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The spectroscopic properties and photoisomerization reactions of several (E)- and (2)-cinnamamides have 
been investigated in the absence and presence of the strong Lewis acid BF3. The Q-cinnamamides are essentially 
planar and exist predominantly in the enone s-cis conformation, except in the case of the a-methyl tertiary amide 
which adopts the s-trans conformation in order to minimize nonbonded repulsion. The (a-cinnamamides exist 
predominantly in the highly nonplanar s-trans conformation. This unusual conformational preference is attributed 
to intramolecular charge transfer from the aromatic to amide functionality. Photoisomerization efficiencies are 
dependent upon N-alkylation, aromatic substitution, a-alkylation, solvent, and excitation wavelength. These 
effects are attributed to the existence of two lowest energy T,T* singlet states (one reactive and one nonreactive) 
whose relative energies are dependent upon substitution. The cinnamamides form 1:l complexes with BF3 with 
equilibrium constants > lo3. Complexation alters both the electronic structure and photochemical behavior of 
the cinnamamides. Quantitative E - 2 isomerization has been observed for the BF3 complexes of two tertiary 
amides. 

Introduction 
The photoisomerization and photadimerization reactions 

of cinnamic esters have been the subject of numerous in- 
vestigations, prompted a t  least in part by the application 
of their photodimerization in the early development of 
photo-cross-linkable polymers.2-6 In contrast, investiga- 
tions of the photochemistry of cinnamamides have been 
limited to the use of photochemical E - 2 isomerization 
to prepare the 2 isomers for pharmacological 
We have previously reported that strong Lewis acids such 
as BF, can serve as catalysts for selective E - 2 isomer- 
ization, photodimerization, and cross-cycloaddition of 
cinnamic esters.ag Since amides are stronger Lewis bases 
than esters, the cinnamamides appeared to be attractive 
candidates for further investigation. Preliminary studies 
of the noncomplexed (E)-cinnamamides revealed that their 
photoisomerization efficiencies are highly dependent upon 
both N-alkylation and aromatic substitution.' These re- 
sults were attributed to the existence of two low-energy 
T,T* singlet states (one reactive and one unreactive) whose 
relative energies are dependent upon the extent of N-al- 
kylation and the nature of the aromatic substituent. We 
report here our detailed investigation of the structure and 
photochemistry of several (E)- and (2)-cinnamamides (eq 
1) and of their BF3 complexes. Among the significant 
findings of this investigation are (a) a difference in enone 
configuration for E (s-cis) vs 2 (s-trans) amides, (b) pho- 
toisomerization efficiencies that are dependent upon N- 
alkylation, a-alkylation, aromatic substitution, Lewis acid 

(1) (a) Part 9 of our series Lewis Acid Catalysis of Photochemical 
Reactions. (b) For Part 8, see: Lewis, F. D.; Barancyk, S. V. J .  Am. 
Chem. SOC. 1989, 11 1,8853. 

(2) Williams, J. L. R.; Farid, S. Y.; Doty, J. C.; Daly, R. C.; Specht, D. 
P.; Searle, R.; Borden, D. G.; Chang, H. J.; Martic, P. A. Pure Appl. 
Chem. 1977,49,523. 

(3) Egerton, P. L.; Hyde, E. M.; Trigg, J.; Payne, A.; Benyon, P.; 
Mijovic, M. V.; Reieer, A. J .  Am. Chem. SOC. 1981, 103,3859. 

(4) Lewis, F. D.; Quillen, S. L.; Elbert, J. E.; Schneider, S.; Geieelhart, 
P. J. Photochem. Photobiol., A: Chemistry 1989,47, 173. 

(5) Herkstroeter, W. G.; Farid, 5. J.  Photochem. 1986,35, 71. 
(6) !a) Baleamo, A, Barili, P. L.; Crotti, P.; Macchia, B.; Macchia, F.; 

Pecchia. A.: Cuttica. A,: Passerini. N. J. Med. Chem. 1976. 28. 842. (b) 
Balsamo, A:; Crotti,'P.;'Lapucci, B.; Macchia, F.; Cuttica, A.; Passerini, 
N. Ibid. 1981,24, 525. 

(7) Lewis, F. D.; Elbert, J. E.; Upthagrove, A. L.; Hale, P. D. J. Am. 
Chem. SOC. 1988, 210,5191. 

(8) Lewis, F. D.; Oxman, J. D.; Gibson, L. L.; Quillen, S. L. J. Am. 
Chem. Soc. 1986,108,3005. 

(9) Lewis, F. D.; Quillen, 5. L.; Hale, P. 0.; Oxman, J. D. J. Am. Chem. 
SOC. 1989,110, 1261. 
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complexation, and excitation wavelength, and (c) the first 
example of quantitative E - 2 isomerization of a Lewis 
acid complex. 

Results and Discussion 
Molecular and Electronic Structure. Crystal 

structures have been reported for (E)-cinnamamide and 
several of its derivatives.lb12 The enone conformation is 
s-cis in all of the reported structures. The dihedral angles 
between the planes of the amide, olefin, and phenyl groups 
are dependent upon substitution. The angle between the 
amide and olefin planes is larger for the tertiary amide 
Nfl-dimethyl-p-bromocinnamamide (15O) than for the 
secondary amide N-methylcinnamamide ( 5 O )  or the pri- 
mary amide p-chlorocinnamamide (6O)," in accord with 
the anticipated nonbonded repulsion between the hydro- 
gen atoms of the a-vinyl and N-methyl anti to the carbonyl 
oxygen. The angle between the vinyl and phenyl groups 
is smaller for the tertiary amide (4O) than for the secondary 
(19O) or primary amide (140).11 Crystal packing forces 
associated with the formation of hydrogen-bonded dimers 
from primary amides and hydrogen-bonded chains from 
secondary amides are presumed to be responsible for these 
distortions, which are too large to be attributed to non- 
bonded repulsion between the a-vinyl and ortho hydro- 
gens. Crystal structures have not been reported for 
(2)-cinnamamides. None of the (2)-cinnamamides pre- 

(10) Leiserowitz, L.; Schmidt, G. M. J. J. Chem. SOC. A 1969, 2372. 
(11) Leiserowitz, L.; Tuval, M. Acto Crystallogr. 1978, EN, 1230. 
(12) Meester, M. A. M.; Schenk, H. Recueil 1971,90,511. 
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Table I. 'H NMR Chemical Shifts for Cinnamides and 

amide RS RIWJ H, Ph 
E-1 5.85 6.40 7.62 7.35 
+BF3 6.90 6.46 7.88 7.35 
E-2 5.70 2.97 6.39 7.64 7.35 

