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Table I 

Olefin 

2a 
2b 
2c 
2d 
2e 

IP, 
eV 

8.93« 

8.89" 
8.53d 

7.84* 

Kt1T,' 

M - 1 

0.1 
0.16 
0.42 

96.5 

Adducts 

3a 
3b 
3c 
3d 
3e 

Yield,6 

% 

80 (60) 
80(60) 

- 1 0 0 (>90) 
- 1 0 0 (>90) 
-100 (65 ) 

Mp, 0C 

141 
117-118 
212-213 
186-188 

97.5-98.5 

° Quenching of 1 fluorescence by olefins; aerated cyclohexane 
solution; 1 concentration, 5 X 10~6 M; excitation at 310 nm. 
b Yields are based on unrecovered 1 and estimated by vpc. Nu­
merals in parentheses are isolated yields. e K. Watanabe, T. 
Nakayama, and J. R. Mottl, J. Quant. Spectrosc. Radiat. Transfer, 
2, 369 (1962). •> J. Collin and F. P. Lossing, J. Amer. Chem. Soc, 
81, 2064 (1959). ' D. A. Labianca, G. N. Taylor, and G. S. Ham­
mond, ibid., 94, 3679 (1972). 

rated product was not formed by irradiation of a meth-
anolic solution of 1 in the presence of 2a, 2b, or 2c, 
suggesting again a different mechanism from that of the 
photoreactions with 2d and 2e. 

'CH3O- "X. 

OCH3 

Thus the mechanism of these photocycloadditions 
depends on electron densities of olefins, i.e., ionization 
potentials. This divergency in mechanism would be 
interpreted in terms of competition between the exciplex 
formation and intersystem crossing as well as efficien­
cies to final products from exciplexes;15 the higher the 
ionization potential of olefin, the slower the exciplex 
formation and the lower the efficiency will become. In 
line with this, 2b and 2c, possessing higher ionization 
potential, are very poor quenchers for fluorescence of 1. 
Finally it should be noted that the photocycloaddition 
of 2a, 2b, and 2c to 1 is commonly stereoselective, in 
sharp contrast to that of electron deficient olefins to 
phenanthrene16-19 which occurs from triplet phenan-
threne18 or triplet exciplexes19 to yield mixtures of cyclo-
butane compounds. Although reasonable discussion 
of this stereoselectivity requires concrete determination 
of structures of the cycloadducts, a triplet exciplex 
mechanism would render an attractive speculation;20 

for example, triplet exciplexes of 1 and 2a-c might be 
expected to be more strongly bonded than those of 
phenanthrene and electron deficient olefins. 

(15) The exciplex to cycloadduct probabilities are very low for 
reactions of phenanthrene singlet with electron-poor olefins: R. A 
Caldwell, private communication. 

(16) D. Bryce-Smith and B. Vickery, Chem. Ind. (London), 429 
0961). 

(17) T. Miyamoto, T. Mori, and Y. Odaira, J. Chem. Soc, Chem. 
Commun., 1598 (1972). 

(18) S. Farid, J. C. Doty, and J. L. R. Williams, J. Chem. Soc., 
Chem. Commun., 711 (1972). 

(19) R. A. Caldwell, / . Amer. Chem. Soc, 95, 1690 (1973). 
(20) Alternatively, this stereoselectivity could be simply interpreted 

by steric factors. However, the exclusive formation of the sterically 
unfavorable endo adducts 3a and 3b cannot be reasonably interpreted. 
In this regard, it is noteworthy that photocycloaddition of 1 to tri-
methylsilyl vinyl ether, containing more bulky group than 2a and 2b, 
gave both endo and exo cycloadducts in a ratio of 3 :2 

Acknowledgments. The Authors express their hearty 
thanks to Associate Professor R. A. Caldwell of the 
University of Texas for his helpful discussion. 

