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The X-ray structure determination of 3-p-bromophenyl-6,7-bisisopropylidene-8,8-dimethyl-l,3,5-triazabicy- 
clo[3.3.0]octane-2,4-dione (5a) and a DNMR study of the debromo derivative 5b have been carried out. 

Steric interactions between functions attached to the 
diene chromophore of highly substituted 1,3-dienes result 
in a forcing of the diene to adopt nonplanar, chiral confor- 
mations. Considerable interest has recently arisen in the 
synthesis and structures of highly substituted dienes, and 
in the measurement of the barriers for rotation about the 
central carbon-carbon bond (i.e., enantiomerization) of 
such diene systems. Acyclic dienes have the potential of 
undergoing enantiomerization of the nonplanar chiral con- 
formations via either s-cis or s-trans transition states. 
Mannshreck, Kobrich, and coworkers1 have studied the en- 
antiomerization of several highly substituted acyclic 1,3- 
dienes by NMR techniques and rotation barriers corre- 
sponding to enantiomerization via the lower energy s-trans 
transition states have been measured. Enantiomerization 
via the higher energy s-cis transition states cannot be stud- 
ied with such acyclic systems. 

1,2-Bisalkylidenecycloalkanes also contain skewed diene 
chromophores as evidenced by their u l t r a v i ~ l e t ~ , ~  and 
NMR3,4 spectral properties, the decreased chemical reac- 
tivity in cycloaddition reactions,3r5 and the formation in 
our laboratories of the first reported optically stable, opti- 
cally active dienes of structure 1 and 2.6 In contrast to the 

1 2 
X =z 0; Y = NSOzCl 
X a NSOzCl; Y 0 

acyclic dienes, the enantiomerization of chiral 1,2-bisalkyli- 
denecycloalkanes is restricted to occur only via the s-cis 
transition states, and thus provides opportunities for 

studying such processes. Kiefer and coworkers4 have re- 
ported results of DNMR studies on 3 and 4 which possess 

CH, 

3, R = H, CH:, 4 

CH3 ‘CH, 0 
5a, X = Br 

b , X - H  
enantiomerization barriers of <12 and 21.1 kcal/mol, re- 
spectively. The discovery of the high degree of optical sta- 
bility of 1 and 2 has prompted us to undertake an X-ray 
structure determination and DNMR study of a related 
structure 5.7 

X-Ray Structure of 5a. Figures 1 and 2 illustrate8 the 
top-down and edge-on views of the molecule as it exists in 
the crystal. Tables I and I1 detail bond distances and an- 
gles, and interplanar angles. 

Considerable distortion about the B ring is evident, the 
B ring existing in an “envelope” conformation with C15 
projecting 33.2’ (0.52 A) above the general C14-Nlo-Nl1- 
C16 plane. The diene chromophore is severely skewed? the 
dihedral angle between the planes of the two isopropyli- 
dene functions being 52.3O. In addition, both isopropyli- 
dene groups are twisted about the double bonds (7 and 
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Figure 1. 

Figure 2. 

12') and bond angles deviate substantially from the normal 
[for example, Cls-C14-C15 (118.8'), C15-C1g-Czo (125.9'1, 
Czo-C19-Czl (112.1°), and CzpCzz-C24 (114.4')]. The C19- 
CZO, C19-Cz1, and Czz-Cz3 bond lengths are considerably 
longer (0.03-0.04 A) than normal vinyl C-C bonds (such as 
Czz-Cz4). These distortions arise from severe steric interac- 
tions between the C18-Czo and Cz1-Cz3 methyl groups, the 
C-C nonbonded distances being 3.124 (8) and 3.134 (8) A, 
respectively. These distances are considerably less than the 
sum of the van der Waals radii for two methyls of 3.4 A.lo 
The very close packing of the methyls is accomplished by 
intermeshing, or staggering, of the hydrogen atoms of the 
neighboring methyls. Inspection of a scale molecular model 
of 5a indicates that for racemization of the skewed diene 
chromophore to occur Czl and c23 must pass within -2.1 A 
of each other if no other bond angle deformations or distor- 
tions occur. This would seem to be a prohibitively short 
distance which would result in a very high energy barrier 
for enantiomerization (unless other distortions were to 
occur in the molecule to lengthen this distance in the tran- 
sition state). 