E-3 3.15 3.05 6.89 7.68 7.40 
+BF3 3.28 3.37 6.84 7.69 7.50 
E-4 6.00 2.20 7.50 7.40 
+BF3 b 2.02 7.95 7.40 
E-5 6.25 2.87 2.02 7.30 7.30 
+BF3 7.35 3.10 2.15 8.45 7.35 
E-6 3.05 2.02 6.05 7.30 
+BF3 3.20 2.10 6.65 7.30 
E-10 3.1V 6.73 7.63 6.85, 7.45 
+BF3 3.30 6.65 7.80 6.87, 7.53 
2-2  5.08 2.75 5.94 6.81 7.35 
+BF3 7.67 2.90 6.07 7.20 7.37 
2-3  2.83 2.99 6.05 6.67 7.32 
+BF3 2.75 3.14 6.30 7.18 7.32 
2 - 8  2.85 2.90 6.23 7.53 6.80, 7.40 
+BF3 2.80 3.15 6.38 7.40 8.18, 7.50 
Z-10 2.80d 2.95 5.83 6.53 6.75, 7.25 
+BF3 2.70 3.05 6.08 6.96 6.96 

"Chemical shifts for 0.02 M amide in CDC13 vs TMS in the ab- 
sence and presence of 1.0 equiv BFS. * Broadened signal. Meth- 
oxy singlet at 6 3.80 for free and complexed amide. dMethoxy 
singlet at 8 3.75 for free and complexed amide. 

pared in the course of our investigation are crystalline. 
The structures of the tertiary amides E-3 and E-6 in 

solution have been investigated by Kruk and Spaargaren13 
using 'H NMR and IR spectroscopy. The assignment of 
the s-cis enone conformation for E-3 and the s-trans con- 
formation for E-6 in solution is supported by the results 
of NOE experiments. Irradiation of the downfield N- 
methyl (anti to CO) of E-3 results in a larger increase in 
the integrated intensity of Ha than does irradiation of the 
upfield (syn) N-methyl and no enhancement of H,. In 
contrast, irradiation of the downfield N-methyl in E-6 
results in enhancement of H , but not the a-methyl. The 
absence of a significant NO$ for either vinyl proton upon 
irradiation of N-methyl group of the secondary amide E-2 
supports the assignment of syn stereochemistry, as is 
normally observed for secondary amides.14 The enone 
conformation of E-2 and E-1 cannot be reliably assigned 
on the basis of 'H NMR data. 

The N-methyl signals of 2-2 and 2-3  appear at higher 
field than those of their E isomers (Table I). This ob- 
servation is suggestive of an enone s-trans conformation 
in which the N-methyl groups lie in the shielding region 
of the aromatic ring. Support for this suggestion is pro- 
vided by the results of NOE studies. Irradiation of either 
methyl group in 2 - 3  results in a ca. 7% enhancement of 
the aromatic proton signal and no change in the vinyl 
protons. Similar results are observed for 2-2.  

The existence of 2-2 and 2-3 in an s-trans conformation 
was unexpected as both the (E)- and (a-cinnamic esters, 
like most conjugated enones, exist in the s-cis conforma- 
tion.s The preference for the s-trans conformation may 
reflect an attractive interaction between the amide nitro- 
gen and benzene p orbitals, which has previously been 
proposed to account for the intermolecular interaction'of 
simple amides with aromatic so l~en t s '~  and the intramo- 
lecular interaction in N,N-dimethyl-3-phenylpropion- 
amide. 

Their BF, Complexes" 

+BF3 8.00 3.06, 3.23 6.69 8.05 7.40 

(13) Kruk, C.; Spaargaren, K. Spectrochim. Acta 1971, 27A, 77. 
(14) Stewart, W. E.; Siddall, T. H. Chem. Rev. 1970, 70, 517. 
(15) (a) Hatton, J. V.; Richards, R. E. Mol. Phys. 1960, 3, 253. (b) 

Hatton, J. V.; Richards, R. E. Mol. Phys. 1962,5, 139. 

Table 11. IR Absorption Data for Cinnamides and Their 
BFa Complexes' 

complexed 

E-1 1682 1662 1.5 1657 1625 
E-2 1668 1622 1.8 1647 1605 
E-3 1650 1610 1.0 1637 1605 
E-4 1675 1630 3.0 1665 1635 
E-5 1665 1635 2.0 
E-6 1628 15.0 
E-7 1770 1650 
E-8 1650 1610 
E-9 1682 1636 
E-10 1652 1605 
Z-1 1673 1620 3.0 1655 1615 
2 - 2  1660 1620 6.0 1637 1615 
2-3 1630 1615 15.0 1612 
2-4  1685 1645 3.0 
2 5  1665 1638 6.0 
Z-6 1635 10.0 1628 
Z-10 1630 

" Frequencies (cm-') for 0.02 M amide in CHC13 solution. 

Table 111. UV Absorption Data for Cinnamides and Their 
BFa Complexes" 

complexed 
free amide amide 

amide A, cA- A, tA- AE, kcal/mol 
E-1 273 19000 300 24500 
z- 1 255 8800 290 8800 
E-2 272 34000 396 33000 
2 - 2  255 11000 267 8Ooo 
E-3 277 2oooO 311 24000 
2 3  253 12000 261 7600 
E-4 262 23000 292 27000 
2-4  254 22000 274 12000 
E-5 260 18000 284 14600 
2-5  256 8300 
E-6 254 16500 258 13000 
E-7 268 28000 288 35000 
E-8 270 34000 
E-10 292 24100 347 28300 
Z-10 272 19000 288 12000 

Data for 5 x 10" M amide in CHpClz solution. 
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The barrier to amide rotation for E-3 determined from 
variable-temperature NMR data is 16.3 kcal/mol and the 
coalescence temperature is 309 K, similar to previously 
reported values.17 The smaller value for this and other 
conjugated amides vs saturated amides is attributed to the 
weakening of amide resonance due to competing enone 
re~0nance.l~ The barrier to amide rotation for 2-3  is 18.7 
kcal/mol and the coalescence temperature is 359 K. The 
larger barrier for 2-3 vs E-3 is consistent with either steric 
hindrance to rotation or decreased enone resonance for the 
highly nonplanar 2-3. 

Since 'H NMR does not distinguish between the s-cis 
and s-trans enone conformations of E or Z primary and 
E secondary cinnamamides, the use of IR spectroscopy was 
investigated. The assignment of enone conformation based 
upon the frequency and relative intensities of the enone 
C=O and C=C stretch for a series of benzyl ketones was 
described by Kronenberg and Havinga.l8 Planar a-cis 
enones were found to have lower e(C=O)/t(C=C) ratios 

(16) Paoliio, L.; Temussi, P. A,; Trivellone, E. Cast. Chim. Ital. 1972, 
102, 300. 

