nitrenes induced by thermolysis 
of 2-alkylphenyl azides5 or by deoxygenation of 2-alkyl- 
nitrobenzenes with triethyl phosphite6 undergo an inser- 
tion into an intramolecular CH bond, few reports of the 
CH insertion of photochemically generated nitrenes have 
a ~ p e a r e d . ~  In this paper, we wish to report our system- 
atic studies of the photochemical reactions of 2-(w- 
phenylalky1)phenyl azides (la-d) in fluid solutions and 

1 
a : n = l ,  b : n = 2 ,  c : n = 3 ,  d : n = 4  

in matrices, wherein it is revealed that the insertion of 
the photolytically generated nitrene into an adjacent CH 
bond occurs, although unfavorably. The spin state of the 
nitrene involved in the CH insertion is also discussed. 

Results and Discussion 

Photolysis in Cyclohexane. We first examined the 
photolysis of the azides la-d in cyclohexane, since 
irradiation in an inert solvent would be favorable for the 
intramolecular reaction. In general, irradiation of phenyl 
azide in hydrocarbon solvents gives mainly azobenzene, 
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Photolysis of 2-(~-Phenylalkyl)phenyl Azides 

Table 1. Photoproducts of la-d in Cyclohexane 
yield (%)a 
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substrate 2 3 4 others 

la 30 3 
lb trace 31b 
I C  21 trace 10 2c 
Id 31 trace 2d 

a Yield by isolation. 2-Phenylindoline (4b; 25%) and 2-phen- 
ylindole (5b; 6%). Carbazole (2%) and 2-benzylindole (5c; trace). 

the formation of which is rationalized in terms of dimer- 
ization of triplet pheny1nitrene.l A solution of the azides 
la-d (ca. 6 x M) in cyclohexane was irradiated with 

2-(2-Phenylethyl)indole (Sd 2%) and carbazole (trace). 

w ( C H 2 ) n P h  hv 
* 

-N3 cHex 

1 

a : n = l ,  b:n=2,  c:n=3, d : n = 4  

2 3 4 

a high-pressure mercury lamp through a Pyrex filter. 
After chromatographic separation, photoreaction prod- 
ucts were isolated, the distribution of which is shown in 
Table 1. Interestingly, the product distribution was 
highly dependent on the chain length of the w-phenyl- 
alkyl group a t  the 2-position. 

Irradiation of 2-azidodiphenylmethane (la) in cyclo- 
hexane gave a mixture of the corresponding azobenzene 
(2a) and the aniline (3a), both of which were considered 
to be products of triplet state nitrene. No 10H-azepino- 
[1,2-aIindole, which was reported to be a major product 
of the thermal decomposition of la,s could be detected. 
In contrast, the photolysis of 2-(2-phenylethyl)phenyl 
azide (lb) afforded 2-phenylindoline (4b) exclusively, 
which was formed by intramolecular insertion of the 
nitrene into a P-CH bond of the 2-phenylethyl group. 
Some fraction of the indoline was dehydrogenated in the 
course of photoreaction and separation to give 2-phen- 
ylindole (5b). However, the yield of intramolecular CH 

5 6 

b:n=2,  c:n=3, d:n=4 

insertion product was reduced in the photolysis of 243- 
pheny1propyl)phenyl azide (IC), where 2-phenyl-1,2,3,4- 
tetrahydroquinoline (4c), which was formed from in- 
tramolecular insertion into a y-CH bond, was isolated in 
10% yield. A major photoreaction product was the 
corresponding azobenzene 2c. Further, it should be 
noted that products derived from intramolecular inser- 
tion of the nitrene into a /3-CH bond were obtained only 
scarcely in the photolysis of IC in cyclohexane: no 
2-benzylindoline (6) could be isolated, but only trace 
amounts of 2-benzylindole (5c) were obtained from the 

(8) Jones, G.; Long, B. D.; Thorne, M. P. J .  Chem. SOC., Perkin Trans. 
2 1992, 903 and references therein. 

Scheme 1 

trans-trans gauche-trans 

5c 2c 4C 

photolyzed mixture. The further elongation of the meth- 
ylene chain in the substituent at the 2-position resulted 
in a considerable decrease in the formation of intramo- 
lecular CH insertion products. Thus, irradiation of 244- 
phenylbuty1)phenyl azide (la) in cyclohexane gave the 
corresponding azobenzene (2d) almost exclusively, and 
2-(2-phenylethyl)indole (Sd) was obtained in only 2% 
yield as the sole intramolecular CH insertion product. 

The studies on the photochemistry of a series of 2401- 
alkylpheny1)phenyl azides (la-d) in cyclohexane re- 
vealed the following three points. First, the intramolec- 
ular CH insertion of the photochemically generated 
nitrenes occurs, but is an unfavorable process. Thus, only 
when reactive hydrogens, such as benzylic hydrogens, are 
situated close to the nitrenic center, does intramolecular 
CH insertion occur favorably. In the nitrene generated 
from lb, benzylic @-hydrogens can be located close to the 
nitrenic center, assuming a free rotation of 2-nitreno- 
phenyl group around the Ch-C, bond. Therefore, the 
intramolecular CH insertion can occur smoothly to  give 
2-phenylindoline (4b). However, when considering the 
conformation of 1,3-disubstituted propanes, it is reason- 
able to think that  the nitrenes generated from IC prefer 
a trans-trans conformation about the C,-Cb and Cg- 
C, bonds, respectively, such that the nitrene cannot 
interact with reactive benzylic y-hydrogens (Scheme 1). 
Despite the favorable location of P-hydrogens for insertion 
of the nitrene, only trace amounts of 2-benzylindole (Sc) 
are obtained, as mentioned above. These observations 
imply that the rate of reaction with an  unreactive 0-CH 
bond is considerably reduced, so that the dimerization 
of the triplet nitrene to give the azobenzene 2c predomi- 
nates. Thus, the 2-phenyltetrahydroquinoline (412) spe- 
cies obtained would originate from the nitrene with a less 
stable gauche-trans conformation. This would account 
for a low yield of the intramolecular CH insertion 
products in the photolysis of IC (Scheme 1). 

