
1896 J.  Org. Chem., Vol. 40, No. 13, 1975 Padwa and Koehn 

(17) However, on reinvestigation of the work described in ref 21-m, we found 
that many of the reported reactions are chiefly catalyzed by the inor- 
ganic base and less, or not at all, by the transition metal complexes. 

(18) D. Evans, J. A. Osborn, F. H. Jardine, and G. Wilkinson, Nature (Lon- 
don), 208, 1203 (1966). 

(19) S. Cenini, A. Fusi, and G. Capparella, J. lnorg. Nucl. Chem., 33, 3576 

(20) Y. Sasson and G. L. Rempel, Tetrahedron Lett., 3221 (1974); H. Matsu- 

(21) S. L. Regen, J. Org. Chem., 39, 260 (1974). 
(22) J. Halpern, J. F. Harrod, and R. 6. James, J. Am. Chem. Sac., 88, 5150 

(23) J. A. Osborn, F. H .  Jardine, J. F. Young, and G. Wilkinson, J. Chem. 

(1 97 1). 

moto, T. Nakano, and Y. Nagi, ibid., 5147 (1973). 

(1966). 

SOC. A. 171 1 (1966) 
\ - - - I  

(24) vysenda, S. Mitusi, H. Sugiyama, and S. Seto, Bull. Chem. SOC. Jpn., 
45. 3498 (1972). 

(25) It k noteworthy that although primary a,P-unsaturated carbinols are 
transferred by RuCI2(PPh& to saturated carbonyl compounds 
[RCH=CHCH(OH)R’ - RCH&H&OR’] in the absence of external hy- 
drogen acceptors, no rearrangement takes place in the presence of 
ol,P-unsaturated ketones (Y. Sasson and G. L. Rempel, Can. J. Chem., 
in press). Unsaturated alcohols can thus be used as effective hydrogen 
donors in our reaction. 

(26) J. Blum and Y. Pickholtz, lsrael J. Chem., 7, 723 (1969). 
(27) H. Adkins, R. M. Elofson, A. G. Rossov, and C. C. Robinson, J. Am. 

Chem. SOC., 71, 3622 (1949). 
(28) J. D. Gilbert and G. Wilkinson, J. Chem. Soc. A, 1749 (1969). 
(29) G. W. Parshall and G. Wilkinson, lnorg. Chem., 4, 986 (1962). 

(30) C. W. Fong and W. Kitching, Aust. J. Chem., 22, 477 (1969). 
(31) W. J. Cherwinski, B. F. J. Johnson, and J. Lewis, J. Organornet. Chem., 

52, C61 (1973). 
(32) S. J. Ashcroft and A. Maddak, J. Chem. Soc.. Dalton Trans., 462 

(1974). 
(33) Y. Takahashi, T. Ito, S. Saki, and V. Ishii, Chern. Comrnun., 1065 

(1970). 
(34) E.g., see (a) A. P. Ginsberg, Transition Met. Chem., 1, 12 (1965); (b) M. 

L. H. Green and D. J. Jones, Adv. horg. Chem. Radiochem., 7 ,  1 1  5 
(1965); (c) R. J. Cross, lnorg. Chem. Acta Rev., 3, 75 (1969); (d) H. D. 
Kaesz and R. B. Saillant, Chem. Rev., 72, 231 (1972). 

(35) J. Chatt, B. L. Shaw, and A. E. Field, J. Chem. Soc., 3466 (1964). 
(36) R. J. Cross and F. Glockling, J. Chem. Soc.. 5422 (1965). 
(37) J. Kwiatek, I. L. Mador, and J. K. Seyler, Adv. Chem. Ser., 37, 201 

(38) B. J. Joice, J. J. Rooney, P. 6. Wells, and G. Wilson, Discuss. Faraday 

(39) R. W. Goetz and M. Orchin, J. Am. Chem. Soc., 85, 2782 (1963). 
(40) R. H. Prince and K. A. Raspin, J. Chem. SOC. A, 612 (1969). 
(41) A. J. Deeming, B. F. G. Johnson, and J. Lewis, J. Chem. Soc., Dalton 

(42) T. A. Stephenson and G. Wilkinson, J. lnorg. Nucl. Chem., 28, 945 

(43) J. Blum and Y. Becker, J. Chem. Soc., Perkin Trans. 2, 982 (1972). 
(44) A. T. Nielson and W. J. Houlihan, Org. React., 16, 1 (1968). 
(45) L. i. Smith and G. F. Rouault, J. Am. Chem. SOC., 65, 631 (1943). 
(46) D. R. Sexmith and J. H. Rassweiler, J. Org. Chem., 25, 1229 (1960). 
(47) A. Y. Meyer and E. D. Bergmann, lsrael J. Chem., 6 ,  735 (1968). 

(1963). 

Soc., 41, 223 (1966). 

Trans., 1848 (1973). 

(1966). 

Photochemical Reduction in the N-Acylketimine System 
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Irradiation of a series of N- (a-alkylbenzy1idene)benzamides in hydrogen-donating solvents results in reduction 
of the carbon-nitrogen double bond. The photoreduction involves an electronically excited state and does not 
occur by the chemical sensitization path encountered with simple N- alkylimines. Sensitization and emission stud- 
ies show that the reaction is derived from an n--r* triplet state. The failure of the imine nitrogen to initiate Nor- 
rish type I1 reactions suggests that the intermolecular hydrogen abstraction by the excited N-acylketimine occurs 
on the oxygen atom of the carbonyl group rather than on the nitrogen atom of the imine chromophore. Stern-Vol- 
mer quenching plots show that the rates of hydrogen abstraction of the N-acylketimines are low compared with 
those of aryl ketones. The low quantum efficiency of the photoreduction is attributed to both a low bimolecular 
hydrogen abstraction rate (k, = 1 X lo3 1. mol-l sec-l) and a fast rate of triplet decay. 

Aryl imines are known to undergo reduction and reduc- 
tive dimerization on irradiation in 2-pr0panol.l-~ Although 
the reaction bears analogy to aryl ketone photoreduction, 
the available data indicate that the reaction is quite differ- 
ent mechanistically in that it appears not to involve the ex- 
cited state of the imine as an intermediate in the reduc- 
tion.’ The reaction has been shown to proceed via an a- 
amino radical formed by hydrogen atom transfer to the 
imine from a ketyl radica1.l The ketyl radical is derived 
from carbonyl compounds present in starting material as 
an impurity, an added sensitizer, or as a photogenerated 
species (see Scheme I). 