Kazuhiko Mizuno, Chyongjin Pac,* Hiroshi Sakurai 
The Institute of Scientific and Industrial Research 

Osaka University 
Yamadakami, Suita, Osaka 565, Japan 

Received December 8, 1973 

Photocycloaddition of 9-Cyanophenanthrene 
to Substituted /3-Methylstyrenes. An 
Obligatory Exciplex Intermediate 

Sir: 

The [2 + 2] photocycloaddition has often been inter­
preted as involving prior formation of a complex. The 
electronically excited nature of such a complex has been 
implied by analogy to know excimers1 and exciplexes,23 

but evidence has largely been indirect.4 One observa­
tion63 of exciplex emission in a [2 + 2] photocycloaddi­
tion system has recently been questioned;613 another 
report6 indicated no products. We now report the 
reactions7 1 + 2a-d -»• 3a-d, in which exciplex emission 

2 a, Ar = C11H,,; R1 = H; R2 = CH, 
b, Ar = P-CH0OC6Hj; R1 = H; R, = CH,, 
c, Ar = P-CH1OC6Hj; R1 = CH1; R2 = H 
d, Ar = P-CH11OC0H4; R1 = R2 = CH3 

and photocycloaddition occur simultaneously, together 
with kinetic evidence that the exciplex is an obligatory 
intermediate in photocycloaddition. 

Photocycloaddition is a singlet reaction with 2b and 
2c; isoprene is not a quencher, but Michler's ketone is. 
Similar experiments revealed both singlet and triplet 
components with 2a. In all cases, high regioselectivity8 

and stereoselectivity occur (>98% with 2a and 2b, 
>95% with 2c). Structure proofs follow from nmr 

(1) Th. Forster, Angew. Chem., Int. Ed. Engl., 8, 333 (1969), and 
references therein. 

(2) H. Leonhardt and A. Weller, Ber. Bunsenges. Phys. Chem., 67, 
791 (1963). 

(3) M. Ottolenghi, Accounts Chem. Res., 6, 153 (1973), and references 
therein. 

(4) See, for example, (a) P. DeMayo, Accounts Chem. Res., 4, 41 
(1971), and references therein; (b) O. L. Chapman and R. D. Lura, 
J. Amer. Chem. Soc, 92, 6352 (1970); (c) D. O. Cowan and R. L. E. 
Drisko, ibid., 92, 6281, 6286 (1970); (d) C. D. DeBoer, ibid., 91, 1855 
(1969); (e) R. M. Bowman, T. R. Chamberlain, C. W. Huang, and 
J. J. McCullough, ibid., 92, 4106 (1970); (f) R. Hoffman, P. Wells, 
and H. Morrison, / . Org. Chem., 36, 102 (1971); (g) W. Ferree, Jr., 
J. R. Grutzner, and H. Morrison, J. Amer. Chem. Soc, 93, 5502 (1971); 
(h) R. A. Caldwell, ibid., 95, 1690 (1973); (i) T. Sugioka, C. Pac, and 
H. Sakurai, Chem. Lett., 667 (1972); (j) K. Mizuno, C. Pac, and 
H. Sakurai, ibid., 309 (1973). For evidence in [4 + 4] systems, see 
(k) N. C. Yang, J. Libman, and M. F. Savitzky, J. Amer. Chem. Soc, 
94, 9226 (1972); (1) J. Saltiel and D. E. Townsend, ibid., 95, 6140 
(1973). 

(5) (a) S. Farid, J. C. Doty, and J. L. R. Williams, J. Chem. Soc, 
Chem. Commun., 711 (1972); (b) G. Kaupp, Angew. Chem., Int. Ed. 
End., 12, 765 (1973). 

(6) G. N. Taylor, Chem. Phys. Lett., 10, 355 (1971). 
(7) All new compounds gave satisfactory analyses. 
(8) N. D. Epiotis, J. Amer. Chem. Soc, 95, 5624 (1973). 
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Figure 1. Attenuation of 9-cyanophenanthrene fluorescence by 
anethole and the concomitant exciplex emission. Insert: quench­
ing of the exciplex emission by dimethyl acetylenedicarboxylate. 

spectra, especially from the marked upheld shifts in 3 
for Ha (S 6.35-6.6) and Ri methyls (6 0.7) resulting from 
the various aromatic ring currents. 