Studies of la-d also showed that no products derived 
from the reaction of the nitrene with a-hydrogens arose 
from photolysis. This is due to a high strain energy in 
the transition state of insertion into an  a-CH bond. 
However, the possibility that an  a-hydrogen migrated to 
the nitrenic center to give the o-quinoid imine derivative, 
which then p~ lymer i zed ,~~  cannot be ruled out. 

Finally, the nitrenes photolytically generated from 
la-d cannot add to the n electron of the terminal 
benzene ring of the substituent a t  the 2-position. This 
may be attributed not only to the low electrophilicity of 
aryl nitrenes, but also to the unfavorable conformation 
of the nitrenes for addition to  the benzene ring, since it 
has been reported that  the nitrenes conformationally in 
close proximity to an  adjacent aromatic ring add to  the 
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double bond of the aromatic ring.g We could isolate trace 
amounts of carbazole in the photolysis of IC and Id. 
Although the formation of this compound derives from 
the intramolecular interaction of the nitrenic center with 
the terminal benzene ring, the detailed mechanism has 
yet to  be elucidated. 

Photolysis in Diethylamine (DEA). When phenyl 
azide is irradiated in a nucleophilic solvent such as DEA, 
2-(diethylamino)-3H-azepine is obtained. Recent inves- 
tigations have revealed that  the mechanism of the ring 
expansion involves a didehydroazepine intermediate 7, 

Murata et al. 

which was directly observed by spectroscopic methods.2J0 
It  is generally accepted that  upon irradiation of phenyl 
azide in fluid solutions a t  room temperature, singlet 
phenylnitrene is generated and immediately isomerizes 
to 7, which is captured by DEA to give the 3H-azepine, 
while in the absence of DEA, 7 regenerates singlet 
nitrene in competition with polymerization and reaction 
with the starting azide.2b,e If the rate of insertion of the 
nitrenes generated photolytically from la-d into an  
adjacent CH bond is comparable to that of isomerization 
to the didehydroazepines, then the irradiation of la-d 
in DEA would yield the intramolecular CH insertion 
products together with the corresponding 3H-azepine 
derivatives. It has been reported that in the photolysis 
of 2-azidobiphenyl in the presence of DEA, the intramo- 
lecular cyclization to give carbazole competes with the 
3H-azepine formation.ll 

Sundberg and co-workers reported that the irradiation 
of 2-alkylphenyl azides in DEA afforded a mixture of 
oxidation products identified as pyridines and W-azepin- 
2-ones, rather than 3H-azepines, due to  the sensitivity 
of the 1H-azepine intermediates to molecular oxygen.12 
They also reported, however, that the formation of 
oxidation products was avoided by heating the photolyzed 
mixture with methanol. Thus, we treated the photolysate 

of the azides la-d in DEA with boiling methanol 
according to their procedure. As shown in Table 2, 
irradiation of the azide la-d in DEA gave the corre- 
sponding 3-alkyl-2-(diethylamino)-3H-azepines 8,  to- 
gether with small amounts of 2-alkylanilines 3. No 
products that derived from intramolecular insertion of 
the nitrenes into an  adjacent CH bond, such as 4 or 6, 

Table 2. Photoproducts of la-d in Diethylamine 

yield (%)" 

substrate 3 8 
la 
lb 
IC 
Id 

5 21 
trace 24 
3 126 
2 206 

a Yield by isolation. Trace amounts of carbazole were also 
isolated. 

could be detected.13 Thus, the photolysis in a nucleophilic 
solvent which could capture didehydroazepines effectively 
revealed that the intramolecular CH insertion of the 
nitrenes photolytically generated from lb  and IC could 
not compete with the isomerization to the didehy- 
droazepine. This is in contrast to the formation of 
carbazole from 2-azidobiphenyl. These results suggest 
to us that the intramolecular CH insertion to give 4b or 
4c proceeds by a mechanism different from that of 
formation of carbazole, which has been established to 
involve a singlet nitrene.'Jl In order to obtain additional 
information about the mechanism of the intramolecular 
CH insertion, further studies were carried out on the 
photochemistry of lb  and IC. 