Scheme I 

Ph,C=O --t Ph,C=O*‘ + Ph,C=O*3 

Ph,C=O*, + (CH,),CHOH - (Ph),COH + (CH,),COH 

(Ph)2COH + (Ph),C=NR - Ph,C=O + (Ph),CNHR 

(CH,),COH + (Ph),C=NR + (CH,),C=O + (Ph),kNHR 

2(Ph),CNHR - (Ph),C=NR + (Ph),CHNHR 

hv 

A number of related reports have appeared in the litera- 
ture showing that reactions apparently involving sensitiza- 
tion by benzophenone in hydrogen-donating solvents pro- 
ceed, in fact, via formation of ketyl radicakx6-10 The term 

“chemical sensitization” was suggested to distinguish be- 
tween such cases and sensitization involving excitation- 
energy transfer.2 

Recently, Okada, Nozaki, Toshima, and coworkers re- 
ported that the photoreduction of N-  (a-phenylbenzyli- 
dene)benzamide (1) in 2-propanol proceeds via an electron- 
ically excited triplet state (i.e., intramolecular chemical 
sensitization), in contrast with other diarylketimine photo- 
r e d u c t i o n ~ . ’ ~ - ~ ~  Similar results were reported by Fraser- 
Reid and coworkers with related corn pound^.'^ 

(Ph),C=NCOPh [(Ph),C=NCOPh]* 

[(Ph)2C=NCOPh]* + (CH,),CHOH - 
OH 
I 

(Ph),C=N$Ph + (CH,),COH 
OH OH 

2[(Ph),C===N&Ph +-+ (Ph)2CN=C!Ph] -+ 

P$C=NCOPh + PhzCHNHCOPh 

1 2 

The Japanese workers also reported that the excited 
triplet state of N-acyldiphenylmethylenimine (3) can ab- 
stract the allylic hydrogens of cyclic and acyclic olefins and 
produce photochemical addition products (i.e., 4). The 
photoreduction and addition reactions were completely 
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(Ph),CNHCOCH, 

4 

quenched by piperylene and were markedly retarded by di- 
phenyl sulfide, a good radical scavenger. The yield of pho- 
toadduct 4 was enhanced when benzophenone or acetophe- 
none was used as a triplet sensitizer. The mechanism pro- 
posed to account for these observations involved excitation 
of the ketimiiie followed by intersystem crossing and hy- 
drogen atom abstraction from the solvent by the triplet 
state. 11-13 

Further support for the involvement of the triplet state 
in these systems was obtained by studying the photochem- 
istry of several o-alkyl aromatic imines (5).14 Irradiation of 
5 was reported14 to result in an isomerization to an enam- 
ide derivative (6) by a path similar to that observed with 
the related o-alkylbenzophenone ~ y s t e m . ~ ~ , ~ ~  

5 6 Ph 

)=NCOCH,, 

On the basis of these observations it would appear as 
though the mechanism for the reduction of N- acylimines is 
quite different from that followed by N-alkylimines. This 
difference is undoubtedly related to the presence of the 
carbonyl group in the N-acylimine system. These N-acyl- 
imines are formally aza analogs of a,P-unsaturated ketones. 
A comparison of the photoreduction of these compounds 
with the extensively studied a,P-unsaturated ketone sys- 
teml8 could be of practical and theoretical interest. This 
comparison and our interest in the chemical consequences 
of electronic excitation of the C-N double bond prompted 
us to examine the photoreduction of a number of substitut- 
ed N-acylimines. In this paper we wish to describe results 
which show that the photoreduction of the N-acylimine 
system can proceed by “chemical sensitization” and by hy- 
drogen abstraction from the triplet state. The specific 
route followedl appears to be a function of the substituent 
groups present about the 2-azaenone chromophore. 

Results and Discussion 
Photoreduction in the N-Aroyldiphenylketimine 

System. Irradiation of N- diphenylmethylenebenzamide (7) 
in 2-propanol using an internal water-cooled mercury arc 
lamp equippeld with a Pyrex filter for 24 hr afforded N- 
benzhydrylbenzamide (8) and acetone in quantitative 
yield. Similarly, N-diphenylmethylene-p-anisamide (9) in 
2-propanol was photoreduced to N- benzhydryl-p-me- 
thoxybenzamide (10). In agreement with the Japanese 

0 0 
I I  hv II Ph 

\-N--C--Ar - Ph,CHNHCAr r (CH,),CHOH 
Ph 
7, Ar  = Ph 
9, Ar = pOCH,C6H, 

8, Ar = Ph 
10, Ar  = p-OCH3C6H, 

workers,ll we were unable to detect any dimeric material in 
the reaction mixture. The quantum yield for the photore- 
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duction of 7 in 2-propanol is extremely low (Q,  ca. but 
increases substantially when benzophenone or acetophe- 
none is used as a sensitizer (@ - 2 X The quantum 
yield is also enhanced when a small amount of water is 
added to the reaction mixture. High-energy sensitizers 
such as triphenylene, that do not undergo photoreduction 
in alcohol, are ineffective as sensitizers. These results 
suggest that the triplet state of the imine is not the active 
hydrogen-abstracting species. That the phosphorescence of 
benzophenone is not appreciably quenched (EPA at  77 K) 
by the imine is also inconsistent with energy transfer. 
When an experiment was run using benzophenone ketyl 
radicals, generated from the thermal decomposition of 
benzpinacol,lg reduction of 7 to 8 (also 9 to 10) occurred. 
Similarly, thermal decomposition of di-tert- butyl peroxide 

PhzC=NCOPh 

Ph, C=NC O P h  

OH OH 
I I  A + (Ph),C-C(PH), --+ 

7 
PhzCHNHCOPh + Ph,C=O 

8 
A 

( C H a )  ZCHOH 
f I-BuO-(FBu-t 

7 Ph,CHNHCOPh + (CH,),C=O 

8 

in 2-propanol in the presence of 7 afforded 8 in high yield. 
These observations when taken together suggest that the 
photoreduction of 7 in 2-propanol does not involve the ex- 
cited triplet state of the imine but is brought about by one 
or more of the intermediates of the ketone photoreduction. 
The ability of piperylene and diphenyl disulfide to retard 
the formation of 8 (or 10) is perfectly consistent with the 
“chemical sensitization” scheme outlined above (see 
Scheme I). 

