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mg) in dry THF (1.5 mL) was added 18-crown-6 (38.1 mg, 0.144 mmol) 
followed by potassium hydride (15.4 mg, 0.384 mmol). The reaction 
mixture was heated at 50 0C under an inert atmosphere, and conversion 
to product(s) was generally complete after 3-10 h. The contents were 
cooled to -78 0C and quenched by dropwise addition of methanol. In 
the case of Ua and lib, the solution was warmed to 0 °C and stirred 
with excess sodium borohydride for 10 min. After dilution with ether 
(2 mL), the solution was washed with cold NH4Cl solution (10 mL) and 
water (5 mL), dried, filtered, and analyzed by capillary GC. Rotary 
evaporation followed by MPLC on silica gel or preparative gas chro
matography (column B at 180 0C) provided pure products. 

For 42: colorless oil; IR (neat, cm"1) 3340, 1640; 1H NMR (300 
MHz, CDCl3) 5 4.66-4.59 (m, 2 H), 3.66 (t, J = 6.4 Hz, 2 H), 2.29-2.10 
(series of m, 2 H), 1.90-1.65 (series of m, 2 H), 1.60-1.03 (series of m, 
9 H); 0.82 (s, 9 H); 13C NMR (75 MHz, CDCl3) 5 152.36, 107.88, 
63.06, 50.18, 42.63, 32.56, 32.41, 32.16, 31.07, 27.77, 27.38, 21.56; MS 
m/z (M+) calcd 210.1984, obsd 210.1990. Anal. Calcd for C14H26O: 
C, 79.94; H, 12.46. Found: 79.97; H, 12.45. 

For 43: colorless oil; IR (neat, cm"1) 3350, 1642; 1H NMR (300 
MHz, CDCl3) 6 4.71-4.67 (m, 1 H)), 4.57-4.53 (m, 1 H), 3.67 (t, J = 
6.4 Hz, 2 H), 2.00-1.90 (m, 1 H), 1.86-1.03 (series of m, 10 H), 
1.00-0.83 (m, 2 H), 0.87 (s, 9 H); 13C NMR (75 MHz, CDCl3) 6 153.59, 
104.26, 63.43, 50.72, 42.57, 38.46, 34.41, 32.47, 30.57, 28.31, 27.49, 
18.04; MS m/z (M+) calcd 210.1984, obsd 210.1993. Anal. Calcd for 
C14H26O: C, 79.94; H, 12.46. Found: C, 79.75; H, 12.39. 

For 48: colorless liquid; IR (neat, cm"1) 1721, 1650; 1H NMR (300 
MHz, CDCl3) a 9.79 (t, / = 1.8 Hz, 1 H), 4.87 (d, J= 1.2 Hz, 1 H), 
4.63 (s, 1 H), 2.68 (s, 1 H), 2.50 (td, 7 = 8 , 1.8 Hz, 2 H), 2.12 (s, 1 H), 
1.95-1.82 (m, 1 H), 1.60-1.12 (series of m, 8 H); 13C NMR (75 MHz, 
CDCl3) & 202.56, 159.83, 102.26, 47.87. 45.77, 42.85, 40.36, 35.76, 29.52, 
28.69, 26.87; MS m/z (M+) calcd 164.1201, obsd 164.1237. Anal. 
Calcd for C11H16O: C, 80.44; H, 9.82. Found: C, 80.22; H, 9.80. 

For 54: colorless liquid; IR (neat, cm"1) 1725, 1650; 1H NMR (300 
MHz, CDCl3) S 9.80 (t, J = 1.9 Hz, 1 H), 4.76-4.62 (m, 2 H), 2.58-2.45 

(m, 1 H), 2.45-2.36 (m, 2 H), 2.12-1.97 (m, 1 H), 1.70-1.49 (m, 4 H), 
1.45-1.08 (series of m, 2 H), 0.93 (s, 3 H), 0.89 (s, 3 H), 0.79 (s, 3 H); 
13C NMR (75 MHz, CDCl3) S 202.36, 163.22, 100.56, 52.25, 47.05, 
46.84, 42.55, 42.33, 35.24, 23.40, 19.89, 19.13, 19.02, 12.71, MS m/z 
(M+) calcd 206.1671, obsd 206.1707. Anal. Calcd for C14H22O: C, 
81.50; H, 10.75. Found: C, 81.71; H, 10.88. 