A structural feature of great interest with respect to pos- 
sible dynamic processes in 5 is the nonplanarity about the 
N-N bridge (interplanar angle of 19.1O between planes 
Ca-Nio-Nii-C12 and C14-N10-Nll-C16). It had been im- 
plied previously from DNMR studies (over a temperature 
range of -60 Lo 60') with 6 that the urazole ring in triazol- 

6 
inedione adducts was either rigid with the nitrogen atoms 
pyramidal or planar, or that inversion between pyramidal 
nitrogen forms was occurring rapidly a t  -60' ,11 Inspection 
of the scale molecular model of 5a indicates that  the non- 
planar N-N bridge is a structural characteristic of the mol- 
ecule and is not the result of intra- or intermolecular inter- 
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Table I 
Bond Lengths and  Angles in Structure 5a 

Value Angle type Bond type Length, 2 

1.895 (4) 
1.387 (6) 
1.386 (6) 
1.374 (6) 
1.398 (6) 
1.387 (6) 
1.383 (6) 
1.433 (5) 
1.404 (6) 
1.207 (5) 
1.362 (6) 
1.419 (5) 
1.377 (5) 
1.205 (5) 
1.395 (6) 
1.515 (5) 
1.539 (6) 
1.538 (7) 
1.525 (7) 
1.464 (6) 
1.336 (6) 
1.453 (5) 
1.325 (6) 
1.521 (7) 
1.516 (7) 
1.524 (7) 
1.485 (7) 

Table I1 
Interplanar Angles in 5a 

121.6 (4) 
119.3 (4) 
119.5 (4) 
121.2 (4) 
120.0 (4) 

119.0 (4) 
111.1 (3) 

109.1 (3) 

118.8 (4) 
119.3 (4) 

129.1 (4) 

131.0 (4) 
109.6 (3) 
108.8 (3) 
108.5 (3) 
128.7 (4) 
127.9 (4) 

111.6 (4) 
118.8 (4) 
110.5 (4) 
105.3 (3) 
128.3 (4) 
126.3 (4) 
105.0 (4) 
131.7 (4) 
121.3 (4) 
125.9 (5) 
122.0 (5) 
112.1 (4) 

99.3 (3) 

122.6 (4) 
123.0 (4) 
114.3 (4) 

Plane 1 Plane 2 Value, deg 

Aromatic ring 8-N7-c 12 47.1 

14-N1 OqN1 l* 16 c14*15*16 33.2 

1 5< 1 6-N1 1 c23-cZZ-c24 7.0 

8-N1 O-Nl 1% 12 14-N1 OeNi l* 16 19.1 

14% 15% 16 c 2 0 - c  19% 1 12.0 

/ c21 /c24 , , c1 5=c 19 16=cZZ 52.3 
''23 

actions, or the distortion about the other five-membered 
ring. Further evidence in support of this is derived from the 
results of DNMR studies with 5b (vide infra). 

DNMR Studies with 5b. The room-temperature NMR 
spectrum of 5b in 1:l dideuteriodichloromethane-trichlo- 
rofluoromethane displays methyl singlets a t  6 1.67 (6 H), 
1.72 (6 H),  1.87 (3 H), and 2.13 (3 H). On lowering the tem- 
perature the high-field singlet broadens and finally a t  tem- 
peratures below -48' becomes two symmetrical singletslZ 
with A6 52.3 Hz (at 100 MHz). The coalescence tempera- 
ture for the dynamic process is -28', which gives AGZ-zs = 
11.9 kcal/mol. Further cooling to -110' resulted in no fur- 
ther changes. 