Some comment is in order concerning the low quantum 
efficiency of the ketone-sensitized photoreductions in 2- 
propanol. We have previously suggested that the lack of re- 
activity of the singlet excited state of the imine can be at- 
tributed to rotation about the P bond in the excited state 
thereby allowing for dissipation of electronic e1iergy.l We 
have recently reported that photoisomerization about the 
C-N double bond can also be induced by triplet excita- 
tion.20 This would suggest that if triplet energy transfer 
from benzophenone to 7 (or 9) occurred, it would be fol- 
lowed by a facile photoisomerization and thereby minimize 
the bimolecular hydrogen abstraction from the triplet state 
of the imine. Alternatively, if hydrogen atom transfer from 
the ketyl radical to the imine were inefficient, a low quan- 
tum yield for photoreduction would result. 

Photoreduction in the N-(a-Alkylbenzy1idene)benz- 
amide System. The above results clearly indicate that the 
electronically excited triplet state of N-diphenylmethy- 
lenebenzamide (7) is not involved in the photoreduction in 
2-propanol. Instead, photoreduction in this solvent system 
occurs by “chemical sensitization”. This situation does not 
hold, however, when cyclohexene is used as the solvent. 
Toshima and coworkers have presented convincing evi- 
dence demonstrating the involvement of the electronically 
excited triplet state of N-acyldiphenylmethylenimine in 
the photochemical addition to cyclic and acyclic olefins.12 
Also, Koch and coworkers have recently shown that the 
reactions of the related cyclic keto imino ether system pro- 
ceed through an electronically excited state.21 In order to 
probe the excited-state behavior of the N-aroylimine sys- 
tem, we have studied the photochemistry of several N- (alk- 
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ylbenzy1idene)benzamides which contain a long alkyl side 
chain. Our expectation was that if hydrogen abstraction oc- 
curred on the nitrogen atom of the electronically excited 
N-aroylimine chromophore, then a Norrish type 11 reaction 
would occur if the side chain possessed a hydrogens. While 
Norrish type I1 photoreactions have been extensively stud- 
ied for aliphaticY2 aromatic,22 and a,P-unsaturated ke- 
t o n e ~ , ~ ~  little is known about the Norrish type I1 behavior 
of structurally related imines. Nevertheless, there are sev- 
eral examples reported in the literature where y-hydrogen 
transfer to excited imines 

Our preliminary experiments indicated that a simple 
straight-chain alkyl group was unsuitable, since attempts 
to prepare N- (a+ butylbenzy1idene)benzamide (1 1) re- 
sulted in its rearrangement to the more thermodynamically 
slable N -  (1-phenylpenteny1)benzamide ( 12).26 This diffi- [;kNcoph] - 

l1 Ph KHCOPh 

\f 
EHC ,H, 

12 

culty could be overcome by working with systems which 
were disubstituted in the a position so as to preclude a 
1,3-hydrogen shift. An appropriate model system which 
was selected for study was N- (a-tert-pentylbenzy1idene)- 
benzamide (13). This N-acylimine could be readily pre- 
pared by treating phenylmagnesium bromide with 2,2-di- 
methylbutyronitrile followed by the subsequent addition of 
benzoyl chloride. The structure of 13 is based on analytical, 
infrared, ultraviolet, NMR, and mass spectral data (see Ex- 
perimental Section). Irradiation of 13 in 2-propanol using 
an internal water-cooled mercury arc equipped with a 
Vycor filter for 24 hr afforded N- (a-tert-pentylbenzy1)- 
benzamide (14), mp 123-124O, as the only identifiable pho- 
toproduct. The identity of benzamide 14 was established 

PhMgBr * 
1. C H 3 C H Z C ( C H 3 ) z C N  

2. PhCOCl  
CH, P h  P h  0 

hv I II 
CH3CH2- -C=NCOPh - CH,CH,C(CHs)zCHNHCPh 1 ’  CH3 

13 14 

by comparison with an authentic sample prepared from the 
sodium borohydride reduction of 13. This product was also 
formed when the irradiation of 13 was carried out using 
95% ethanol or cyclohexane as the solvent. Extended irra- 
diation of 13 in benzene, however, resulted in the complete 
recovery of starting material. 

The failure of 13 to form a type I1 product on irradiation 
in benzene prompted us to examine the photochemistry of 
N- [a-(2,2-dimethylbutyl)benzylidene]benzamide (15). In 

CH3 Ph hv y 3  ,Ph I /  

CH3 CH3 

this case, a type I1 reaction would involve hydrogen trans- 
fer from a more reactive secondary position. Wagner and 
coworkers have previously reported a 15-fold increase in 
the rate of abstraction of a secondary over a primary hy- 
drogen in the Norrish type I1 reaction of aromatic ke- 

CH,CH,CHzC-C=NCOPh --+ CH,CH,CH,C-CHNHCOPh 
I I RH 

15 16 

Table I 
Quantum Yields for the Photoreduction of 

N-(a-Alkylbenzylidene)benzamidesa 

Compd Solvent sensitizer b oc x lo2 

13 
13 
13 

13 
13 
13 

15 
15 
17 
17 
17 

2-Propanol 
2 -~ ropano l  (95%) 
2- Propanol a ,a-Dimethylbutryo- 

2-Propanol Acetophenone 
Cyclohexane 
Cyclohexane nz-Methoxyaceto- 

2- Propanol 
Cyclohexane 
2 -Propanol 
Cyclohexane 
Cyclohexane nz-Methoxyaceto- 

phenone 

phenone 

phenone 

0.081 
0.068 
0.075 

0.13 
0.23 
0.021 

0.053 
0.21 
0.062 
0.40 
0.08 

a Average of three or more,determinations. >95% of light being 
absorbed by the sensitizer. Quantum yield for product formation. 

tones.27 We found, however, that  when the irradiation of 
15 was carried out in 2-propanol or cyclohexane, the only 
product formed was the corresponding reduced amine 16. 