(17) (a) Spassov, S. L.; Buzova, T.; Chorbanov, B. 2. Natorforsch. 
1970,25b, 347. (b) Spaargaren, K.; Korver, P. K.; van der Haak, P. J.; 
de Boer, T. J. J.  Magn. Reson. 1971,3,615. (c) Martin, G. J.; Goueenard, 
J.-P. Tetrahedron Lett. 1975, 4251. 

(18) Kronenberg, M. E.; Havinga, E. Recueil 1965, 84, 17. 
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Table IV. Frontier Orbital Energies (hartrees) 
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Figure 1. Ultraviolet absorption spectra of 5 X M (E) -  
NJV-dimethyl-p-methoxycinnamamide, E-10 (solid line), and its  
2 isomer (broken line). 

than nonplanar s-trans enones. This method has previ- 
ously been applied to the assignment of enone conforma- 
tion in E-3 and E-6.13 Our data for the (E)-cinnamamides 
(Table 11) indicates that they occur predominantly in the 
s-cis conformation, except in the case of E-6 for which 
nonbonded repulsion between the a-methyl and anti N -  
methyl groups destabilizes the s-cis conformation. All of 
the (2)-cinnamamides (and E-6) occur predominantly in 
the s-trans conformation. 

UV absorption spectral data for the (E)-  and (2)- 
cinnamamides is summarized in Table 111. As is the case 
for cinnamic acids and esters, the long-wavelength maxi- 
mum occurs a t  longer wavelength and has greater intensity 
for the E vs 2 i s ~ m e r s . ~ J ~  This band is assigned by Fueno 
e t  al.19 to  a styrene-like allowed (*Al) T,T* transition, and 
the difference between isomers is attributed to the non- 
planarity of the 2 isomer. This assignment is consistent 
with the shift in A,,, to shorter wavelength with elec- 
tron-withdrawing trifluoromethyl substituents and to 
longer wavelength with electron-releasing methoxy sub- 
stituents and also with the relative insensitivity of A,, to 
solvent polarity. The substituent-induced shifts are similar 
to those for cinnamic esters8 and are smaller for 2 vs E 
isomers, in accord with the nonplanarity of the 2 isomers. 
The absorption spectra (E)-  and (2)-N,N-dimethyl-p- 
methoxycinnamamide (E- and 2-10) are shown in Figure 
1. A long-wavelength shoulder is observed for the (E)-  
methoxy derivatives E-10 and E-9. The long-wavelength 
bands of the other (E)-cinnamamides are generally sym- 
metric, while those of the 2 isomers exhibit tailing to long 
wavelengths. This is particularly evident in the case of 
2-10 for which absorption beyond 400 nm imparts a pale 
green color to concentrated solutions. The increase in 
intensity of the long-wavelength tails of the tertiary 2 
amides with electron-donating substituents (2-8 < 2-3 < 
2-10) suggests that  these tails may arise from an intra- 
molecular charge transfer transition. 

cu-Alkylation results in a shift of the long-wavelength 
absorption band of the (E)-cinnamamides to higher energy, 
presumably due to decreased planarity. The largest shift 
is observed for E-6 (vs E-3), in which nonbonded repulsion 
between the a-methyl and dimethylamino group results 
in a change in enone conformation from s-cis to s-trans.13 
In comparison, the shifts observed for the (2)-cinnam- 
amides are insignificant. Evidently, a-alkylation has little 
additional effect on the conformation of the highly non- 
planar 2 isomers. 

N-Alkylation has little effect upon A,,, for either E or 
2 isomers. Values of A,, are also relatively insensitive to 

(19) Fueno, T.; Yamaguchi, K.; Naka, Y. Bull. Chem. SOC. Jpn. 1972, 
45, 3294. 

E-1 -0.3183 -0.2976 -0.2531 0.2014 
H+ -0.6003 -0.4013 -0.0518 
E-2 -0.3177 -0.2816 -0.2531 0.2013 
H+ -0.5741 -0.3966 -0.0450 
E-3 -0.3144 -0.2683 -0.2510 0.2017 
H+ - -0.5030 -0.3932 -0.0390 

- 

- 

Q vH+ 
N' N' 

7s I I 

0 cdH+ 

Figure 2. Frontier molecular orbitals of NJV-dimethylcinnam- 
amide, E-3, and its protonated form. 

solvent polarity. For example the value of A,, for E-3 is 
273 nm in C6H12, 274 nm in CH3CN, and 278 nm in 
CH30H. The largest solvent-induced shift is that for E-10 
(310 nm in CH30H vs 287 nm in C6H12). Primary and 
secondary amides are known to form hydrogen-bonded 
dimers and networks, respectively,m yet values of A,, are 
independent of concentration. The insensitivity of the long 
wavelength absorption band to N-alkylation or hydrogen 
bonding is consistent with the assignment of the long- 
wavelength absorption band to a styrene-like T,T* tran- 
sition. While linear Beer's law plots are observed for all 
the cinnamamides, the long-wavelength tails of the primary 
and secondary (but not tertiary) amides display curved 
Beer's law plots, suggesting that another transition of low 
oscillator strength may contribute to these tails. 

The cinnamamides are nonfluorescent a t  room tem- 
perature in solution and only weakly luminescent a t  77 K 
in rigid glasses. Methyl cinnamate is weakly fluorescent 
in solution and its short lifetime (T < 3 ps) is attributed 
to rapid internal conversion from the originally populated 
T,T* singlet state to a lower energy n,r* singlet state.5 

In order to obtain further information about the elec- 
tronic structure of the cinnamamides, restricted Hartree- 
Fock calculations were performed for E-1-3 and 2-1-3 a t  
the STO-3G level using the GAUSSIAN 86 program package 
with optimization of molecular geometry.21 Energy min- 
imization was obtained for planar structures for E- 1-3. 
The orbital eigenvalues for the three highest occupied 
molecular orbitals (HOMOS) and the lowest unoccupied 
molecular orbital (LUMO) are reported in Table IV and 
the orbital coefficients presented pictorially in Figure 2. 

(20) Robin, M. B.; Bovey, F. A.; Basch, H. In The Chemistry of 
Amines; Zabicky, J., Ed.; Wiley: New York, 1970; pp 19-21. 