Assignment of the resonances to the various methyl 
groups in 5b can be unambiguously made by comparison of 
chemical shifts with those observed for other adducts of 
similar structure: and by consideration of the environ- 
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ments of the methyl groups in 5b. The lowest field methyl 
resonance represents the “outside” methyl of the CS isopro- 
pylidene group which resides in the plane of the neigh- 
boring carbonyl group and is thus de~hie1ded.l~ The 6 1.87 
resonance represents the “outside” methyl of the C7 isopro- 
pylidene group. The high-field resonance which broadens 
and forms two widely separated singlets at  lower tempera- 
tures must represent the geminal methyls attached to CS. 
The scale model of 5a shows that one of the methyls is axi- 
ally oriented while the other is equatorially oriented and 
resides in the plane of the neighboring carbonyl group and 
thus must be deshielded. It is this equatorial methyl which 
gives rise to the new low-field singlet a t  low temperatures. 

Two dynamic processes are possible in 5a which would 
result in the exchange in the chemical environments of the 
two methyl groups attached to CS: enantiomerization of the 
skewed diene chromophore or N-N bridge inversion. A 
number of considerations indicate that N-N bridge inver- 
sion is the phenomenon giving rise to the observed results. 

The barrier for ring inversion in diacyltetrahydropyrida- 
zines and -piperidazines, i.e. 

has been observed to be -20 kcal/mol.’* In the planar tran- 
sition state for this inversion process considerable steric 
strain must be generated between the acyl functions. In the 
inversion about the bridge nitrogens of 5, however, the 
functions attached to the nitrogens are contained in a cy- 
clic structure and the steric strain between these groups is 
not increased on going to the transition state. Therefore, 
the barrier for inversion should be considerably lower than 
20 kcal/mol. 

The studies of Mannschreck, Kobrich, and coworkers1 
have revealed enantiomerization barriers of 1 2 1  kcal/mol 
for the substituted butadienes 6. They attribute this bar- 

6a* 

CBH6 - C/ 

H---C-C 
CgHj ’ ‘CH~C~H, 

6b* 
X A G * c  (kcalimol) 
C1 -21 
Br >22 
I >24 

rier to rotation via the s-trans transition state (sal), which, 
on the basis of overall steric considerations, they believe to 
be lower in energy than rotation via the s-cis transition 
state (6b*). As the inside benzyl groups in 6bl can adopt 
conformations in which the phenyl groups are oriented out- 
ward, the steric strain between the benzyl groups should 

approximate that between the methyls in the transition 
state for enantiomerization of 5. As the barrier in 6b* must 
be >21 kcal/mol, one would similarly predict a barrier for 
enantiomerization in 5 of >21 kcal/mol, a value far too high 
compared to the experimentally observed value of 11.9 
kcal/mol for the dynamic process in 5. Finally, our isolation 
of optically active 1 and 2, which retain their optical activi- 
ty unchanged for 10 days at  2 5 O ,  indicates that the enan- 
tiomerization barrier must be considerable, certainly much 
greater than the observed 11.9 kcal/mol. Thus, all of the ev- 
idence thus far available indicates that the dynamic pro- 
cess observed with 5b involves nitrogen bridge inversion 
and not enantiomerization of the skewed diene. 

The barrier of 21.1 kcal/mol for the dynamic process ob- 
served with 44 is considerably higher than that observed 
with 5. If the arguments and conclusions given in this paper 
are correct, the barrier in 4 is too high for ring nitrogen in- 
version. The lower barrier in 4 relative to that anticipated 
for enantiomerization of 5 could conceivably be due to the 
more flexible nature of the six-membered ring in 4 com- 
pared to the rather inflexible five-membered ring in 5, thus 
allowing more facile distortion to lower the barrier to enan- 
tiomerization. 