We have also studied the photochemistry of N-(a-tert- 
pentylbenzy1idene)-p- anisamide (17). The effect of placing 
an electron-donating group on the benzene nucleus of an 
aryl ketone has been independently studied by YangZ8 and 
Wagner.27,29 Electron-releasing substituents were found to 
increase the lifetime of the triplet state and also decrease 
the rate constant for type I1 photoelimination. Wagner sug- 
gested that the inefficient hydrogen abstraction which oc- 
curs with these p-methoxy substituted aryl ketones actual- 
ly occurs from low equilibrium populations of an upper 
n--K* triplet state.29 On the basis of his observations, we an- 
ticipated that a similar situation would exist in the N-acyl- 
imine system. Irradiation of 17 in cyclohexane or 2-propa- 
no1 gave N- (a-tert-penty1benzyi)-p-anisamide (18) as the 
only identifiable photoproduct (see Experimental Section). 

CH, P h  0 
I /  II hv 

I RH 
C H3 C H, C-C =N-C C GHd-o-OCH, - 

CH3 Ph 0 
I I II 17 

CHSC H,C-CHNHCC I gHd-P-OCHS 

CH3 
18 

Surprisingly, both the quantum yield (see Table I) and the 
rate constant for the photoreduction of 17 are of the same 
order of magnitude as those obtained with N- benzoylim- 
ines 13 and 15. This result will be discussed in some detail 
at a later point. 

We had previously observed that the quantum efficiency 
of the N-alkylimine photoreduction was markedly en- 
hanced when 2-propanol was diluted with water.l This be- 
havior was attributed to the partial hydrolysis of the imine 
in the aqueous solvent followed by chemical sensitization 
by the small amount of the carbonyl compound formed. If 
chemical sensitization were to play an important role in the 
N-benzoylimine system, we would expect that the addition 
of a small amount of water or the deliberate addition of 
a,@-dimethylbutyrophenone would cause an increase in the 
quantum efficiency of the photoreduction of 13. As can be 
seen from Table I, the photoreduction of 13 was actually 
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less efficient in 95% 2-propanol. The fact that the reaction 
was not enhanced by the addition of water or 2,2-dimethyl- 
butyrophenone provides strong evidence that these photo- 
reductions are not proceeding via a “chemical sensitiza- 
tion” route. 

Quantum yields for the triplet-sensitized photoreduc- 
tions were also determined. Some of the data listed in 
Table I reflect the quantum efficiency of the photoreduc- 
tion as a function of the sensitizer used. When acetophe- 
none was employed, the quantum yield for the photoreduc- 
tion of 13 wa3 enhanced by ca. 60%. The possibility exists 
that  both acetophenone and a,a-dimethylbutyrophenone 
promote the photoreduction via the chemical sensitization 
route. In order to avoid this complication, m-methyoxyace- 
tophenone wais used as a triplet sensitizer. This ketone has 
a quantum yield of only 0.006 for hydrogen abstraction,2s a 
high intersystem crossing efficiency (@ISC = 0.96),27 and a 
high triplet energy (ET = 74 kcal/mol).2s From the results 
outlined in Table I it  can be seen that m-methoxyaceto- 
phenone was capable of promoting the photoreduction of 
both 13 and 17. The quantum efficiencies of the sensitized 
reactions, however, were significantly reduced. Chapman 
and coworkers had previously reported that the quantum 
yield for sensitized photoreactions using m-methoxyaceto- 
phenone depends on the concentration of the sensitizer.3o 
His results showed that high concentrations of sensitizer 
markedly diminished the quantum efficiency of the photo- 
reaction. ThiF; observation was attributed to self-quenching 
of the sensitizer via excimer formation. Since it was neces- 
sary to use high concentrations of m-methoxyacetophenone 
(0.1-0.3 M )  to assure complete absorption of the incident 
light (>95%), i t  would appear as though self-quenching of 
the sensitizer also occurs with the N-acylimine system. 
This would account for the diminished quantum yields in 
the sensitized experiments using m-methoxyacetophenone. 
At any rate, the data clearly implicate the involvement of a 
triplet state in the photoreduction of AT-acylimines 13, 15, 
and 17. 

Further support for an electronically excited triplet state 
in these photoreductions was obtained from quenching and 
emission studies. cis- Piperylene and naphthalene were em- 
ployed as photochemical quenchers. Over the concentra- 
tion range, 0.0001-0.001 M cis-piperylene, the quantum ef- 
ficiencies for the photoreduction of 13, 15, and 17 were sig- 
nificantly diminished. The lowest lying triplet states of N -  
benzoylimines 13 and 15 were demonstrated to be n--P* as 
evidenced from their phosphorescence emission spectra in 
a methanol-ethanol glass (4:l) at  77 K. We note that the 
0-0 bands of 13 and 15 correspond to a triplet energy of 68 
kcal and the vibrational spacing between the 0-0 and 0-1 
band corresponds to 1550 cm-l. The 77 K lifetimes of both 
imines were determined to be 6 msec, also consonant with 
an n- x* assignment. Surprisingly, the triplet excitation en- 
ergy of p-anisamide 17 was found to have a value of 68 
kcal, although in this case the vibrational spacing between 
the 0-0 and 0-1 band was 1100 cm-l and the triplet life- 
time was 17 msec. The longer lifetime and smaller vibra- 
tional spacing found with 17 would tend to indicate that 
this imine hatr some X-T* character mixed in with the n--T* 
~ t a t e . ~ l , ~ ~  Wagner had previously noted that the intermedi- 
ate lifetimes and other phosphorescence properties of a 
number of para-substituted acetophenones can be attrib- 
uted to strong mixing of n--P* and X-T* triplets.29 He 
pointed out that mixed triplet states may be close enough 
energetically to equilibrate before emitting and that, al- 
though the major phosphorescence component arises from 
both states, it  occurs principally from the faster emitting 
n--P* state. This situation may also obtain for p-anisamide 
17. 
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Figure 1. Stern--Volmer plot for the photoreduction of N-acylim- 
ines 13, 15, and 17 in cyclohexane. 
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Figure 2. Stern-Volmer plot for the photoreduction of N-acylim- 
ines 13, 15, and 17 in 2-propanol. 