(21) GAUSSIAN 86: Frisch, M. J.; Binkley, J. S.; Schlegel, H. B.; Ra- 
ghavachari, K.; Melius, C. F.; Martin, R. L.; Stewart, J. J. p.; Bobrowicz, 
F. W.; Rohlfing, C. M.; Kahn, L. R.; Defrees, D. J.; Seeger, R.; Whiteside, 
R. A.; Fox, D. J.; Flueder, E. M.; Pople, J. A. Carnegie-Mellon Quantum 
Chemistry Publishing Unit, Pittsburgh, PA, 1984. 
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Table V. Quantum Yields and Photostationary Statesa 
PSS 

E-2 0.08 0.03 0.35 40 69 
E-3 0.04 0.01 0.55 85 100 
E-4 0.33 0.20 
E-5 0.22 0.22 
E-6 0.10 0.01 
E-7 0.11 0.07 0.60 50 74 
E-8 - 0.01 70 100 
E-9 - 0.51 
E-10 0.05 0.27 0.68 80 76 
Z-1 0.21 0.17 0.40 
2-2 0.19 0.27 0.31 
2-3 0.37 0.04 <0.01 
2-4 0.24 0.11 
2-5 0.22 0.40 
Z-6 - 0.2b 
2-7 - 0.26 
2-8 0.40 0.53 (0.01 
Z-10 0.33 0.32 0.21 

OData for 0.02 M amides containing <1% isomeric impurity in 
CH2C12 solution. bData for amides containing ca. 5% isomeric 
impurity. 

The LUMO (A*) and one of the HOMO’S (AS) are sty- 
rene-like orbitals similar to those previously reported for 
methyl cinnamate? The other HOMOS are the carbonyl 
oxygen lone pair (no) and an orbital mainly localized on 
nitrogen (AN). The ordering of HOMO energies (AS > AN 
> no) for E-1 is the same as that previously assigned on 
the basis of its photoelectron spectrum.22 

N-Alkylation does not significantly change the orbital 
coefficients or energies of the n,,, AS, or A* orbitale, however, 
it  results in an increase in the energy of the AN orbital 
(Table IV), as previously observed by Turner and co- 
workersB for simple amides. N-Methylation of formamide 
causes the rN orbital to move above and dimethylation 
causes this energy gap to widen. For the cinnamamides, 
the separation between the AS and AN orbitals decreases 
with N-alkylation to the point where their energies are 
essentially the same for E-3. Calculations with a larger 
basis set would be necessary to more accurately determine 
the relative energies of these orbitals. 
GAUSSIAN 86 calculations were also conducted for the 

s-trans conformations of 2-1-3. The frontier orbital en- 
ergies and orbital coefficients differ only minimally from 
those of the E isomers and thus are not reported. Energy 
minimization for 2-3 was obtained for a structure in which 
the dihedral angle between the phenyl, vinyl, and amide 
groups are both ca. 20°. The s-trans and s-cis conforma- 
tions of 2-3 were calculated to have essentially the same 
total energy, the somewhat larger nuclear repulsion energy 
for the s-trans isomer being compensated for by larger 
(attractive) electronic energy. 

Photoisomerization. Irradiation of the (E)-  or (2)- 
cinnamamides in solution results in isomerization to steady 
state mixtures of the E and 2 isomers without competing 
photodimerization, even a t  relatively high concentrations 
(>0.1 M). Photodimerization has been observed in the 
solid stateu Quantum yields for photoisomerization (ai) 

(22) Ajo, D.; Caearin, M.; Granozzi, G.; Rizzardi, G. J. Mol. Struct. 
1983,101,167. 

(23) (a) Brundle, C. R.; Turner, D. W.; Robin, M. B.; Bawh, H. Chem. 
Phys. Lett. 1969,3(5), 292. (b) Sweigart, D. A.; Turner, D. W. J. Am. 
Chem. SOC. 1972,94,5592. 

(24) (a) Cohen, M. D.; Cohen, R.; Lehav, M.; Nie, P. L. J.  Chem. SOC., 
Perkin Tram. 2 1975,1096. (b) Vaida, M.; Shimon, L. J. W.; van Mil, 
J.; Ernet-Cabrera, K.; Addadi, L.; Leiserowitz, L.; Lahav, M. J .  Am. 
Chem. SOC. 1989, 111,  1029. 

1.50 

v) 

Q 
9 
> .- 

c E, 
C 

! 
0 

240 260 2 8 0  300 320 

Wavelength (nm) 

Figure 3. Wavelength dependence of the photoisomerization 
quantum yield for (E)-Nfl-dimethylcinnamamide (E-3).  
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Figure 4. Wavelength dependence of the photoisomerization 
quantum yield for (Z)-N,N-dimethylcinnamamide (2-3). 

and photostationary states obtained using 313- or 254-nm 
irradiation of dilute (<0.1 M) dichloromethane solutions 
are summarized in Table V. The observed photo- 
stationary states are in good agreement with values cal- 
culated from the quantum yield and 313-nm absorption 
data. The photostationary states are all enriched in the 
Z isomers when compared to the thermal E,Z equilibria 
obtained by p-toluenesulfonic acid catalyzed isomerization. 
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isomerization must occur via a short-lived singlet or triplet 
state. Triplet-sensitized irradiation (Michler’s ketone, 
366-nm irradiation) of E-1 and 2-10 results in values of 
ai = 0.26 and 0.07, respectively, similar to the values for 
direct irradiation. However, triplet-sensitized irradiation 
of either E-3 or E-10 results in values of ai = 0.51, sig- 
nificantly higher than those for direct irradiation. These 
results indicate that intersystem crossing cannot be highly 
efficient in the case of E-3 or E-10. While the possible 
occurrence of intersystem crossing in the other cinnam- 
amides cannot be excluded, we propose that isomerization 
occurs via a short-lived singlet state, as previously proposed 
for the cinnamic esters? This assignment is consistent with 
the absence of photodimerization in solution. 

We previously suggested that the decrease in ai upon 
N-alkylation of the (E)-cinnamamides E-1-3 might result 
from a change in the relative energies of the two lowest 
energy r,r* excited states, identified as r g , r *  and Q,A* 

to indicate the involvement of a HOMO localized on sty- 
rene or nitrogen, respectively (Figure 2)? The AS,** state 
would be expected to isomerize efficiently, as it does in the 
case of the cinnamic esters? whereas the rN,?r* state retains 
a higher C = C  bond order and thus should resist isomer- 
ization. N-Alkylation results in an increase in the energy 
of the rN but not the rs orbital (Table IV) and thus might 
be responsible for the lower values of ai for E-2 or E-3 vs 
E-1 (Table V). 

Support for the two singlet hypothesis is provided by 
the effect of aromatic substituents upon photoisomeriza- 
tion efficiencies: viz the marked increase in 9i for E-10 
vs E-3 and decrease in ai for E-7 vs E-1. Introduction of 
a p-methoxy substituent should raise the energy of the AS 
but not the rN orbital, possibly resulting in a change in 
configuration of the lowest singlet state. A shift of the 
aS,r* state to lower energy is supported by the red-shifted 
absorption band of E-10 vs E-3. Conversely, a p-tri- 
fluoromethyl substituent should lower the energy of the 
7rs but not the rN orbital, leading to a decrease in isom- 
erization efficiency for E-7 vs E-1. Relatively minor sub- 
stituent effects on ai are observed for E-9 vs E-1 (both 
lowest rs,r*) or E-6 vs E-3 (both lowest TN,A*). a-Al- 
kylation of the (E)-cinnamamides has little effect upon ai 
except in the case of the secondary amide E-5 vs E-2. It 
is possible that a-alkylation, like N-alkylation or aromatic 
substitution, can alter the relative energies of the lowest 
singlet states; however, this possibility has not been fully 
explored. 