Table I summarizes the results of fluorescence quench-

Table I. Quenching of 9-Cyanophenanthrene 
Fluorescence by Styrene Derivatives 

Quencher 

2a 
2b 
2c 
2d 

kor," 
AT1 

2.3 
90 
20 
67 

Exciplex 
Xmax, nm 

435» 
420 (est) 
448 

IP,' 
eV 

8.23 
7.62 
7.94 

a In air-saturated benzene. b Isooctane, 418 nm; neat anethole, 
456 nm; acetone, 468 nm (weak). c Adiabatic values, measured 
on a Perkin-Elmer PS-18 photoelectron spectrometer. We thank 
Dr. J. N. A. Ridyard of P.-E. Ltd. for his kind cooperation. The 
IP of 1 was determined to be 8.44 eV. 

ing experiments. On the addition of 2b, 2c, or 
2d to a solution of 1, the fluorescence of 1 is 
quenched and a new long-wavelength emission 
appears. Isoemissive points indicate a stoichiometric 
relationship between 1 fluorescence and each new 
emission. This emission is absent in the fluores­
cence spectra of 2a-c. The new emissions (c/. 
Figure 1) thus arise from 1:1 exciplexes. Solvent 
effects on 1: 2b exciplex fluorescence clearly demon­
strate charge-transfer binding (Table I).9 Quenching 
of 1 fluorescence by 2a was dramatically less efficient 
and afforded no new emission. 

Exciplex formation and cycloaddition could be paral­
lel and unrelated paths for quenching of singlet 1 by 2b. 
Alternatively, the emitting exciplex could be a precursor 
of cycloadduct; this latter case in fact obtains. The 
exciplex emission is sharply attenuated by dimethyl 
acetylenedicarboxylate (6) (/cQr = 64 ± 5 Af-1 in air-
saturated benzene; cf. Figure 1). Since k§r for quench­
ing of singlet 1 by 6 is only 2.2 Af-1, the quenching must 
be due to an interaction of 6 with the exciplex. An 
identical (62 ± 5 Af-1) Stern-Volmer slope was obtained 

(9) The effect of additional substituents in 1 is fully consistent with 
the solvent effect: R. A. Caldwell and N. I. Ghali, unpublished 
results. 

Figure 2. 

for the attenuation of 3b formation, demonstrating con­
clusively that the exciplex precedes cycloaddition. Fur­
ther, oxygen quenching of the two processes is sub­
stantially the same; a ratio of N2 to air-saturated exci­
plex emission intensity of 1.42 compares well with 1.54 
for the cycloadduct formation rate ratio. Appropriate 
controls established that CT complexes involving 6 are 
not relevant. The inefficient quenching by 6 of the 
380-nm emission (residual 1 monomer fluorescence), 
interestingly, demonstrates that exciplex formation here 
is largely or entirely irreversible. 

The structures of 3a-d may thus be understood on 
the basis of the "sandwich" exciplex (Figure 2). A 
similar geometry has been assigned to arene excimers110 

and to the anthracene-naphthalene exciplex.11 Signif­
icantly, an excellent match occurs in both phases and 
amplitudes for the highest bonding MO and lowest anti-
bonding MO of the phenanthrene chromophore re­
spectively with the corresponding MO's of the styrene 
chromophore. 

Quantum yield studies afford estimates of exciplex -»• 
cycloadduct probabilities: 1:2b -*• 3b, 0.41; 1:2c -* 
3c, 0.3-0.4; 1:2d -*• 3d, 0.04-0.07. Clearly any com­
prehensive theory of reactivity in photocycloaddition 
must consider both factors which influence the rate of 
exciplex formation and factors which influence the rates 
of reactions of exciplexes: emission, collapse to cyclo-
adducts, and collapse to the component cycloaddends. 
The result with 2b suggests that collapse to cycloadduct 
can indeed by efficient when the exciplex binding is rela­
tively strong, steric hindrance is absent, and the exciplex 
geometry is favorable. The aryl group may be very 
useful in helping the proper orientation of the two re­
acting bonds to the attained. We note that singlet 
exciplexes of phenanthrene with electron-poor alkenes 
containing no arene moieties give extremely low prob­
abilities of cyclobutane formation.5"'12 

Exciplex lifetimes would be of great interest but have 
not yet been measured. Assuming diffusion-controlled 
oxygen quenching, the effect of air saturation on 
fluorescence intensity affords an estimate of 11 nsec for 
the 1:2b exciplex and 36 nsec for 1:2d. The quenching 
of 1: 2b by 6 then is estimated to have a rate constant of 
ca. 8 X 109 M~l sec -1, i.e., also diffusion controlled. 
The longer lifetimes for l:2d requires that the low 
quantum yield for 3d be due to slower collapse of 1:2d 
to 3d and not to rapid competing collapse to cyclo­
addends. A rationale based on steric hindrance to 
collapse seems attractive. 