The quantum yields for the photoreduction of N-acylim- 
ines 13, 15, and 17 are considerably smaller than the values 
obtained for typical aryl ketones.33 One possibility to ac- 
count for the low efficiency of the N-acylimine system may 
be related to some molecular feature of the molecule which 
retards formation of the diradical and allows direct radia- 
tionless decay to compete with chemical reaction of the 
triplet. In order to determine the rates of hydrogen ab- 
straction and radiationless decay we have studied the vari- 
ation of the quantum yield for photoreduction vs. quencher 
concentration. Figures 1 and 2 represent plots of the recip- 
rocal of the quantum yield for product formation against 
piperylene concentration in both cyclohexane and 2-propa- 
nol. The Stern-Volmer formulation for quenching a bi- 
molecular hydrogen abstraction of an excited triplet state 
(rate constant h,) results in the following expression 

where +ISC is the intersystem crossing efficiency. The slope 
of the plot gives (l/+~sc)(h,/k,[RH]) and the intercept 
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Table I1 
Stern-Volmer Kinetic Data  for the Photoreduction of N-Acylimines 13, 15, and 17a 

l _ l l ~  __._l..._l.l.__---_ll.-.-. __I II-__--- ____----- 
Compd Solvent *ISC Intercept slope x io6 k ,  x lo3  k d x  lo6 

13 Cyclohexaneb 0.21 440 1.17 4.64 4.06 
13 2 -  Propanol 0.23 3 260 2.16 0.76 2.62 
15 Cyclohexane 0.31 460 0.88 4.23 5.67 
15 2- Propanol 0.32 1890 1.27 0.88 6.67 
17 Cyclohexane 0.31 250 0.37 9.97 7.40 
17 2 -Propanol 0.33 1600 0.95 1.16 7.49 

a 2537-A light. k ,  (cyclohexane) = 1.1 X 1O1O 1. mol-1 sec-l. S. I,. Murov, “Handbook of Photochemistry”, Marcel Dekker, New York, 
N.Y., 1973, p 55 .  

gives (l/qhsc)(l + hd/k,[RH]). The fact that cis-piperylene 
is isomerized to trans-piperylene in the presence of excited 
N-acylimine clearly indicates that 13, 15, and 17 do in fact 
intersystem cross. The intersystem crossing efficiency 
(41s~) of each of the three N-acyliniines was independently 
determined according to the procedure of Lamola and 
H a r n r n ~ n d ~ ~  and is summarized in Table 11. Quenching of 
the triplet state of the N -  acylimines will be diffusion con- 
trolled since the triplet excitation level of all three imines is 
68 kcal/mol. From the observed slopes of the Stern-Volmer 
plots and using k ,  = 5 X lo9 1. mol-l ~ e c - l , ~ ~  the values of 
k ,  can be determined (see Table 11). Knowing k,, &sc, and 
the intercept we can determine kd (unimolecular rate of 
triplet decay to ground state). 

The bimolecular rate constant for hydrogen abstraction 
in 2-propanol by the N-acylimine triplet is approximately 1 
X lo3 1. mol--l sec-l. This bimolecular rate of hydrogen ab- 
straction is quite low compared to the khhl  = 4 X lo5 1. 
mol-l sec-l reported3fi for acetophenone triplet in %propa- 
nol and the khhi  = 6 X lo5 1. mol-l sec-’ found3fi for benzo- 
phenone triplet in the same solvent. We can see that the 
rate of hydrogen abstraction is of the order of 100-fold 
smaller for these N-acylimines than for the aromatic ke- 
tones. I t  should be noted, however, that the bimolecular 
rate constant and quantum efficiency of the photoreduc- 
tion are comparable to the values reported for a,p-unsatu- 
rated ketones (Le., CP N 0.003 and khbl = 3 X lo3 1. mo1”’l 
sec-1).37,38 Another interesting facet is the rapid rate con- 
stant of unimolecular decay of the N-acylimine triplet, hd - (2.6-7.5) X lofi sec-l. This is faster than the comparable 
decay rate constants of acetophenone and benzophenone, 
which are of the order of lo5 sec-1.36,39#40 

Considerable information has now been accumulated 
about the photochemical reduction of N-(a-alkylbenzy- 
1idene)benzamides. The more readily derived facts about 
the photoreduction are the following. (a) The photoreduc- 
tion of the N-acylimine system proceeds from an electroni- 
cally excited state and does not occur by the chemical sen- 
sitization path encountered with simple N- alkylimines.’-* 
(h) The quantum efficiencies and rates of hydrogen ab- 
straction are low compared to arylketone photoreductions 
but are on the same order of magnitude as a,P-unsaturated 
ketone photoreductions. (c) Sensitization and emission 
studies show that the photoreduction i s  derived from an 
n-r* triplet state. (d) The absence of Norrish type 11 prod- 
ucts indicates that hydrogen abstraction by the excited N- 
acylimine occurs on the oxygen atom of the carbonyl group 
rather than on the nitrogen atom of the imine chromo- 
phore. (e) The inefficiency of the photoreduction can be at- 
tributed to an inherently small bimolecular hydrogen ab- 
stract,ion rate as well as a rapid triplet degradation path. 
Syn-anti isomerization about the C-N double bond pro- 
vides an attractive rationale to account for the ease of trip- 
let decay as well as the low intersystem crossing of the ex- 
cited singlet state. 

Two additional points merit some comment. One has to 
do with the fact that the photoreduction of N-diphenyl- 
methylenebenzamide (7) in 2-propanol proceeds via the 
chemical sensitization path. It would appear as though the 
hydrolytic or photooxidative generation of benzophenone 
in this solvent system is relatively fast. The lack of reactivi- 
ty of the excited state of 7 in 2-propanol suggests that the 
triplet state undergoes an extremely efficient nonradiative 
decay to ground state, thereby precluding hydrogen ab- 
straction and allowing the benzophenone-induced “chemi- 
cal sensitization” path to predominate. Another point 
worth noting is that the rate of hydrogen abstraction of N- 
(a-tert-penty1benzylidene)-p-anisamide (17) is comparable 
to the rate observed with the related N-benzoylimine sys- 
tem (Le., 13 or 15). This observation indicates that any ef- 
fect the p-methoxy group may have in stabilizing the ~ - r *  
character of the excited triplet state of the ketimine is 
small when compared to the effect it has on arylketone ex- 
cited states. The reason for this is not a t  all clear and fur- 
ther work needs to be done before an adequate explanation 
can be offered. 