Further evidence for a two singlet hypothesis is provided 
by the wavelength dependence of ai (Table V, Figures 3-5). 
Irradiation of E-3 (or E-2) in the long-wavelength region 
of its absorption band results in less efficient isomerization 
than does irradiation near the band maximum. In con- 
trast, moderately efficient isomerization of E-1 is observed 
upon irradiation at either 313 or 254 nm. The wavelength 
dependence of ai for E-3 requires that isomerization via 
an upper singlet state populated by short wavelength ir- 
radiation compete with internal conversion to the lower 
energy singlet state populated by long wavelength irra- 
diation. In view of the low value of ai at 254 nm (0.04 f 
0.01), <lo% of the upper singlet is required to isomerize 
in competition with internal conversion. The larger value 
of Oi for 2-3  at 254 vs 313 nm (Figure 4) requires that 
>30% of the upper singlet isomerize in competition with 
internal conversion. In contrast to the wavelength de- 
pendence of Oi for E- and 2-3, the behavior of E-10 (Figure 
5 )  requires that nonradiative decay of an upper singlet 
state populated by short-wavelength irradiation compete 
efficiently with internal conversion to a lower singlet state 
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Figure 5. Wavelength dependence of the photoisomerization 
quantum yield for (E)-NJV-dimethyl-p-methoxycinnamamide 
(E-10). 

Thermal equilibrium provided 2 isomer contents of 7.5% 
for 2-1,0.5% for 2-2, and <0.01% for 2-3 and several other 
tertiary amides. The a-methyl tertiary amines E- and 2-6 
decompose in the presence of water or oxygen both in the 
absence and presence of light. The other amides possess 
good light and dark stability. 

The wavelength dependence of Oi observed for most of 
the cinnamamides (Table V) was investigated over a wider 
range of wavelengths for several compounds. In the case 
of E-3 and 2-3,  Oi is observed to increase with decreasing 
irradiation wavelength (Figures 3 and 4), whereas for E-10 
ai decreases with decreasing wavelength (Figure 5). The 
unusual wavelength dependence of ai for E-10 and the 
difference in absorption spectra for E-10 vs 2-10 (Figure 
1) permits nearly quantitiative (>95%) conversion of E-10 
to 2-10 upon monochromatic 328 nm irradiation and of 
2-10 to E-10 upon 248-nm irradiation. This simple pho- 
tochromic system has been recycled in dilute solution more 
than 10 times without fatigue and has been exploited in 
the development of a novel photoresponsive polymer.25 

The solvent dependence of ai has been investigated in 
the case of E- and 2-10. The value of ai for E-10 is dis- 
tinctly higher in CH30H vs CH2C12 solution (0.74 vs 0.27), 
while that for 2-10 is higher in CH2C12 (0.32) than in 
CH30H (0.27) or CH3CN (0.16). Isomerization efficiencies 
and UV molar absorbance data for the cinnamamides are, 
in general, sensitive to the presence of small amounts of 
water or alcohols. 

Irradiation of several of the amides in oxygenated so- 
lution results in neither a decrease in isomerization effi- 
ciency nor the formation of oxygenated products. Simi- 
larly, irradiation in the presence of high concentrations (>1 
M) of the triplet quenchers l,&pentadiene or 1,3-cyclo- 
hexadiene does not diminish the quantum yield. Thus 

(26) Shen, S.; Torkelson, J. M.; Elbert, J. E.; Lewis, F. D. Makromol. 
Chem. Rapid Commun., in press. 
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populated by long wavelength irradiation. 
Photoisomerization efficiencies of the (Z)-cinnamamides 

are, in general, less sensitive to N-alkylation, aromatic 
substitution, a-alkylation, or excitation wavelength than 
are those of their E isomers (Table V). Moderately high 
values of Oi are observed except in the case of the long- 
wavelength ( A  > 290 nm) irradiation of 2-3 (Figure 5).  A 
decrease in Oi is also observed when 2-10 is irradiated in 
the weak long-wavelength tail of its absorption (ai = 0.12 
a t  366 nm). We have tentatively assigned the long- 
wavelength tails of the tertiary 2 amides to an intramo- 
lecular arene-to-amide charge-transfer transition. 

The wavelength dependence of ai for several of the 
cinnamamides adds to a growing list of enones known to 
undergo wavelength-dependent unimolecular isomerization 
 reaction^.^-^ In most of these cases, the upper and lower 
singlet states are assigned T,T* and n,r* configurations, 
respectively, and wavelength dependence results from 
upper singlet processes which are sufficiently rapid to 
compete with internal conversion to the lowest singlet. In 
the case of the (E)-cinnamamides the upper and lower 
singlets are assignbd to Q,T* and Q,T* states whose 
relative energies are dependent upon N-alkylation and 
aromatic substitution. 

An interesting feature of the photochemistry of the 
cinnamamides is the change in both C=C configuration 
and enone conformation. As described above, all of the 
(E)-cinnamamides except E-6 are predominantly s-cis 
while all of the (2)-cinnamamides are s-trans. As shown 
in Scheme I, in which solid lines designate photochemical 
and dashed lines thermal processes, there are three possible 
mechanisms (paths a-c) which would account for the oc- 
currence of both configurational and conformational 
isomerization. Excitation of the less stable ground-state 
conformer (path a) can be ruled out by the high quantum 
yields observed for some of the amides. The low value of 
Oi for the only s-trans (E)-amide, E-6, indicates that there 
is no special advantage to configurational isomerization 
without accompanying conformational isomerization. We 
cannot a t  present distinguish between photoinduced E,Z 
isomerization followed by fast thermal conformational 
isomerization (path b) and the occurrence of both processes 
on the excited state potential energy surface (path c). Path 
c is a simple analogue of the hula-twist mechanism pro- 
posed by Liu et alez7 for the photoisomerization of batho- 
rhodopsin in sterically confined (protein) environments. 

Molecular and Electronic Structure of BF, Com- 
plexes. Spectroscopic studies of the molecular complexes 
formed between amides and various Lewis acids have es- 

(26) Turro, N. J.; Ramamurthy, V.; Cherry, W.; Farneth, W. Chem. 