Photolysis in Alcohols. It  is generally known that 
irradiation of phenyl azide in alcohols gives only aniline 
and tarry products and that neither singlet phenylnitrene 
nor didehydroazepine (7) can be captured owing to the 
insufficient electrophilicity of these intermediates to react 
with alcoh01s.l~ However, when the azide l b  was irradi- 
ated in methanol, the adduct of the nitrene with metha- 
nol was obtained in 37% yield, together with the intramo- 
lecular CH insertion product 4b (9%). The adduct was 

KPhL ROH q P h  + mRph NHZ 

l b  4b 9 

identified as 2-(2-methoxy-2-phenylethyl)aniline (9, R = 
Me) by the lH NMR and GC-MS data. The formation of 
the analogous product has been reported in the irradia- 
tion of 2-azido-1-methoxyphenazine in ethan01.'~ The 
product distribution was dependent on the irradiation 
time. Thus, longer irradiation resulted in an  increased 
yield of 9 with less of 4b. This observation implied that 
4b was converted photochemically into 9 in alcohol. 
However, a t  least at the early stages of the photoreaction, 
the adduct 9 obtained originated from the azide lb, since 
the independent irradiation of 4b in alcohol revealed that 
the conversion of 4b into 9 was less efficient than the 
decomposition of lb.15 

The dependence of the product distribution on the 
concentration of alcohol in cyclohexane was examined. 
The result shown in Figure 1 demonstrated that the yield 
of 9 increased a t  the expense of 4b with increasing 
concentration of alcohol, which implied that both prod- 

(9) Murata, s.; Sugawara, T.; Iwamura, H. J .  Am. Chem. SOC. 1985, 
107,6317. 
(10) (a) Chapman, 0. L.; Le Roux, J.-P. J .  Am. Chem. SOC. 1978, 

100, 282. (b) Donnelly, T.; Dunkin, I. R.; Norwood, D. S. D.; Prentice, 
A.; Shields, C. J.; Thompson, P. C. P. J .  Chem. SOC., Perkin Trans. 2 
1985, 307. (c) Hayes, J. C.; Sheridan, R. S. J .  Am. Chem. SOC. 1990, 
112, 5879. 

(11) (a) Sundberg, R. J.; Heintzelman, R. W. J .  Org. Chem. 1974, 
39, 2546. (b) Sundberg, R. J.; Gillespie, D. W.; DeGraff, B. A. J .  Am. 
Chem. SOC. 1975,97,6193. 

(12) Sundberg, R. J.; Suter, S. R.; Brenner, M. J .  Am. Chem. SOC. 
1972, 94, 513. 

(13) Though 2-phenylindoline (4b) was consumed in the photolysis 
in DEA, i t  was confirmed that 4b was less reactive than the azide lb. 

(14) Though Sundberg and Smith, Jr., reported that irradiation of 
phenyl azide in methanol gave 2-methoxy-3H-azepine in 11% yield, 
attempts to reproduce this result have been unsuccessful. For the 
photochemistry of aromatic azides in methanol, see for example: (a) 
Sundberg, R. J.; Smith, Jr., R. H. J .  O g .  Chem. 1971, 36, 295. (b) 
Purvis, R.; Smalley, R. K.; Strachan, W. A.; Suschitzky, H. J .  Chem. 
SOC., Perkin Trans. 1 1978, 191. See also: refs 3f and 9. 

M) in ethanol for 30 
min, 50% of the starting azide was consumed, while ca. 5% of 4b was 
converted into 9 under the same conditions. 

(15) After irradiation of lb (4 mg, ca. 4 x 
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give 12 in preference to the recombination to 6 cannot 
be satisfactorily explained at the present time.16 

If we assume a hydrogen abstraction-recombination 
mechanism involving a triplet state nitrene for the 
formation of the intramolecular CH insertion products, 
the results obtained in the photolysis of lb and IC in 
solutions may be interpreted as follows. I t  has been 
known that the isomerization of singlet phenylnitrene, 
generated photolytically in solution, to  didehydroazepine 
is faster than the intersystem crossing to a triplet state 
a t  room temperature.2b,f Therefore, products derived 
from a triplet state nitrene cannot be obtained in DEA, 
since didehydroazepine is captured with DEA more 
rapidly than it regenerates a singlet state nitrene.l’ In 
the absence of strong nucleophiles, didehydroazepine 
comes to equilibrium with singlet state nitrene, which 
is deactivated to its triplet state. Thus, the CH insertion 
products 4b and 4c may be obtained in the irradiation 
of lb and IC, respectively, in cyclohexane or methanol, 
but not in DEA.18z20 

Photochemistry of lb in an Ar Matrix at 12 K. 
Since Chapman and Le R o n  reported the first observa- 
tion of the IR spectrum of didehydroazepine (7)  in an  Ar 
matrix in 1978,1°a this technique has been a powerful 
method for studying the photochemistry of azides. In 
order to gain information about the reactivity of a 
photolytically generated nitrene toward a CH bond, the 
photochemistry of lb matrix-isolated in Ar a t  12 K was 
examined. 

Irradiation (>300 nm) of lb in an  Ar matrix afforded 
2-phenylindoline (4b) and a product exhibiting an  intense 
cumulenic band a t  1894 cm-l, each of which appeared to 
be a primary photoproduct (Figure 2). The former was 
identified by comparison of the IR spectrum with that of 
the authentic sample matrix-isolated in Ar at 12 K. The 
product that shows an  1894 cm-’ band was tentatively 
assigned to the didehydroazepine 15, which was consid- 

+ 
0 50 IO0 

EtOH I % 

Figure 1. Dependence of the product yields on the concentra- 
tion of ethanol in the photolysis of lb  in a cyclohexane-ethanol 
binary system: 4b (0); 9 (R = Et) (0). 