Experimental Section 
All melting points are corrected and boiling points are uncor- 

rected. Elemental analyses were performed by Scandinavian Mi- 
croanalytical Laboratory, Herlev, Denmark. The infrared absorp- 
tion spectra were determined on a Perkin-Elmer Infracord spec- 
trophotometer, Model 13‘7. The ultraviolet absorption spectra were 
measured with a Cary recording spectrophotometer, using 1-cm 
matched cells. The nuclear magnetic resonance spectra were deter- 
mined a t  100 MHz using a Jeol MH-100 spectrometer. 

Attempted Synthesis of N-(cy-mButy1benzylidene)benzam- 
ide. To a Grignard solution of n-butylmagnesium bromide (pre- 
pared from 3.6 g of magnesium turnings and 20.5 g of n-butyl bro- 
mide in 300 ml of ether) was added 15.4 g of benzonitrile in 30 ml 
of ether. The mixture was heated a t  reflux for 15 min, cooled to 
room temperature, and then quenched with 21 g of benzoyl chlo- 
ride in 30 ml of ether. The resulting mixture was heated at  reflux 
for 15 min and then decomposed with 30 ml of a saturated ammo- 
nium chloride solution. The ether layer was separated, washed 
with 30 ml of water, and dried over sodium sulfate. Evaporation of 
the solvent under reduced pressure left a solid which was identi- 
fied as N-(1-phenylpenteny1)benzamide (12) on the basis of its 
physical data: ir (KBr) 2.90, 6.01, 6.41, 6.95, 7.15, 7.60, 7.80, 8.51, 
8.95, 9.42, 9.80, 10.81, 12.45, and 14.20 w ;  NMR (CC14) 6 7.1-7.8 (m, 
11 H), 5.95 (t, 1 H), 2.15 (m, 2 H), 1.42 (m, 2 H), and 0.90 (t, 3 H).  

Preparation of N-Diphenylmethylene-p-anisamide. A solu- 
tion containing 39.2 g of bromobenzene in 350 ml of ether was 
added to a three-neck flask which contained 6.6 g of magnesium 
turnings in 25 ml of ether. After heating at  reflux for 2 hr, a solu- 
tion containing 23.7 g of benzonitrile in 30 ml of anhydrous ether 
was added to the above mixture. The mixture was heated at  reflux 
for 30 min, after which time it was quenched with 36 g of p-anisoyl 
chloride in 30 ml of ether. The solution was heated to reflux for an 
additional 30 min and was then decomposed with 250 ml of a satu- 
rated Rmmonium chloride solution. The ethereal solution was sep- 
arated and dried over magnesium sulfate. Evaporation of the sol- 
vent left an oil which was recrystallized from aqueous methanol to 
give 22 g of N-diphenylmethylene-p-anisamide (9) as a white solid: 
mp 157-159’; ir (KBr) 6.01, 7.10, 8.65, 9.25, 9.75, 9.95, 10.40, 10.51, 
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10.85, 11.70, 12.21, 12.70, 13.15, and 14.35 p; NMR (CDC13) 6 7.8 
(d, 2 H, J = 8.5 Hz), 6.8 (d, 2 H, J = 8.5 Hz), 7.40 (m, 5 H), 3.72 (s, 
3 H); uv (95% ethanol) 275 nm (e  22,000); MS nile 285, 180, 135, 
105, and 78 (base). 

Preparat ion of N-(a-  tert-Pentylbenzy1idene)benzamide 
(13). A solution containing 5.31 g of bromobenzene in 40 ml of 
ether was added to a three-neck flask which contained 0.825 g of 
magnesium turnings in 5 ml of ether. After heating a t  reflux for 1 
hr, a solution containing 3.0 g of 2,2-dimethylb~tyronitrile~~ in 20 
ml of benzene was added to the solution. The mixture was heated 
a t  reflux for 5 hr and stirred a t  room temperature for an additional 
12 hr, after which time it was quenched with 3.66 ml of benzoyl 
chloride in 30 nil of ether. After heating the mixture a t  reflux for 4 
hr, it was cooled and quenched with 30 ml of a saturated ammo- 
nium chloride !solution. The aqueous layer was extracted with 50 
ml of ether and the combined organic extracts were dried over 
magnesium sulfate and concentrated under reduced pressure to 
give a yellow oil. Recrystallization of the oil from ether-pentane 
gave 2.7 g of N-(a-tert-pentylbenzy1idene)benzamide (13) as a 
white solid: mp 51-52'; ir (KBr) 3.40, 6.01, 6.22, 9.75, 9.95, 10.20, 
10.65, 13.15, 13.80, 14.25, and 14.50 p ;  uv (cyclohexane) 237 nm (t 

12,800), 270 (1:280), 300 (360), and 320 (225); NMR (CDCld 6 7.4 
(m, 10 H) ,  1.72 (2 H, q, J = 8.0 Hz), 1.27 (6 H, s), 1.07 (3 H,  t ,  J =: 

8.0 Hz); m/e 279 (M+), 251, 236, 167, 160, 105 (base), 91, and 77. 
Anal. Calcd for C19HzlNO: C, 81.68; H,  7.58; N, 5.01. Found: C, 

81.77; H, 7.66; I'd, 4.94. 
Preparat ion of N-[a-(1,l-Dimethylbutyl)benzylidene]- 

benzamide (15). A solution containing 2.75 g of bromobenzene in 
40 ml of anhydrous ether was added to a three-neck flask which 
contained 0.42b g of magnesium turnings in 5 ml of ether. After 
heating a t  reflux for 2 hr, a solution containing 1.75 g of 2,2-di- 
methylva ler~ni t r i le~~ in 20 ml of benzene was added to the soh -  
tion. The above mixture was heated a t  reflux for 5 hr and stirred a t  
room temperature for an additional 12 hr, and then quenched with 
1.8 ml of benzoyl chloride in 15 ml of ether. After heating the mix- 
ture a t  reflux for 4 hr, it was cooled and quenched with 30 ml of a 
saturated ammonium chloride solution. The aqueous layer was ex- 
tracted with ether and the combined ethereal extracts were dried 
over magnesium sulfate and concentrated under reduced pressure 
to give 3.54 g of an orange oil. This crude oil was subjected to thick 
layer chromatography using a 20% ether-pentane mixture as the 
eluent. The ma.jor component (R f  0.43) (60%) was a clear oil whose 
structure was assigned as N -  [a-(1,l-dimethylbutyl)benzylidene] - 
benzamide (15) on the basis of its spectral data: ir (neat) 3.25, 5.95, 
6.05, 6.22, 9.45, 10.15, 10.45, 10.60, 10.90, 11.91, 12.22, 13.05, 13.80, 
and 14.40 p ;  NMR (CDC13) 6 6.9-7.8 (m, 10 H) ,  1.58 (m, 4 H), 1.24 
(s,6 H), and 0.912 (m, 3 H); uv (cyclohexane) 237 nm (c 14,400), 285, 
(1130), 295 (500), 305 (415), 320 (280); MS m/e 293 (M+), 251, 236, 
182,146, 105 (base), 91, and 77. 