(27) Liu. R. 5. H.: Mead. D.: Aeato. A. E. J. Am. Chem. SOC. 1985.107. 
Reu. 1978, 78, 125. 

tablished that complexation involves the amide oxygen 
rather than nitrogen lone pair.28 IR spectral data for 
several 1:1 cinnamamide-BF3 (0.02 M) complexes in 
chloroform solution is summarized in Table 11. One 
equivalent of BF3 is sufficient to achieve maximum fre- 
quency shifts and precipitate formation occurs upon ad- 
dition of more BF3. The larger shifts to lower frequency 
observed for the (2-0 vs C - C  stretch for the complexed 
vs noncomplexed amides is consistent with complexation 
at oxygen. The relative intensities of the C - 0  and C=C 
stretches are similar for complexed and noncomplexed 
amides, indicating that the enone conformation does not 
change upon complexation. For the (Ebcinnamamides 
E-1-3 the value of Av for complexed vs noncomplexed 
(2-0 decreases with N-alkylation while the opposite trend 
is observed for the (2)-cinnamamides. 

'H NMR data for several cinnamamideBF3 complexes 
(0.02 M) in dichloromethane solution is summarized in 
Table 11. As observed in the IR spectral studies, 1 equiv 
of BF3 is sufficient to attain complete complexation. Use 
of 0.5 equiv of BF3 results in the observation of signals for 
both complexed and noncomplexed amide, indicative of 
slow exchange of BF3 on the NMR time scale. In our 
previous studies of cinnamic ester-BF3 complexes,8 only 
the time-averaged signals of complexed and noncomplexed 
esters could be observed. Complexation does result in an 
increase in the barrier to amide rotation (AG* = 17.8 
kcal/mol, T, = 336 K for E-3-BF3 and AG* > 20 kcal/mol 
for 2-3-BF3) as previously observed for N,N-dimethyl- 
formamide and benzamide and their Lewis acid com- 
plexes.29 

Complexation of the cinnamamides results in large 
down-field shifts of the N-H and N-Me protons, and 
variable shifts for the vinyl protons. The smallest vinyl 
shifts are observed for the E tertiary amides which also 
display the smallest C = O  frequency shift upon complex- 
ation. Complexation is known to result in a change in 
enone conformation from s-cis to s-trans in some cases-w 
However, NOE studies of E- and Z-3-BFS indicate that 
complexation does not change the enone conformation. 

The observation of slow exchange for the cinnam- 
amideBF, complexes facilitates the pairwise determina- 
tion of relative equilibrium constants for two amides 
present in a 1:l ratio with 0.5 equiv of BF3 (based on total 
amide). The relative Lewis base strength for the (E)- 
cinnamamides decreases with N-alkylation (E-1 > E-2 > 
E-3). This trend is opposite that reported for the Br0nsted 
base strengths of acetamides and benzamides, which in- 
crease with N-alkylati~n.~' Steric rather than inductive 
effects apparently control the Lewis basicity of the cin- 
namamides, as has previously been observed for other 
Lewis acid-base complexes.32 A further indication of the 
steric requirements of Lewis acid complexation is provided 
by the observation of two N-methyl signals in the 'H NMR 

(28) (a) Gerrard, W.; Lappert, M. F.; Pyszora, H.; Wallis, J. W. J.  
Chem. SOC. 1960,2144. (b) Herbeuval, E.; Jozefonvicz, J.; Roques, G.; 
Nbel, J. C. R. Acad. Sci. C 1972,276, 351. (c)  Van Cauteren, M.; Zee 
era-Huyskens, T. Inorg. Nucl. Chem. Lett. 1976,12,323. (d) Airoldi, E 
Inorg. Chem. 1981, 20, 998. (e) Zurakowska-OrszHgh, J.; Kaim, A. J.  
Polym. Sci. Polym. Lett., Ed. 1984, 22, 649. 

(29) (a) Gore, E. S.; Blears, D. J.; Danyluk, S. S. Can. J .  Chem. 1966, 
43, 2135. (b) Matsubayaehi, &E.; Tanaka, T. J .  Inorg. Nucl. Chem. 
1969,31, 1963. 

(30) Childs, R. F.; Mulholland, D. L.; Nixon, A. Can. J .  Chem. 1982, 
60, 801. 

(31) Amett, E. M. In Progress in Physical Organic Chemistry; Cohen, 
S .  G., Streitwieser, A., Jr., Taft, R. W., Eds.; Wiley New York, 1963; Vol. 
1, pp 339-342. 

(32) (a) Hartman, J. S.; Stilbs, P. Tetrahedron Lett. 1975,40, 3497. 
(b) Reetz, M. T.; Hullman, M.; Mama, W.; Berger, S.; Rademacher, P.; 
Heymans, P. J. Am. Chem. SOC. 1986, 108, 2405. 

. .  
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Figure 6. Ultraviolet absorption s ectra of 5 X M (E) -  
NJV-dimethyl-pmethoxycinnamami!e (E- 10) in the presence of 
0 (A), 0.25 (B), 0.5 (C), 0.75 (D), 1.0 (E), 1.5 (F), 2.0 (G), 2.5 (H), 
and 3.0 (I) equiv of BF,-OEh. 

spectrum of E-2 (Table 11), which we assign to the syn and 
anti amide conformers. Evidently, the steric demands of 
complexation counterbalance the normal preference for 
the syn conformation in secondary amides.14 An alterna- 
tive explanation for the spectrum of E-2-BF, based upon 
complexation of BF, either syn or anti to nitrogen is in- 
consistent with the observation of a single set of vinyl 
signals and the low barrier anticipated for the intercon- 
version of such conformers.30 

Relative equilibrium constants for cinnamamide com- 
plex formation are essentially independent of configuration 
or aromatic substitution. In contrast, larger equilibrium 
constants were observed for (E)- vs (2)-cinnamic esters and 
for cinnamic esters substituted with electron-donating vs 
electron-withdrawing groups.8 Diminished sensitivity to 
aromatic substituents has previously been reported for 
complexation of BF, with benzamides vs benzaldehydes.33 
This difference was attributed to the diminished impor- 
tance of aryl resonance for the more basic amide vs al- 
dehyde carbonyl group. 

Addition of BF, to dichloromethane solutions of the 
cinnamamides M) results in the appearance of a 
single red-shifted absorption band. As illustrated for E-10 
in Figure 6, the absorption bands for complexed E' amides 
are symmetric and more intense than those of the non- 
complexed amides. Absorption bands for the complexed 
2 amides are skewed toward longer wavelength and less 
intense than those of the noncomplexed amides. Well- 
defined isosbestic points are observed for most of the am- 
ides, E-10 representing a worst case in this respect. In the 
case of the primary and secondary cinnamamides, 1 equiv 
of BF, is sufficient to attain complete complexation and 
plots of absorbance at the A,, for the complex vs added 
BF,-OEt have the appearance of simple titration curves. 
While this prevents the use of the Benesi-HildebrandM 
method to determine equilibrium constants, we estimate 
values of Keq > lo4 for all of the primary and secondary 
amides. Values of K > 103 have previously been reported 
for the complexes 3 several N,N-dimethylamides with 
triethylaluminum.28b In the case of the tertiary amides 
such as E-10 2-3 equiv of BF, are necessary to obtain full 
complexation (Figure 2), in accord with the lower values 
of Kw for tertiary vs primary or secondary amines observed 
by means of NMR. 