Experimental Section 
Preparation of 5a. 4-(4-Bromophenyl)-l,2,4-triazoline-3,5- 

dione was prepared from 4-bromoaniline following the procedure 
of Cookson and  coworker^'^ giving a very reactive, purple-colored 
material. A solution of 0.26 g of the crude material in 10 ml of di- 
chloromethane was added to 0.15 g of 2,2,3,3-tetramethylisobu- 
tenylidenecyclopropane dissolved in 5 ml of dichloromethane. The 
purple color of the triazolinedione was discharged immediately. 
The solvent was removed under reduced pressure and the residue 
was chromatographed on a 1.5 X 10 cm column of silica gel. Elu- 
tion with 5% ethyl acetate-chloroform gave 150 mg of product as 
colorless crystals, mp 122.5-124.0’. A crystal suitable for X-ray 
structural analysis was derived by evaporative recrystallization 
from methanol. 

Crystal data: C1gH22BrN302, mp 122.5-124.0’, monoclinic, 
space group P21/c, a = 12.418 ( 5 ) ,  b = 15.799 (6), c = 10.095 (4) 8, 
and /3 = 102.70 (2)’. The calculated density was 1.416 g/cm3; an ex- 
perimental density could not be determined owing to the limited 
amount of compound. Lattice constants were obtained from a 
least-squares refinement of the setting angles of 26 reflections, 
each collected a t  f 2 0 ,  given by the automatic centering routine 
supplied with the diffractometer ( A  0.71069 %.) a t  the ambient lab- 
oratory temperature of 20 i 1’. Intensity data were collected on a 
Syntex P1 diffractometer using the 8-28 scanning technique with 
graphite-monochromated MO Kol radiation. Details of the data 
collection and data reduction are essentially those given pre- 
viously;16 1983 reflections had F ,  > 3 4 7 , )  and were considered to 
be observed. Only the observed data were used in the solution and 
refinement of structure. The structure was solved by the standard 
heavy-atom method17 and refined by full-matrix least-squares 
techniques18 to a final R = 2llFd - IFdl/zlFd of 0.043 and a 
weighted Rz = [2w(lF,J - IFd)2 /zwIFd2]1  of 0.055. The shift er- 
rors in the last cycle of refinement were all less than 0.05. All hy- 
drogen atom positions were determined from a difference Fourier 
synthesis; electron density maxima appropriately located for hy- 
drogen atom positions were about three times higher than the gen- 
eral background level in the map. These hydrogen atoms were in- 
cluded in the final cycles of least-squares refinement as fixed con- 
tributors, A final difference Fourier map was essentially feature- 
less with the largest peak being 0.15 e/A.3 (See paragraph a t  end of 
paper regarding supplementary material.) 

Variable-Temperature NMR Studies with 5b. A dilute solu- 
tion (-1%) of 5b3 in 1:l dideuteriodichloromethane-trichlorofluo- 
romethane (the low concentration was necessitated by the limited 
solubility of 5b in the chosen solvent system a t  low temperatures) 
was triply freeze degassed in an NMR tube and sealed under a ni- 
trogen atmosphere. The NMR spectra were recorded on a Varian 
XL100-15 spectrometer equipped with a variable-temperature 
prohe and a Transform Technology TTlOO Fourier transform. Be- 
cause of the low concentration of the substrate and the different 
Tl’s of the hydrogens in 5b the spectra were recorded using the 
Nicolet T1 Program/II (ten scans) with D1 = 10 sec, conditions 
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under which the hydrogens o f  5b are >98% relaxed giving singlets 
o f  appropriate relative intensities. 

Acknowledgments. The authors thank the Computing 
Center of the University of Notre Dame for an allocation of 
computing time, and Mr. Donald Schifferl for assistance in 
recording the NMR spectra. D.J.P. also wishes to acknowl- 
edge helpful discussions with Professor Kiefer, Department 
of Chemistry, University of Hawaii. 

R e g i s t r y  No.-5a, 54595-52-7; 5b, 40755-74-6. 

S u p p l e m e n t a r y  M a t e r i a l  Avai lab le.  A l is t ing o f  atomic coor- 
dinate positions and anisotropic thermal  parameters w i l l  appear 
fol lowing these pages in the mic ro f i lm edit ion o f  th is  volume of the 
journal. Photocopies of the supplementary mater ia l  f rom th is  
paper on ly  or microfiche (105 X 148 mm, 24X reduction, negatives) 
containing a l l  the supplementary mater ia l  for  the papers in th is  
issue may be obtained f rom the Journals Department, American 
Chemical Society, 1155 16 th  St., N.W., Washington, D.C. 20036. 
R e m i t  check or money order for $4.00 for photocopy or $2.50 for 
microfiche, referr ing t o  code number JOC-75-1444. 