Preparat ion of N-(a- tert-Pentylbenzy1idene)-p-anisamide 
(17). A solution containing 7.1 g of broinobenzene in 40 ml of ether 
was added to a three-neck flask which contained 1.1 g of magne- 
sium turnings in 10 ml of ether. After heating a t  reflux for 1 hr, a 
solution containing 4.0 g of 2,2-dimethylb~tyronitrile~~ in 40 ml of 
benzene was added to the solution. The above mixture was heated 
a t  reflux for 4 hr and stirred for an additional 12 hr a t  room tem- 
perature and then quenched with 3.72 g of p-anisoyl chloride in 30 
ml of ether. After heating the mixture for 4 hr, it was cooled and 
quenched with 30 ml of a saturated ammonium chloride solution. 
The aqueous layer was extracted with ether and the combined eth- 
ereal extracts were dried over magnesium sulfate and concentrated 
under reduced pressure to give 7.4 g of an orange oil. The crude oil 
was purified by thick layer chromatography using a 50% ether- 
pentane mixtuye as the eluent. The major component of the mix- 
ture (R/ 0.3) (60%) was a clear oil whose structure was assigned as 
N-(a-tert-pentylbenzy1idene)-p-anisamide (17) on the basis of its 
spectral data: ir (neat) 3.30, 5.95, 6.01, 7.90, 8.51, 9.02, 9.31, 9.70, 
9.93, 10.15, 11.02, 11.71, 12.01, 12.60, 12.95, 13.52, and 14.25 p;  
NMR (CDCld 5 7.45-6.90 (9 H, m), 3.68 (3 H,  s), 1.24 (6 H,  s), 1.68 
(2  H, q J = 7.6 Hz), 1.02 (3 H, t, J = 7.6 Hz); uv (cyclohexane) 215 
nm ( e  28,400) and 262 (19,000); MS m/e 176, 105 (base), 91, and 77. 

I r radiat ion of N-(a-  tert-Pentylbenzylidene) benzamide. A 
solution containing 347 mg of N-(a-tert-pentylbenzy1idene)benza- 
mide (13) in 150 ml of cyclohexane was irradiated under a nitrogen 
atmosphere using a 450-W Hanovia lamp equipped with a Vycor 
filter for 10 hr. Removal of the solvent left a yellow oil which was 
purified by thick layer chromatography. The major band isolated 
from the thick layer plate using a 50% ether-pentane mixture as 
the eluent (R f  0.5) was a white solid, mp 123--124', whose structure 
was assigned 61s N-(a-tert-pentylbenzy1)benzamide (14) on the 

J.  Org. Chem., Vol. 40, No. 13, 1975 1901 

basis of the following data: ir (KBr) 2.90, 3.40, 6.11, 6.35, 9.2, 9.35, 
9.70, 10.81, 11.35, 12.50, 12.96, 13.70, 14.23, and 14.70 p; NMR 
(CDCl3) 6 7.65-7.20 (m, 10 H), 5.00 (d, 1 H, J = 9.2 Hz), 1.36 (2 H, 
d,  J = 7.6 Hz), 6.65 (1 H, d, J = 9.2 Hz), 0.96 (6 H,  s), 0.90 (3 H, t ,  
J = 7.6 Hz); MS m/e 281 (M+), 211, 105 (base), 91, and 77. 

Anal. Calcd for C L ~ H ~ ~ N O :  C, 81.10; H, 8.24; N, 4.98. Found: C, 
81.12; H, 8.17; N, 4.77. 

An authentic sample of N-(a-tert-pentylbenzy1)benzamide (14) 
was independently prepared by the sodium borohydride reduction 
of N-(a-terf-pentylbenzy1idene)benzamide (13). To a solution 
containing 300 mg of 13 in 25 ml of 95% ethanol was added 124 mg 
of sodium borohydride. The mixture was stirred for 12 hr a t  room 
temperature and the solvent was removed under reduced pressure. 
The residual oil was taken up in ether and washed with a 10% hy- 
drochloric acid solution followed by water. The ethereal layer was 
dried over magnesium sulfate and the ether was removed under re- 
duced pressure to give 254 mg of a white solid, mp 123-124', whose 
physical properties were identical in every detail with those of the 
sample of N-(a-tert-pentylbenzy1)benzainide isolated from the 
photolysis of 13. 

I r radiat ion of N-Lcu-( 1,l-Dimethylbutyl)benzylidene]benz- 
amide. A solution containing 200 mg of N-[a-(1,l-dimethylbu- 
tyl)benzylidene]benzamide (15) in 150 ml of 2-propanol was irra- 
diated under an argon atmosphere using a 450-W Hanovia lamp 
equipped with a Vycor filter for 1 2  hr. Removal of the solvent left 
a pale yellow oil which was purified by thick layer chromatogra- 
phy. The major component (60%) (Rf  0.47) was a white solid, mp 
147-148', whose structure was assigned as N-[a-(1,l-dimethyl- 
butyl)]benzamide (16) on the basis of the following data: ir (KBr) 
2.90, 6.07, 6.72, 7.20, 7.40, 8.75, 9.65, 10.81, 11.30, 12.45, 13.51, 
14.15, and 14.55 p; NMR (CDC13) 6 7.75-7.30 (10 H, m), 6.78 (1 H, 
d,  J = 9.2 Hz), 5.08 (1 H, d, J = 9.2 Hz), 1.31 (4 H, m), 0.94 (6 H, 
s), and 0.88 (3 H, t, J = 2 Hz); MS m/e 295 (M+), 211, 105 (base), 
91, and 77. 