Observation of the same product structure for both 
the singlet and the triplet component of the reaction of 1 
with 2a might conceivably mean that a triplet exciplex, 
subject to the same geometric constraints as the singlet 

(10) E. A. Chandross and C. J. Dempster, / . Amer. Chem. Soc, 92, 
3586 (1970). 

(11) E. A. Chandross and C. J. Dempster, J. Amer. Chem. Soc, 95, 
1671 (1973). 

(12) D. Creed and R. A. Caldwell, unpublished results. 
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exciplex, is involved. If so, the apparent difference 
between the present result and other triplet arene [2 + 2] 
photocycloadditions for which exciplexes have been 
postulated, e.g., indene dimerization,4d in which exo 
orientation of the aryl moieties occurs,13 remains ob­
scure and merits close scrutiny. 

Finally, both our observation of quenching of exci­
plexes by solute molecules and that of others41 offer good 
prospects for the detection of nonemitting exciplexes 
(by the demonstration of quenching by a molecule 
which does not quench the initially excited chromo-
phore) plus an obvious caveat regarding the incautious 
interpretation of quenching experiments where long-
lived exciplexes may be involved. 
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Some Novel Aspects of the Diels-Alder Reaction 
with 1,4- and 1,2-Diphenylbutadienes under 
Thermal and Lewis Acid Catalyzed Conditions1 

Sir: 

A great deal of attention has been paid by theoretical 
chemists to explain the experimental facts of regio- and 
stereoselectivity of the Diels-Alder reaction ever since the 
propounding of the empirical rules by Alder and Stein,2 

and two of the recent and more successful such treat­
ments are those of Herndon3 and Houk.4 It was re­
ported earlier by us5 that in the addition of ^-nitro-
styrenes to 1,4-diphenylbutadiene electron withdrawing 
substituents in the 4'-position of the dienophile intro­
duce striking stereoselectivity and lead to the formation 
of only the phenyl endo adducts (4). The work pre­
sented now shows some novel aspects of the stereo­
selectivity introduced by the Lewis acids and the steric 
control exerted by the 2-phenyl moiety in the addition 
of 1,2-diphenylbutadiene to /3-nitrostyrene and cinnamic 
acid. These effects have been explained on the basis of 
the preferred geometry of the transition state. Any 
unified theoretical treatment will have to encompass 
these facts. 

The addition reaction of 1 and 3 in benzene at 0° in 
presence of 1 molar equiv of SnCl4 or AlCl3 gave ex­
clusively the nitro endo adduct 5, in contrast to the 
formation of equal proportions of both the phenyl endo 

(1) Communication No. 1928 from Central Drug Research Institute, 
Lucknow, India. 

(2) K. Alder and G. Stein, Angew. Chem., 50, 510 (1937). 
(3) W. C. Herndon, Chem. Rev., 72, 157 (1972). 
(4) (a) K. N. Houk, J. Amer. Chem. Soc, 95, 4092 (1973); (b) K. N. 

Houk and R. W. Strozier, ibid., 95, 4094 (1973). 
(5) (a) J. S. Bindra, P. C. Jain, and N. Anand, Indian J. Chem., 9, 

388 (1971); (b) P. C. Jain, Y. N. Mukerjee, and N. Anand, Chem. 
Commun., 303 (1971). 

(4) and nitro endo (5) adducts under thermal condi­
tions.6" Treatment of the adducts formed under 
thermal conditions with Lewis acids did not change 
their stereochemistry. 