The observed UV shifts for most of the complexed vs 
ncncomplexed (E)-amides (Table IV) lie in the range 
7.4-15.5 kcal/mol, the largest shift being observed for the 

(33) (a) Rabinovitz, M.; Grinvald, A. J. Am. Chem. SOC. 1972,94,2724. 
(b) Rabinovitz, M.; Grinvald, A. Tetrahedron Lett. 1971, 7, 641. (c) 
Grinvald, A.; Rabinovitz, M. J. Chem. SOC., Perkin Tram. 2 1974, 94. 

(34) Benesi, H. A.; Hildebrand, S. H. J. Am. Chem. SOC. 1949,71,2703. 
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Figure 7. Effect of added BF3-OE& upon the photoisomerization 
quantum yields of (E)-NJV-dimethylcinnamamide (E-3 ,a )  and 
its 2 isomer (0). 

p-methoxy derivative E-10 and the smallest for the p- 
trifluoromethyl derivative E-8. In the case of the severely 
nonplanar a-methyl tertiary amide E-6 the shift is only 
1.7 kcal/mol. These trends are analogous to those pre- 
viously reported for the Lewis acid complexes of cinnamic 
esters.8 The UV shifts for @)-amides decrease with N- 
alkylation from a value of 13.6 kcal/mol for 2-1 to 3.4 
kcal/mol for 2-3. This trend is most likely steric in origin, 
the planarity of the BF, complexes decreasing with N- 
alkylation. The absorption maxima of the BF, complexes 
are relatively insensitive to solvent polarity and no 
fluorescence can be observed a t  room temperature in so- 
lution. 

Further information about the electronic structure of 
(E)-cinnamamide-BF3 complexes is provided by the results 
of GAUSSIAN tx calculations2* in which H+ is used as a model 
for BF, in order to control the size of the calculation. 
Frontier orbital energies are summarized in Table IV and 
the orbital coefficients in Figure 2. Protonation results 
in a decrease in energy for all the frontier orbitals, espe- 
cially no, which can no longer be identified among the 
highest occupied orbitals, and rN, which lies well below 
AS, even for the tertiary amide E-3. The LUMO resembles 
rz of the allyl system rather than the styrene A* of the 
noncomplexed amides. The calculated A ~ ,  r* energy gap 
is smaller for the complexed vs noncomplexed amide, in 
accord with the shift of the absorption band to longer 
wavelength upon complexation. Aromatic substituents 
have a larger effect on the absorption maxima of com- 
plexed vs noncomplexed amides, in accord with the greater 
extent of intramolecular charge transfer for the rs,r* state 
of the complexed amide (Figure 2). 

Photoisomerization of BF, Complexes. Photoisom- 
erization quantum yields and photostationary states for 
313-nm irradiation of the cinnamamides in the presence 
of 1 equiv of BF3-OEh are reported in Table V. The 
amides are fully complexed under these conditions. 
Quantum yields are higher for complexed vs noncomplexed 
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to its Z isomer in the presence of 0 (O) ,  0.1 (O), 0.5 (A), and 1.0 
(0) equiv of BF3-OEt2. 

amides except in the case of the 2 tertiary amides, 2-3 ,  
2-8, and 2-10. In the case of 2-3 and 2-8, the values of 
Oi are < 0.01 and the photostationary states consist of 
100% 2 isomer! The effect of added BF3 on Oi for E-3 and 
2-3  is illustrated in Figure 7. Addition of 0.25-equiv 
increments of BF, results in a continuous increase in Oi 
for E-3 and decrease in Oi for 2-3. The effect of added BF3 
on the rate of isomerization of E-3 is shown in Figure 8. 
The more rapid approach to the photostationary state for 
complexed vs noncomplexed E-3 reflects the increase in 
Oi upon complexation. The differences in absorption 
spectra and values of Oi for complexed vs noncomplexed 
amides are sufficiently large to allow quantitative con- 
version of E-3 to 2-3  using <0.5 equiv of BF3. 

The increase in Oi upon complexation for all of the 
(@amides and the primary and secondary (Z)-amides can 
be rationalized in terms of the changes in the frontier 
orbitals which occur upon protonation (Table IV and 
Figure 2). The ~ , a *  state is expected to be the lowest 
singlet state for all of the complexed amides and should 
isomerize efficiently due to  its diminished C=C bond 
order. In the case of the primary amides E-1 and 2-1, the 
sum of the isomerization efficiencies exceeds 1.0, indicating 
the absence of a common, vibrationally equilibrated 
twisted intermediate. The only exceptions to efficient 
isomerization of the complexed amides are the tertiary 
@)-amides, 2-3 and 2-8. We suspect their photochemical 
behavior, like their spectroscopic properties, is related to 
their severe nonplanarity. 

Concluding Remarks. The photoisomerization effi- 
ciency of the cinnamamides is remarkable in its depen- 
dence upon substitution, excitation wavelength, solvent, 
and complexation. The photochemical and photophysical 
behavior of the cinnamamides can be attributed to the 
existence of two low energy singlet n,a* states, a reactive 
as,"* state with a styrene-like HOMO, and an unreactive 

aN,n* state with an amide nonbonding a HOMO. N-A1- 
kylation raises the energy of the TN orbital relative to the 
as orbital, while aromatic substitution can either raise 
(electron donating substituents) or lower (electron-with- 
drawing substituents) the energy of the ns orbital relative 
to the xN orbital. Thus the electronic configuration of the 
lowest excited state is dependent upon the nature of 
Substituents at either end of the conjugated molecule. The 
wavelength dependence of the photoisomerization effi- 
ciency requires that isomerization or nonradiative decay 
of upper singlet states compete with internal conversion 
to the lowest singlet state. Thus the configuration of the 
reactive state can in some cases be controlled by choice 
of excitation wavelength. Finally, complexation of the 
amides with BF3 lowers the energy of the TN orbital relative 
to the as orbital resulting in increased photoisomerization 
efficiency. This result serves to  further extend the scope 
of the Lewis acid catalysis in organic photochemi~try. '~~~~ 

Experimental Section 
General Methods. *H NMR spectra of 0.02 M solutions of 

the cinnamamides in CDC13 containing tetramethylsilane internal 
standard were recorded using a Perkin-Elmer EM 390 spec- 
trometer. Aliquota of BF3-OEt, were introduced to nitrogen- 
purged solutions using a gas-tight microliter syringe. Chemical 
shift data for the free and complexed amides is summarized in 
Table I. Vinyl coupling constants for the (E)- and (Zl-cinnam- 
amides were between 15 and 16 Hz and 12 and 13 Hz, respectively. 
Variable-temperature studies were conducted using a JEOL 
FX-9OQ spectrometer. Amide rotational barriers were determined 
by the dynamic NMR method and free energies of activation 
calculated using the Eyring equation and the rates of C-N bond 
rotation at the coalescence temperature. NOE studies were 
conducied at -20 "C to m i n i i e  the effects of C-N bond rotation. 