Scheme 2 

S- ROHL 

10 

ucts originated from a common reactive intermediate. I t  
is reasonable to think that  the product 9 arises from 
solvent-trapping of the biradical, which should be formed 
by an  intramolecular hydrogen abstraction of the triplet 
nitrene.7d The addition of alcohol can be rationalized by 
assuming a polarized biradical structure as depicted in 
10 in Scheme 2. Since a recombination of the biradical 
10 gives 4b, i t  appears that intramolecular CH insertion 
of the nitrene photolytically generated from lb occurs 
by a hydrogen abstraction-recombination mechanism 
including a triplet state nitrene. 

Analogously, irradiation of IC in methanol gave the 
corresponding azobenzene 2c in 16% yield, 2-phenyltet- 
rahydroquinoline (4c) in 15% yield and two kinds of 
methoxylated anilines, 11 and 12, in 4 and 13% yields, 
respectively, together with small amounts of 2-benzylin- 
doline (6) (3%) (Scheme 3). Assignment of the two 
isomeric methoxylated aniline structures was readily 
made based on lH NMR and MS fragment patterns. In 
the ‘H NMR spectrum, the methine proton at the 
y-position of 11 produced a doublet of doublets a t  d 4.13, 
while 12 revealed a methine proton at the ,&position with 
a multiplet centered at 6 3.62. As discussed for the 
photolysis of lb, the products 4c and 11 should be derived 
from a common biradical intermediate 13, which is 
formed by the abstraction of an intramolecular benzylic 
y-hydrogen by triplet state nitrene (Scheme 3). It  is 
noteworthy that while only small amounts of the cycliza- 
tion product 6, which should be derived from a biradical 
14 produced by ,&hydrogen abstraction, could be ob- 
tained, the aniline 12 methoxylated a t  the b-position was 
formed in a yield comparable to that of 2c or 4c. Thus, 
it is found that on irradiation of IC in methanol, a 
P-hydrogen abstraction takes place in competition with 
a y-hydrogen abstraction and a dimerization to 2c. This 
result, contrasting with that  obtained in cyclohexane 
(Scheme 11, can be interpreted in terms of solvent effect 
on the stabilization of the polarized biradicals. The 
reason that  14 undergoes the reaction with methanol to 

Ar, 12 K D P h  + cph 
H 

l b  4b 15 

ered to be a precursor of azepine 8b obtained by the 
photolysis in DEA. Further irradiation with longer- 

(16) It would be conceivable that the less stable biradical 14 could 
be formed in methanol by the larger participation of solvent molecules, 
increasing the contribution of polarized character to  the biradical which 
would accelerate the rate of the reaction with methanol. 

(17) Small amounts of the anilines 3 were isolated in the irradiation 
of 1 in DEA as shown in Table 2. In general, the mechanism of the 
aniline formation in the irradiation of aromatic azides in DEA is 
unclear. Two mechanisms have been proposed; hydrogen abstraction 
of a triplet nitrene and electron transfer from DEA to an excited azide. 
Our results would be consistent with the latter mechanism. See: 
Schrock, A. K.; Schuster, G. B. J. Am. Chem. SOC. 1984,106, 5234. 

(18) The triplet-sensitized experiment would give a clue to the spin 
state of the nitrene involved in a CH insertion. However, the photolysis 
of l b  in the presence of benzophenone (ET = 69 kcal/mol) as a triplet 
sensitizer gave a complex mixture from which no products originated 
from the azide were identified. This frustrating result is probably due 
to an inefficient triplet-energy transfer from excited benzophenone to 
the azide. The triplet energy of phenyl azide has been estimated to 
be 70-75 kcallmol: refs 2g and 19. Though irradiation of a benzene 
solution of l b  containing a sensitizer with a higher triplet energy, eg . ,  
4-methoxyacetophenone (ET = 72 kcal/mol), with ,350 nm light ([lbl 
= 5.6 x M, [sensitizer] = 4.5 x lo-* M) afforded 2-phenylindoline 
(4b1, it has not been confirmed that l b  could be decomposed by a 
triplet-energy transfer from the sensitizer under these conditions. 

(19) (a) Lewis, F. D.; Saunders, Jr., W. H. J. Am. Chem. SOC. 1968, 
90,7033. (b) Leyshon, L. J.; Reiser, A. J. Chem. SOC., Faraday Trans. 
2 1972, 68, 1918. 
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Scheme 3 

Murata et al. 

3 

1c 

2c 

wavelength light (>350 nm) caused an  increase in 
intensities of the IR peaks due to 4b with a decrease in 
the intensity of the band a t  1894 cm-l. This observation 
may be explained in terms of the regeneration of nitrene 
from the didehydroazepine 16. It  has been reported that 
the conversion of phenylnitrene to didehydroazepine is 
photochemically reversible in matrices a t  low tem- 
peratures.loc The indoline 4b was unreactive even under 
short-wavelength irradiation (> 200 nm). 