.NO, 

Ph 

1. R1 = H; R2 = Ph 
2. R1 = Ph; R , = H 

10, R1 = CH3JR^ = H 

4, R1 = NO2; R2 = Ph 
5, R1 = Ph; R, = NO2 

15, R1 = CO2H; R2 = Ph 

-R3 

6, R1 = Ph; R2 = Ph; R3 = NO2 8, R 1 - R 3 - Ph; R, = NO2 

7, R1 = R3 = Ph; R, = NO2 9, R1 = R2 = Ph; R3 = NO2 

11, R1 = CH3; R, = Ph; R3 = NO2 12, R1 = CH3; R2 = Ph; R3 = NO2 

14, R1 = Ph; R2 = Ph; R3 = CO2H 13, R1 = CH3; R2 = NO2; R3 - Ph 

Reaction of 2 and 3 by heating in o-dichlorobenzene 
gave, of the four possible adducts 6-9, only 6 and 7, in a 
ratio of 72:25. 6 mp 159-160°; nmr (CCl4)

6 4.88 (m, 
5-H),5.45 (dd, 4-H), 5.8 (d, 3-H); •/,.,, = 6, 7„ iB = 10.5, 
/4,s = 12, y,l4 = 10.5Hz. 7mp 162-163°; nmr (CCl4) 
5.0 (dd, 4-H), 5.37 (d, 3-H), 6.38 (m, 5-H); JSA = 10.5, 
/4,5 = 12.5, /5,6a = 10.5, /5,6e = 5 Hz. These assign­
ments were confirmed by introducing deuterium at 4 
and 5 positions of the adducts by using a- and /3-
deuterio-/3-nitrostyrenes as dienophiles in this condensa­
tion. The formation of 6 and 7 having 3,4 trans 
geometry is unusual; according to the usually accepted 
mode of Diels-Alder reaction, an ortho-cis product 
should be formed.7 When the addition of 2 to 3 was 
carried out in the presence of 1 molar equiv of SnCl4 or 
AlCl3, isomer 8 was the exclusive adduct: mp 162— 
163°; nmr (CCl4) 4.55 (q, 4-H), 5.3 (d, 3-H), 6.5 (m, 
5-H); ,Z3,4 = 5.5, J4,5 = 12,/5,6a = l l , - / o , 6 e = 5 Hz. 

Lewis acids are known to cause rate acceleration8 of 
Diels-Alder reactions and markedly alter the isomer 
ratio,9 forming in some cases a larger ratio of the isomer 
not expected on steric considerations.10 A striking 
reversal of usual orientation in Diels-Alder reaction by 
Lewis acids has recently been reported by Dickinson, 
et al.11 The formation of 8 under Lewis acid catalysis, 
having stereochemistry different from that of either of 
the adducts formed under thermal conditions, is thus 
novel and noteworthy. 

(6) Nmr spectra were recorded at 60 and 220 MHz using Me4Si as 
standard. Chemical shift is expressed in T and J in Hz. Only rele­
vant signals have been given. 

(7) A. S. Onischenko, "Diene Synthesis," Israel Programme for 
Scientific Translations, Daniel Davy and Co., New York, N. Y., 1964, 
p 63; J. G. Martin and R. K. Hill, Chem. Rev., 61, 547 (1961). 

(8) P. Yates and P. Eaton, J. Amer. Chem. Soc., 82, 4436 (1960). 
(9) (a) J. Sauer and J. Kredel, Angew. Chem., Int. Ed. Engl, 4, 989 

(1965); (b) Tetrahedron Lett., 731 (1966); (c) R. F. Farmer and J. 
Hamer, J. Org. Chem., 31, 2418 (1966); (d) T. Inukai and T. Kojima, 
ibid., 31, 2032 (1966); (e) Y. Kishi, F. Nakatsubo, M. Aratani, T. 
Goto, S. Inove, H. Kakoi, and S. Sugiura, Tetrahedron Lett., 5127 
(1970); (f) J. S. Meek, J. S. Fowler, and J. R. Dann, J. Org. Chem., 35, 
3587(1970). 

(10) (a) K. L. Williamson and Y. F. LiHsu, J. Amer. Chem. Soc., 92, 
7385 (1970): (b) E. F. Lutz and G. M. Bailey, /AW., 86, 3899 (1964); 
(c) T. Kojimo and T. Inukai, J. Org. Chem., 35, 1342 (1970). 

(11) R. A. Dickinson, R. Kubetla, G. A. MacAlpine, Z. Stojanac, 
and Z. Valenta, Can. J. Chem., 50, 2377 (1972). 
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