References and  Notes 
A. Mannschreck, V. Jonas, H.-0. Bodecker, H.-L. Elbe, and 8. Kobrich, 
Tetrahedron Lett., 2153 (1974): G. Kobrich, B. Kolb, A. Mannschreck, 
and R. A. Misra, Chem. Eer., 106, 1601 (1973); G. Kobrich, A. Manns- 
chreck, R. A. Misra, G. Rissman, M. Rosner, and W. Zundorf, ibid., 105, 
3794 (1972). 
J. E. Starr and R. H. Eastmann, J. Org. Chem., 31, 1393 (1966), and ref- 
erences cited therein: W. F. Forbes, R. Chilton, and A. Baiasubraman- 
ian, ibid., 29, 3257 (1964); K. B. Alberman, R. N. Haszeidine, and F. B. 
Kipping, J. Chem. Soc., 3287 (1952). 
D. J. Pasto, A. F.-T. Chen, and G. Binsch, J. Am. Chem. SOC., 95, 1553 
(1973). 
E. F. Kiefer, T. J. Levek, and T. T. Bopp, J. Am. Chem. SOC., 94, 4751 
(1 972). 

J. Org. Chem., Vol. 40, No. 10,1975 1447 

I. N. Nazarov and N. V. Kuznetzov, Bull. Acad. Sci. USSR, Div. Chem. 
Sci., 236 (1960). 
D. J. Pasto and J. K. Borchardt, J. Am. Chem. Soc., 96, 6220, 6937, 
6944 (1974). 
Racemization studies with I and 2 have thus far been precluded owing 
to the difficulty of access to sufficient quantities of the chiral com- 
pounds. 
C. K. Johnson, "ORTEP. .a Fortran Thermal-Ellipsoid Plot Program for 
Crystal Structure Illustrations", ORNL-3794, Oak Ridge National Labora- 
tory, Oak Ridge, Tenn., 1965. 
The X-ray structure of the acyclic diene 2,3-diisopropylidene-1,4-b~- 
tanedioi has been recently reported: T. Ottersen, L. W. Jelinski, E. F. 
Kiefer, and K. Seff, Acta Crysta//ogr., Sect. E, 30, 960 (1974). 
A. Bondi, J. Phys. Chem., 68, 441 (1964). (The value of 1.7 ,& for the 
van der Waals radius of the methyl group is less than the value of 2.0 A 
suggested by Pauling: L. Pauling, "The Nature of the Chemical Bond", 
2nd ed, Cornell University Press, Ithaca, N.Y., 1940, p 189.) 
A. B. Evnin, D. R. Arnold, L. A. Karnischky, and E. Strom, J. Am. Chem. 
SOC., 92, 6218 (1970). 
The fact that symmetrical singlets are observed at low temperatures 
precludes assignment of the dynamic process to slowed rotation of two 
methyl groups of identical, or very similar, chemical shift. Slowed rota- 
tion of methyl groups would result in the formation of superposed AsX 
spin systems which would appear as much more complex patterns. 
G. J. Karabatsos, G. C. Sonnichsen, N. Hsi, and D. J. Fenogiio, J. Am. 
Chem. Soc., 89, 5067 (1967). 
B. J. Price, I. 0. Sutherland. and F. 0. Williamson, Tetrahedron, 22, 
3477 ( 1  966). 
R. C. Cookson, S. S. H. Gilani, and I. D. R. Stevens, J. Chem. SOC. C, 
1905 (1967). 
W. R. Scheidt. J. Am. Chem. SOC., 96, 84 (1974). 
The Fourier program ALFF was used: C. R. Hubbard, C. 0. Quicksall, 
and R. A. Jaoobson, "The Fast Fourier Algorithm and the Programs 
ALFF, ALFFDP, ALFFPROJ, ALFFT, and FRIEDEL". 18-2625, Ames Lab- 
oratory, Iowa State University, Ames Iowa 1971.' 
The function minimized was 2 4  f4 - AFJ)*. The computations fol- 
lowed W. R. Busing, K. 0. Martin, and H. A. Levy, "OR-FLS, a Fortran 
Crystallographic Least-Squares Program", ORNL-TM-305, Oak Ridge 
National Laboratory, Oak Ridge, Tenn., 1962. Atomic form factors were 
from D. T. Cromer and J. B. Mann, Acta Crystallogr., Sect. A, 24, 321 
(1968), with corrections, real and imaginary, for the anomalous scatter- 
ing of the bromine atom from D. T. Cromer and D. Liberman. J. Chem. 
fhys., 53, 1891 (1970). 