Thus, it  was found that in the photolysis of l b  in an  
Ar matrix, the formation of 4b could compete with the 
ring-enlargement process to  give 16. This result con- 
trasted with that obtained in the photolysis in solutions, 
where the formation of 4b was completely quenched in 
a solvent that could capture didehydroazepines effec- 
tively, e g . ,  DEA. These observations imply that  the 
intramolecular CH insertion in matrices proceeds by a 
mechanism different from that in solutions. However, 
we cannot draw a definitive conclusion concerning the 
spin state of the nitrene responsible for the CH insertion 
in matrices because of the fact that didehydroazepine is 
mainly produced by the photolysis of triplet phenylni- 
trene in matrices a t  low temperatures.loc Thus, two 
explanations may be given for the mechanism of the 
intramolecular CH insertion under these conditions. The 
first mechanism is a direct insertion of a singlet state 
nitrene, which competes with intersystem crossing to its 
triplet state. The second is a hydrogen abstraction- 
recombination mechanism involving a triplet state ni- 
trene, where the nitrene would abstract the hydrogen in 
competition with photochemical conversion to the dide- 
hydroazepine 16. Though the facile formation of 4b as 
a primary photoproduct appears to support the first 
mechanism, the second cannot be ruled out since a 
hydrogen abstraction of a triplet nitrene would proceed 
smoothly a t  cryogenic temperatures by a tunneling 
mechanism.21 

Furthermore, it  should be noted that in matrices at 
low temperatures, unlike in solutions, molecular motions 

(20)The CH insertion product 4b, as well as the methoxylated 
aniline 9, was similarly obtained when the azide lb was irradiated 
with a shorter- ('200 nm in a quartz tube) or longer-wavelength light 
(2350 nm). Moreover, thermolysis of lb in 1,2,4-trichlorobenzene at  
180 "C exclusively afforded 4b (75%). These obsel-vations seem to 
imply that a free nitrene is a precursor of intramolecular CH insertion 
products. However, the possibility that an electronically excited azide 
participates in the product formation under our irradiation conditions 
cannot be thoroughly excluded. 

(21)It is established that in the case of carbenes triplet CH 
abstraction at  cryogenic temperatures proceeds by the tunneling 
mechanism: Platz, M. S. Kinetics and Spectroscopy of Carbenes and 
Biradicals; Plenum Press: New York, 1990; Chapter 6. 
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of lb, even the rotation of the 2-azidophenyl group 
around the Ck-C, bond, should be frozen. Therefore, 
upon irradiation, some molecules in which /3-benzylic 
protons are located close to the nitrenic center would give 
the CH insertion product 4b, and others would isomerize 
to 16. 

Conclusions 

The photochemistry of 2-(w-phenylalkyl)phenyl azides 
(la-d) has been studied to obtain information about the 
reactivity of a photolytically generated nitrene toward a 
CH bond. It  is known that insertion of a photolytically- 
generated arylnitrene into a CH bond is an  unfavorable 
pr0cess.l Thus, photolysis of phenyl azide in a hydro- 
carbon solvent gives no CH insertion products. Our 
studies have, however, revealed that arylnitrenes gener- 
ated by photolysis in solution can insert favorably into 
the reactive CH bond, such as benzylic, that is situated 
close to  the nitrenic center. Furthermore, it  has been 
found that this process can compete with the formation 
of products from a triplet nitrene, i.e., the azobenzenes 
2 and the alkoxylated anilines 9,11, and 12, but not with 
the capture of didehydroazepine by DEA. 

I t  has been reported that nitrenes generated by ther- 
molysis of aryl azides yield CH insertion  product^.^ Hall 
and co-workers established that the insertion of ther- 
mally produced phenylnitrene into a hydrocarbon CH 
bond proceeded by a triplet mechanism,22 while Smolin- 
sky and Feuer presented evidence for the participation 
of singlet arylnitrene in intramolecular CH insertion in 
the thermolysis of 2-(2-methylbutyl)phenyl azide.5d 
Though we have no definitive evidence as to the spin 
state of the nitrene involved in the photochemical CH 
insertion a t  present, the results of the photolysis of l b  
and IC in solution are not inconsistent with a hydrogen 
abstraction-recombination mechanism involving a trip- 
let state nitrene. To validate this possibility, measure- 
ment of the kinetic isotope effect and determination of 
the extent of configurational inversion using an  optically 
active substrate are required, both of which are planned 
in our laboratory. 

In a matrix at low temperature, irradiation of l b  gave 
both the didehydroazepine 16 and the intramolecular CH 
insertion product 4b. This observation suggests that in 
matrices where molecular motion is quite restricted, the 
photolytically-generated nitrene can readily insert into 

(22) Hall, J. H.; Hill, J. W.; Fargher, J. M. J. Am. Chem. SOC. 1968, 
90, 5313. 
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Figure 2. IR spectrum obtained by irradiation (>300 nm; 30 h) of lb matrix-isolated in Ar at 12 K. The peaks marked with 0 
are assigned to the bands due to  4b. 

a CH bond fxed close to the nitrenic center. This may 
provide the reason for the difference in the reactivities 
of nitrenes generated in current application systems and 
in fluid solutions. 

Experimental Section 

General Methods. 'H NMR spectra were recorded at 100 
or 270 MHz. GC-MS spectra were recorded with a GC column 
prepared from 5% silicone OV-17 on Diasolid L (5.0 mm x 1.0 
m). The GC analyses were performed on a column prepared 
from 5% silicone OV-17 on Diasolid L (5.0 mm x 1.0 m) or 5% 
PEG-2OM on Diasolid L (5.0 mm x 1.0 m). The HPLC 
analyses were carried out on a JASCO Finepak Cls-T5 column. 
Gel permeation liquid chromatograph (GPC) was performed 
on a JASCO HLC-01 high-pressure liquid chromatograph 
equipped with a Shodex GPC H-2001 column. TLC was 
carried out on a Merk kieselgel 60 PF254, and column chro- 
matography was done on Fuji Davison silica gel BW-127ZH. 