Infrared spectra of 0.02 M solutios of the cinnamamides and 
their BF3 complexes in CHC13 were recorded in 1-mm pathlength 
NaCl cells using a Perkin-Elmer Model 286 double beam spec- 
trometer. C=O and C=C stretching frequencies are reported 
in Table 11. 

M solutions of the 
cinnamamides in CH2C12 were recorded in 1-cm path length quartz 
cuvettes using a Hewlett-Packard Model 8452A diode array 
spectrophotometer. Data for the free and complexed amides is 
reported in Table 111. Beer's law plots were conducted for 
to lo-' M solutions using a 2-mm path length cuvette. Emission 
spectra were recorded using a Perkin-Elmer MPF-44A spectro- 
photometer in methylcyclohexane solution. No emission could 
be detected at room temperature and only weak emission was 
detected in the glassy state at 77 K for either the free or complexed 
amides. 

Photoisomerization quantum yields were determined for 3-mL 
aliquots of 0.02 M solutions of cinnamamide in CH2C12 contained 
in 13 mm 0.d. quartz or Pyrex test tubes purged with dry nitrogen 
for 5 min prior to irradiation. Samples were irradiated in triplicate, 
and each sample was analyzed in triplicate for isomer formation 
at <lo% conversion by means of gas chromatography using a 
Hewlett-Packard 5890 FID-GC equipped with a 0.53 mm fused 
silica capillary column bonded with polydimethylsiloxane. Ir- 
radiation at 254 or 313 nm was performed on a merry-go-round 
appratus using respectively, the output of a Rayonet reactor or 
a Hanovia 450-W high-pressure mercury arc lamp with a potas- 
sium chromate solution filter. Variable-wavelength irradiations 
were conducted on an optical bench consisting of an Oriel 300-W 
high-pressure mercury arc lamp, a Bausch and Lomb 0.25-m high 
intensity monochrometer, and a thermostatted cell holder. Po- 
tassium ferri~xylate~~ and Aberchrome 54OW were used as the 
primary actinometers. @)-Stilbene (0.01 M in CHzClz) was used 
as a secondary actinometer and found to undergo isomerization 
with a quantum yield of 0.44 f 0.02 over the range 254-313 nm. 

Ultraviolet absorption spectra of 5 X 

(35) Bowman, W. D.; Demas, J. N. J.  Phys. Chem. 1976, 80, 2434. 
(36) Heller, H. C.; Langan, J. R. J. Chem. Soc., Perkin 7"s. 2 1981, 

341. 
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Materials. The (E)-cinnamamides were prepared from the 
cinnamic acids (Aldrich) via reaction of the acid chlorides with 
ammonia, methylamine, or dimethylamine and purified by re- 
crystallization f" hexane or chloroform or, for the noncrystatline 
E-4-6, silica gel chromatography. GC analysis indicated that all 
of the (E)-cinnamamides used in spectroscopic and photochemical 
studies were of >99% purity. Irradiation of the (E)-cinnamamides 
with the Pyrex-filtered output of a Hanovia 450-W high-pressure 
mercury arc provided isomer mixtures containing 50-75% 2 
isomer. Silica gel chromatography using chloroform eluant 
provided samples of the (Z)-cinnamamides containing <5% E 
impurity. In most cases, repeated chromatography provided 
samples containing <1% E impurity and these purified samples 
were used except as indicated in the footnotes to Table V. Both 
the E and 2 isomers were fully characterized by means of their 

lH NMR and IR spectra and high-resolution maw spedroecopy. 
Spectrophotometric grade dichloromethane (Aldrich) was re- 

fluxed over calcium hydride and freshly distilled prior to we in 
photochemical studies. Other solvents were spectral grade and 
used as received. BF3-OEh (Aldrich) was used as received until 
discolored and then distilled prior to use. 
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Photocycloaddition of 2-cyclohexenone to cyclopentene gives four [2 + 21 adducts, rather than only two as 
reported previously. Differentiation between the cis-anti-cis and cis-syn-cis structures was made on the basis 
of differences in 13C chemical shifts in the two isomers. The structures of the two trans-fused adducts, which 
were not isolated, derive from their base-catalyzed epimerization to the corresponding cis-fused isomers. One 
trans-fused and one cis-fused cycloadduct are formed initially in a ratio of 2:1, respectively, upon photoaddition 
of testosterone acetate to cyclopentene, but this ratio changes in favor of the cis-fused isomer as the irradiation 
progresses due to secondary reactions. These adducts were identified by X-ray crystallography as the trans-fused 
(4a,5P) and cis-fused (4a ,5a)  structures. Epimerization of the trans-fused adduct in base led to isolation of the 
alternative cis-fused adduct (4j3,5@) whose X-ray crystal structure was also determined. The X-ray structure 
of the oxime of the trans-fused photoadduct of 2-cyclohexenone and tetramethylethylene was also obtained for 
structural comparison with the steroid enone adducts. These are believed to be the first definitive structure 
determinations of trans-fused bicyclo[4.2.0]octan-2-ones. The assignments of lH NMR coupling constants to 
vicinal cis and trans protons on the cyclobutane ring are based on the relevant dihedral angles obtained from 
the X-ray structures and from molecular modeling. Mechanisms for the formation of trans-fused adducts from 
both planar and twisted cyclohexenone triplets are discussed. 

The [2 + 21 photokycloaddition of cyclic enones to al- 
kenes is arguably the most useful photochemical reaction 
to synthetic organic chemists, as a route to annelated 
products or products of subsequent cyclobutane frag- 
mentation.' The synthetic utility of this reaction was first 
vividly demonstrated by Corey in his synthesis of the 
terpenoid caryophyllene, in which the natural product 
featuring trans fusion of a four- and nine-membered ring 
is produced by elaboration of a trans-fused adduct formed 
upon [2 + 21 photocycloaddition of cyclohexenone to iso- 
butylenea2 The mechanism generally used' to describe this 
reaction, formulated first by Core? and later elaborated 
by de Mayo, is shown in Scheme I.4 According to this 
mechanism, the lowest triplet state of the enone (initially 
thought3 to be an n,r* triplet but now known to be a r,r* 

Scheme I. The Corey-de Mayo Mechanism 
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