For 55: 1H NMR (300 MHz, CDCl3) 6 9.80 (t, / = 1.9 Hz, 1 H), 
4.76-4.65 (m, 2 H), 2.58-2.45 (m, 2 H), 2.0-1.70 (m, 2 H), 1.70-1.49 
(m, 4 H), 1.45-1.08 (series of m, 2 H), 0.92 (s, 3 H), 0.87 (s, 3 H), 0.82 
(s, 3 H); 13C NMR (75 MHz, CDCl3) & 202.65, 164.36, 100.42, 52.32, 
49.00, 48.27, 45.93, 44.08, 34.00, 23.93, 21.37, 20.29, 19.25, 12.50. 
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Abstract: The gas-phase pyrolysis, photoinduced electron transfer (PET), and laser-jet and 185-nm photochemistry of 
2,3-diazabicyclo[2.2.1]hept-2-ene (la), s>7i-7-methyl-2,3-diazabicyclo[2.2.1]hept-2-ene (syn-lb), a/ifi'-7-methyl-2,3-diazabi-
cyclo[2.2.1]hept-2-ene (anti-lb), l,4-dimethyl-2,3-diazabicyclo[2.2.1]hept-2-ene (Ic), 7,7-dimethyl-2,3-diazabicyclo[2.2.1]-
hept-2-ene (Id), and ^n-7-(l-methylethyl)-2,3-diazabicyclo[2.2.1]hept-2-ene (syn-le) were investigated and the results of 
their product studies compared with one another. Pyrolysis and conventional direct and benzophenone-sensitized 350-nm photolysis 
of the azoalkanes 1 yielded the bicyclo[2.1.0]pentanes 2 and negligible amounts of cyclopentenes 3. PET and benzo
phenone-sensitized laser-jet and 185-nm photolysis of the azoalkanes 1 led to significant quantities of cyclopentene derivatives 
3, a behavior that is attributed to radical cation-type 1,3-cyclopentadiyl intermediates, which subsequently suffer hydrogen 
or alkyl migration. The polar character of the radical cation D'+ is clearly demonstrated by the Wagner-Meerwein rearrangement 
into 2,3-dimethylcyclopentene (3'd) in the PET and 185-nm photolysis of azoalkane Id. When the corresponding 1,3-cyclopentadiyl 
D" was generated in the pyrolysis of 5,5-dimethylbicyclo[2.1.0]pentane (2d), the 3,3-dimethyl-l,4-pentadiene (4d) was obtained 
as the exclusive reaction product; instead of methyl migration, fragmentation into the 1,4-diene took place. The PET chemistry 
of the stereochemically labeled azoalkanes syn- and anti-lb revealed that the radical cations D'+ have a puckered geometry, 
because a stereochemical memory effect was observed for the cyclopentene products 3. Specifically, the pseudoaxial substituent 
at the stereolabeled center migrates with preference, which speaks for a coplanar arrangement for the rearrangement in D*+. 
The common and distinct mechanistic features of the denitrogenation processes of the various thermal and photochemical 
activation modes will be discussed. 