Photochemical Reactions of cu,&Unsaturated Acids, Esters, and Nitriles 

Thomas S. Cantrell 

Chemistry Department ,  T h e  American University, Washington,  D.C. 20016 

Received January  9, 1975 

Cyclohexene-1-carboxylic acid, the corresponding methy l  ester, and cyclohexene-1-carbonitrile undergo slow 
addi t ion t o  electron-r ich alkenes upon irradiat ion. Reaction occurs, very slowly, a t  the carbon-carbon double 
bond o f  the ester and n i t r i le  t o  give [2 + 21 cycloadducts, sometimes accompanied by products o f  ene-like reac- 
tions. Cyclohexene-1-carboxylic acid gives ester 15 and lactone 16 via retro-type I1 processes. 

The photochemical behavior of five- and six-membered 
ring conjugated enones is diverse and interesting, with 
reactions such as a-cleavage, oxetane formation, [2 + 21 cy- 
cloaddition to  the carbon-carbon double bond, the lumi- 
rearrangement to bicyclo[3.l.0]hexanones (in certain 
cases), and others being observed, depending on the pres- 
ence or absence of coreactants.' I t  is believed that these 
molecules have lowest lying n,r* and T,T* triplet states of 
approximately equal energies, and that the precise struc- 
tural details of the compound defines which state is of low- 
est energy, but that reactions from either state are possible 
in most cases. 

On the other hand, the photochemical behavior of a,P- 
unsaturated acids and their derivatives, such as esters and 
nitriles, has, with the exception of a few specific com- 
pounds, been much less thoroughly investigated. The 
structures of the several [2 + 21 photodimers produced on 
irradiation of cinnamic acid in the solid state have been 
well worked out.2 Cinnamic esters have been reported to 
undergo [2 + 21 photochemical addition to olefins in solu- 

t i ~ n . ~  Maleic anhydride, fumaric acid, and maleic acid, and 
also fumaronitriles, undergo [2 + 21 photodimerization 
most efficiently in the solid state.* Coumarin undergoes di- 
rect and sensitized dimerization and sensitized addition to 
olefins, the former process apparently occurring via both 
singlet and triplet excited ~ t a t e s . ~ ~ , ~  a-Phenylcinnamic 
acids on irradiation close to P-lactones.6 Acrylonitrile dim- 
erizes in the [ 2  + 21 fashion on photosensitization, whereas 
2-cyanobutadiene undergoes two types of electrocyclic ring 
closure? just as does butadiene itself. This would imply 
that the reactive excited states of butadiene and t h e  2- 
cyano derivative are similar (i.e., r,a*). 

In other simple a,P-unsaturated acids, esters, and nitriles 
which have been examined, the photochemistry which has 
been observed has been similar to that exhibited by acylic 
ketones. Both classes of compounds undergo processes such 
as (a) migration of the double bond to the P,r position, 
probably via hydrogen abstraction by the carbonyl oxygen, 
as in the type I1 elimination (this has been observed in cro- 
tonic acid and crotonic e ~ t e r s ) ; ~ , ~  (b) cis-trans isomeriza- 