Materials. The synthesis of 2-azidodiphenylmethane (la) 
have previously been reported.8 The other 2-(w-phenylalkyl)- 
phenyl azides (lb-d) were prepared in the standard procedure 
from the corresponding 2-(w-phenylalkyl)anilines (3b-d).z3 In 
a typical run, ca. 600 mg of the amine (3b-d) was dissolved 
in 2 mL of dioxane, and 10 mL of 6 N sulfuric acid was added 
to  the solution. The mixture was cooled to  0-5 "C, and a 
solution of 300 mg of NaNOz in 3 mL of water was added 
dropwise to the solution. The reaction mixture was stirred 
for 2 h at this temperature. After removing excess nitrous 
acid by addition of urea, the cooled solution was added 
dropwise to a solution of 1 g of NaN3 in 3 mL of water with 
stirring at room temperature. After the addition, the reaction 
mixture was stirred for 2 h. The organic material was 
extracted with CHzC12, and the extract was dried over Naz- 
Sod. The solvent was removed under reduced pressure, and 
the residue was developed on a silica gel column with hexane 
to  give the azide (lb-d) in 80-90% yield. The identity and 
purity of the new azides lb-d were established by 'H NMR 
and IR spectra. 2-(2-Phenylethyl)phenyl azide (lb): colorless 
granules; mp 22 "C; lH NMR (CDC13) S 2.86 (4H, s), 6.9-7.3 
(9H, m); IR (NaC1) 2130,1490,1455,1285,750,695 cm-l; UV 

(23) Ibuki, E.; Ozasa, S.; Fujioka, Y.; Okada, M. Yakugaku Zasshi 
1980,100,718. 

(cyclohexane) I,, (log E )  252 (3.98), 280 (3.39),289 (3.29) nm. 
2-(3-Phenylpropyl)phenyl azide (IC): colorless oil; 'H NMR 
(CDC13) 6 1.8-2.0 (2H, m), 2.6-2.8 (4H, m), 6.9-7.3 (9H, m); 
IR (NaC1) 2140, 1495, 1460, 1290, 755, 700 cm-l; UV (cyclo- 
hexane) I,, (log E )  252 (3.95), 280 (3.38),289 (3.28) nm. 2-(4- 
Phenylbuty1)phenyl azide (Id): colorless granules; mp 31 "C; 
'H NMR (CDCl3) 6 1.5-1.7 (4H, m), 2.5-2.7 (4H, m), 6.9-7.3 
(9H, m); IR (NaC1) 2950,2130,1495,1455,1290,750,700 cm-l. 

Irradiations for Preparative Experiments. A solution 
(20 mL) of the azide (ca. 30 mg) was placed in a Pyrex tube 
and purged with NZ for 10 min. It was irradiated with a 300-W 
high-pressure mercury lamp at room temperature for 1 h, 
when 70-80% of the starting azide was consumed. The 
resulting solution was worked up by the following procedure. 

(1) Irradiation of la-d in Cyclohexane. A solution of 
30 mg of the azide in 20 mL of cyclohexane was irradiated. 
After evaporation of the solvent, the residue was separated 
by GPC with CHC13 eluent. The products were identified by 
'H NMR and GC-MS. The yield of products shown in Table 1 
was determined by isolation on the basis of the reacted 
material. The identity and purity of the new azobenzenes, 2a, 
2c, and 2d, were established by 'H NMR and high-resolution 
mass spectra. 2,2'-Dibenzylazobenzene (2a): orange needles; 
mp 119 "C; lH NMR (CDC13) 6 4.56 (4H, s), 7.1-7.4 (16H, m), 
7.60 (2H, d, J = 7.9 Hz); HRMS found M+ 362.1797. CZ~H~ZNZ 
requires M+ 362.1783. 2,2'-Bis(3-Phenylpropyl)azobenzene 
(2c): orange granules; mp 71 "C; lH NMR (CDC13) 6 2.03 (4H, 
quintet, J = 7.7 Hz), 2.72 (4H, t, J = 7.7 Hz), 3.19 (4H, t, J = 
7.7 Hz), 7.2-7.4 (16H, m), 7.49 (2H, d, J = 7.9 Hz); HRMS 
found M+ 418.2420. C ~ O H ~ ~ N Z  requires M+ 418.2409. 2,2'-Bis- 
(4-phenylbuty1)azobenzene (2d): orange needles; mp 82 "C; lH 
NMR(CDC13)S 1.7-1.8(8H,m),2.64(4H, t, J=6.9Hz),3.19 
(4H, t, J = 7.3 Hz), 7.1-7.4 (16H, m), 7.58 (2H, d, J = 7.9 Hz); 
HRMS found M+ 446.2733. CSZH~~NZ requires M+ 446.2722. 
2-Phenylindoline (4b),24 2-phenyl-1,2,3,4-tetrahydroquinoline 
( 4 ~ ) : ~  2-phenylindole (5b), 2-benzylindole (5c),2'j 2-(2-phenyl- 

(24) (a) Fischer, E.; Schmitt, T. Chem. Ber. 1888, 21, 1075. (b) 
Adkins, H.; Coonradt, H. L. J. Am. Chem. SOC. 1941, 63, 1563. 
(25) (a) Oldham, W.; Johns, I. B. J. Am. Chem. SOC. 1939,61,3289. 