Anal. Calcd for C2oHzjNO: C, 81.31; H, 8.53; N, 4.72. Found: C, 
81.29; H,  8.60; N, 4.72. 

An authentic sample of N - ( a -  (1,l-dimethylbutyl) benzy1)benzam- 
ide was independently prepared by the sodium borohydride reduc- 
tion of 15. To a solution containing 390 mg of 15 in 25 ml of 95% 
ethanol was added 165 mg of sodium borohydride. The mixture 
was stirred for 12 hr a t  room temperature and the solvent was re- 
moved under reduced pressure. The residual oil was taken up in 
ether and washed with a 10% hydrochloric acid solution followed 
by water. The ethereal solution was dried over magnesium sulfate 
and the ether was removed under reduced pressure to give 200 mg 
of a white solid, mp 147-148O, whose physical properties were 
identical in every detail with those of the sample of N-[a-(1,l-di- 
methylbutyl)benzyl] benzamide isolated from the irradiation of 15. 

I r radiat ion of N-(a-tert-Pentylbenzy1idene)-y-anisamide 
(17). A solution containing 150 mg of N-(a-tert-pentylbenzyli- 
dene)-p-anisamide in 200 ml of cyclohexane was irradiated under a 
nitrogen atmosphere using a 450-W Hanovia lamp equipped with a 
Vycor filter for 12 hr. Removal of the solvent left a pale yellow oil 
which was purified by thick layer chromatography. The major pho- 
toproduct was a white, crystalline solid, mp 118- 120°, whose struc- 
ture was assigned as N-(a-tert-pentylbenzyl)-p-anisamide (18) on 
the basis of the following data: ir (KBr) 3.01, 3.36, 6.10, 7.35, 7.70, 
8.51, 9.02, 9.46, 9.72, 11.85, 13.11, 13.90, and 14.30 p ;  NMR (CDC13) 
6 7.68 (2 H,  d,  J = 8.0 Hz), 6.82 (2  H, d,  J = 8.0 Hz), 7.24 (5 H, s), 
6.64 (1 H, d,  J = 9.2 Hz), 5.04 (1, H,  d ,  J = 9.2 Hz), 3.76 (3 H, s), 
1.36 (2 H, q, J = 7.6 Hz), 0.94 (6 H,  s), and 0.86 (3 H, t, J = 7.6 
Hz); uv (95% ethanol) 252 nm ( c  14,500); MS m/e 309, 281, 266, 
224,196, 135 (base), and 107. 

Anal. Calcd for C Z O H Z ~ N O ~ :  C, 77.13; H, 8.09; N, 4.50. Found: C, 
76.85; H,  8.07; N, 4.15. 

An authentic sample of N-(a-tert-pentylbenzyl)~p. anisamide 
was prepared by the sodium hydride reduction of N-(a-tert-  
pentylbenzy1idene)-p-anisamide using the procedure outlined 
above for the reduction of N-(a-tert-pentylbenzy1idene)benzam- 
ide (15). The white solid obtained from the borohydride reduction 
of 17, mp 118-120°, was identical in every detail with the sample 
of 18 isolated from the irradiation of N-(a-tert-pentylbenzyli- 
dene)benzamide (17). 

Quantum Yield Determinations. Solutions were prepared in 
various solvents as described in the Results and Discussion, and 
3.0 ml of each wab placed in separate culture tubes (13 X 100 mm). 
Each sample was degassed to 0.005 mrn and sealed in vacuo. In a 
given run all tubes were irradiated in parallel for the same length 
of time in a merry-go-round apparatus which assured that each 
sample absorbed the same intensity of light. Cyclopentanone solu- 
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tions were used as the chemical actinometer for which a quantum 
yield of 0.38 was used43 giving a reproducible light intensity of 2.10 
X 10l6 quanta sec-l. Analyses were performed on a Hewlett-Pack- 
ard Model 5750 gas chromatograph using a 10% FS-1265 Diasaport 
S column at 210-235.6 The mole ratio:area ratio response of the in- 
strument was calibrated for each aroylimine and internal standard 
used, so that yields of product could be measured accurately. The 
conversions were run to 10% or less. The mass balance in these 
runs were generally better than 95%. 

Emission Studies. The emission spectra were made on an Am- 
inco-Bowman spectrophotofluorometer equipped with a phospho- 
roscope and transmission attachments. The spectrophotofluo- 
rometer was equipped with a 1P21 photomultiplier and a high- 
pressure xenon lamp, as supplied by the manufacturer. The emis- 
sion spectra were measured in a methanol-ethanol (4:l) or methyl- 
cyclohexane glass. The solvent was checked for emission each time 
a spectra was recorded. No interference due to solvent was found 
a t  any time. All compounds having short radiative lifetimes were 
measured by photographing the decay curve on an oscillograph. 
The chopper speed was adjusted manually to obtain the decay 
curve. The logarithmic intensities of the decay curve were plotted 
vs. time and the slope of the line at  a logarithmic value of 2.303 
gave the mean lifetime ( T O ) .  
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A convenient synthesis of secondary azo compounds is reported. The method involves addition of chlorine to 
the azine or hydrazone in CHZC12 followed by reduction of the dichloro- or chloroazoalkane with LiAlH4 or 
LiAlD4 in ether. The preparation of a variety of symmetrical secondary azoalkanes demonstrates the applicability 
of the technique. The procedure is applicable to  the synthesis of (sec-alky1azo)alkanes and presumably of (sec- 
alkylazo)-2,4,6-trichlorobenzenes. The isotope purity of the azoalkane is fixed by that of the azine or hydrazone 
precursor and of the LiAlD4. 

Secondary deuterium isotope effects2 in and the rates3 of 
thermolysis of secondary azoalkanes have been extensively 
utilized in investigations of the mechanism of azo com- 
pound pyrolysis and of the effect of substituents on the en- 
ergetics of free-radical formation. We report a convenient 
synthesis of secondary azoalkanes and their specifically 

deuterated congeners possessing essentially the maximum 
number of atoms of deuterium. 

The classical method (Scheme I) for the synthesis of 
symmetrical (eq 1) or unsymmetrical (eq 2) secondary azo- 
alkanes involves catalytic reduction of the corresponding 
azine or hydrazone to the hydrazine followed by oxidation; 