(b) Goldstein, S. W.; Dambek, P. J. Synthesis, 1989, 221. 
(26) (a) Julian, P. L.; Pikl, J. J .  Am. Chem. SOC. 1933,55,2105. (b) 

Hooper, M.; Pitkethly, W. N. J. Chem. Soc., Perkin Trans. 1 1972,1607. 
(c) Augustine, R. L.; Gustavsen, A. J.; Wanat, S. F.; Pattison, I. C.; 
Houghton, K. S.; Koletar, G. J. Og. Chem. 1973, 38, 3004. 
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ethyllindole (5d),27 and carbazole were identified by compari- 
son of the spectroscopic data with those of authentic material. 

(2) Irradiation of la-d in DEA. A solution of 30 mg of 
the azide in 20 mL of DEA was irradiated. The photolyzed 
solution was transferred under a Nz atmosphere to a dropping 
funnel which was attached to a flask containing 20 mL of 
boiling methanol. The photolyzed solution was added dropwise 
to  the refluxing methanol, and the mixture was refluxed for 1 
h. After cooling, the solvent was removed, and the residue 
was separated by GPC with CHC13 eluent. The products were 
identified by 'H NMR. The yield of products shown in Table 
2 was determined by isolation on the basis of the reacted 
material. The identity and purity of the new azepines 8a-d 
were established by 'H NMR spectra, where the 3-substituted- 
3H-azepine structures were confirmed by comparison with 
analogous azepines.IZ 2-(Diethylamino)-3-benzyl-3H-azepine 
(8a): oil; 'H NMR (CDC13) 6 0.98 (6H, t, J = 7.1 Hz), 2.25 
(lH, dd, J = 13.2, 6.9 Hz), 2.46 (lH, dd, J = 13.2, 8.6 Hz), 
3.18(4H,brs),4.21(1H,m),5.12(1H,t,J=9.2Hz),5.73(1H, 

(6H, m). 2-(Diethylamino)-3-(2-phenylethyl)-3H-azepine 
(8b): oil; IH NMR (CDCl3) 6 1.05 (6H, t, J = 7.1 Hz), 1.3-1.6 
(2H, m), 2.4-2.6 (ZH, m), 3.2-3.4 (4H, m), 4.03 (lH, m), 5.12 
(lH, t, J = 9.1 Hz), 5.61 (lH, dd, J = 7.8, 6.2 Hz), 6.30 (lH, 
dd, J =  9.1,6.2 Hz), 7.05 (IH, d, J =  7.8 Hz), 7.1-7.3 (5H, m). 
2-(Diethylamino)-3-(3-phenylpropyl)-3H-azepine (8c): oil; IH 
NMR(CDC13)61.11(6H,t, J=7.1Hz), 1.1-1.3(ZH,m), 1.5- 
1.7 (2H, m), 2.4-2.6 (2H, m), 3.3-3.5 (4H, m), 4.04 (lH, m), 
5.09 (lH, t, J = 9.2 Hz), 5.58 (lH, dd, J = 7.6, 6.3 Hz), 6.26 
(lH, dd, J = 9.2, 6.3 Hz), 7.02 (lH, d, J = 7.6 Hz), 7.1-7.3 
(5H, m). 2-(Diethylamino)-3-(4-phenylbutyl)-3H-azepine 
(8d): oil; lH NMR (CDCl3) 6 1.11 (6H, t, J = 6.9 Hz), 1.1-1.6 
(6H, m), 2.53 (2H, t, J = 7.8 Hz), 3.3-3.5 (4H, m), 4.02 (lH, 
m), 5.09 (lH, t, J = 9.2 Hz), 5.59 (lH, dd, J = 7.6, 6.3, Hz), 
6.26 (lH, dd, J = 9.2, 6.3 Hz), 7.03 (lH, d, J = 7.6 Hz), 7.1- 
7.3 (5H, m). 

(3) Irradiation of lb and IC in Methanol. A solution of 
28.7 mg (0.129 mmol) of azide lb in 20 mL of methanol was 
irradiated. After evaporation of the solvent, the residue was 
separated by GPC with CHCl3 eluent to give 1.9 mg (9%) of 
2-phenylindoline (4b) and 9.2 mg (37%) of 242-methoxy-2- 
phenylethy1)aniline (9, R = Me), together with 4.4 mg of the 
unchanged starting material (lb). The identity and purity of 
the new methoxylated aniline 9 (R = Me) were established by 
IH NMR and GS-MS spectra. 9 (R = Me): oil; 'H NMR 
(CDC13) 6 2.76 (lH, dd, J = 14.5, 4.0 Hz), 3.07 (lH, dd, J = 
14.5, 8.3 Hz), 3.18 (3H, s), 4.38 (lH, dd, J =  8.3,4.0 Hz), 6.6- 
6.7(2H,m),6.92(1H,d,J=6.9Hz),7.04(1H,t,J=7.6Hz), 
7.2-7.4 (5H, m); GC-MS mlz (re1 intensity) 227 (M+, 91, 121 
(M+ - CHZC~H~NH~, 1001, 106 (M+ - CH(OMe)Ph, 15). 
Irradiation of IC (31.7 mg, 0.134 mmol) was carried out in the 
same manner to give 3.1 mg (16%) of the azobenzene 2c, 3.8 
mg (17%) of the mixture composed of 2-(3-methoxy-3-phenyl- 
propy1)aniline (11) and 2-(2-methoxy-3-phenylpropyl)aniline 
(12), 2.9 mg (15%) of 2-phenyl-1,2,3,4-tetrahydroquinoline (4~1, 
0.6 mg (3%) of 2-benzylindoline (61, and 0.7 mg (4%) of 
carbazole, together with 9.4 mg of the unchanged starting 
material (IC). The ratio of the two methoxylated anilines 11 
and 12 was determined by the integration of 'H NMR as 0.29: 
1. The chromatographical separation of these isomers in a 
preparative scale was unsuccessful, though the GC-MS spec- 
trum of each isomer was obtained. Thus, the identity and 
purity of the new methoxylated aniline, 11 and 12, as well as 
the new indoline 6, were established by lH NMR and GC-MS 

dd, J = 7.5, 6.3 Hz), 6.35 (lH, dd, J = 9.2, 6.3 Hz), 7.1-7.3 
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spectra. 11: lH NMR (CDC13) 6 1.9-2.1 (2H, m), 2.5-2.6 (2H, 
m), 3.24 (3H, s), 4.13 (lH, dd, J = 8.4, 4.8 Hz), 6.6-6.7 (2H, 
m), 7.0-7.1 (lH, m), 7.2-7.4 (6H, m); GC-MS mlz (re1 
intensity) 241 (M+, 60), 226 (M+ - Me, 251, 209 (M+ - OMe, 

C H Z C ~ H ~ H Z , ~ ~ ) ,  118 (loo), 106 (M+ - CH&H(OMe)Ph, 98). 

(lH, dd, J = 14.9, 7.9 Hz), 2.75 (lH, dd, J = 13.7, 6.6 Hz), 
2.95 (lH, dd, J = 13.7, 5.9 Hz), 3.24 (3H, s), 3.6-3.7 (lH, m), 
6.6-6.7 (2H, m), 6.92 (lH, d, J = 7.6 Hz), 7.0-7.1 (lH, m), 
7.2-7.4 (5H, m); GC-MS mlz (re1 intensity) 241 (M+, 221, 209 
(M+ - OMe, 111, 135 (M+ - C H Z C ~ H ~ Z ,  loo), 118 (39). 
2-Benzylindoline (6): oil; IH NMR (CDC13) 6 2.7-3.0 (3H, m), 
3.14 (lH, dd, J = 15.7, 8.4 Hz), 4.0-4.2 (lH, m), 6.58 (lH, d, 
J = 7.9 Hz), 6.69 (lH, t, J = 7.3 Hz), 7.01 (lH, dd, J = 7.9, 7.3 
Hz), 7.09 (lH, d, J = 7.3 Hz), 7.2-7.4 (5H, m); GC-MS mlz 
(re1 intensity) 209 (M+, 5), 118 (M+ - CHzPh, 1001, 91 (18). 

Irradiation for Analytical Experiments. In the experi- 
ments for dependence of the product yields on the concentra- 
tion of alcohol in the photolysis of lb in a cyclohexane-alcohol 
binary system, ethanol was employed on account of the 
solubility in cyclohexane. A solution (4 mL) of the azide lb (4 
mg) in a cyclohexane-ethanol binary solvent was placed in a 
Pyrex tube, purged with Nz for 10 min, and irradiated for 30 
min with a 300-W high-pressure mercury lamp at room 
temperature. The products were 2-phenylindoline (4b) and 
2-(2-ethoxy-2-phenylethyl)aniline (9, R = Et), which were 
identified by IH NMR and GC-MS. 9 (R = Et): IH NMR 

Hz),3.07(1H,dd, J=  14.3,8.6Hz),3.2-3.4(2H,m),4.47(1H, 
dd, J=8.6,3.6Hz),6.6-6.7(2H,m),6.91(1H,d, J=7.6Hz),  
7.0-7.1 (lH, m), 7.2-7.4 (5H, m); GC-MS mlz (re1 intensity) 

(OEt)Ph, 74). The consumption of the material (ca. 50%) and 
the yield of products were determined by HPLC on the basis 
of an internal standard. In these conditions, the photodecom- 
position of the primary photoproducts was negligible. The 
results were shown in Figure 1. 

Matrix-Isolation Spectroscopy. The apparatus and ex- 
perimental technique used for matrix-isolation spectroscopy 
have been described previously.2s The azide lb and 2-phen- 
ylindoline 4b were vaporized under Torr at room tem- 
perature and at 55 "C, respectively. IR data of the starting 
material and the photoproduct isolated in an Ar matrix at 10 
K were as follows. lb: 3034w, 2122vs, 2098s,1492m, 1454w, 
1293m, 1287m, 752m, 699m, 653w. 4b: 3040w, 1616m, 1486s, 
1469s, 1398w, 1248m, 1031w, 7499, 702m, 542w. 
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33), 135 (M+ - CHzCcjHaHz, 37), 132 (571, 121 (M+ - CH2- 

12: 'H NMR (CDC13) 6 2.64 (lH, dd, J = 14.9, 4.0 Hz), 2.72 

(CDC13)61.12(3H,t, J = 6 . 9 H ~ ) , 2 . 7 5 ( 1 H , d d , J = 1 4 . 3 , 3 . 6  

241 (M+, 8), 135 (M+ - C H ~ C ~ H ~ H Z ,  1001, 107 (M+ - CH- 

(27) Mohan, B.; Nagarathnam, D.; Vedachalam, M.; Srinivasan, P. 
C. Synthesis 1985, 188. 

(28) Murata, S.; Yamamoto, T.; Tomioka, H. J. Am. Chem. Sac. 1993, 
115, 4013. 