Unsubstituted or alkyl-substituted, saturated, cyclic azoalkanes 
have a weak absorption ('n.ir*) at ca. 300-350 nm, which is 
separated from the 'ir.ir* transition by a spectral window between 

1 Undergraduate research participant, spring 1987. 
'Undergraduate research participant, autumn 1990. 

250 and 300 nm.1 Direct irradiation at 350 or 185 nm normally 
leads to significantly differing photoreactivity. This may be taken 
as evidence that Kasha's rule is being violated in these examples 
because of the large energy gap between Sj and S2. Kasha's rule2 

(1) Rau, H. Angew. Chem. 1973, 85, 248. 
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states that photochemical reactions take place out of the lowest 
singlet or triplet excited states of the substrates. The reason for 
this is fast, radiationless decay from the higher excited to the lowest 
excited S] or T, states, with which photochemical reactions (bond 
reorganization) cannot compete. For this reason, normally a 
pronounced wavelength dependence in photochemical reactions 
is not observed. 

To explain the different wavelength-dependent products or 
product distributions on the basis of a Salem diagram, zwitterions 
have been postulated as intermediates of the 185-nm photolysis,3 

which are not accessible in the conventional 350-nm photolysis. 
Another possibility is the formation of radical cations, which 
analogous to the zwitterions represent high-energy intermediates 
compared to triplet or singlet diradicals. 

In this paper we have undertaken a detailed mechanistic study 
of the transformations of alkyl-substituted cyclic azoalkanes la-e 
induced by pyrolysis, photosensitized electron transfer (PET), and 
185-nm, laser-jet, and 350-nm photolyses. Particularly the PET 

1i:R' - R 2 . H 3 . H 
R ^ r ^ " syn-1b:R' . R3 . H; R2 - CH3 A 

A,R ' anlMbR1 . R2 . H; R3 -CH3 V ^ r - ~ N 

/ W / N 1c: R'-CH3; R 2 -R 3 -H °\J>L^H' 
/^T~-~H' 1d: R1-H; R2 -R3 -CH3 

R' syn-le: R1 . R3 . H; R2 -CH(CH3I2 e*o-1a-dj 

experiments constitute a suitable means for generating the radical 
cations of the 1,3-cyclopentadiyls derived from the azoalkanes la-e 
by nitrogen extrusion. Parallel photochemical behavior is expected 
in the 185-nm photolysis, provided the same intermediates in
tervene. On the other hand, under the conditions of the high 
photon density available in the laser-jet technique,4""* it is in 
principle feasible on triplet sensitization to generate with the first 
photon a 1,3-cyclopentadiyl in its triplet state (Ph2CO* as sen
sitizer) from the azoalkane and to excite the triplet diyl with a 
second photon (again Ph2CO* as sensitizer) to higher excited 
states. Under this premise, similar photoreactivity may be ex
pected in the laser-jet and 185-nm photolyses modes. The con
ventional denitrogenation modes such as pyrolyses and 350-nm 
photolyses, which serve as sources for ground-state diradicals, have 
also been included to permit comparison of their reactivity with 
that of the high-energy intermediates. Such a mechanistic survey 
in the pyrolytic and photolytic denitrogenation of cyclic azoalkanes 
is lacking to date and we anticipated with this detailed study to 
provide better insight into the behavior of short-lived diyl-type 
species. 

Results 
Product Studies. In Table I are summarized the types of 

products and their composition for the pyrolyses and photolyses 
of the various azoalkanes 1. As can be seen, the denitrogenation 
of the azoalkanes 1 leads to the bicyclopentanes 2 as cyclization 
products, the cyclopentenes 3 as rearrangement products, and the 
1,4-pentadienes 4 as fragmentation products, together with various 
amounts of miscellaneous products such as dimers (laser-jet mode), 
cyclopentadienes (PET), and others. These products were 
identified by spectral and gas chromatographic comparison with 
the authentic materials. 

Stereochemical Assignments. An X-ray analysis of the urazole 
precursor of anti-lb revealed that the stereochemistry of the 
azoalkanes syn- and anti-lb is opposite to that assigned in the 
literature.6a'b On the other hand, NOE experiments on the 

(2) Turro, N. J. Modern Molecular Photochemistry; Benjamin/Cummings 
Publishing Co.: Menlo Park, CA, 1978; p 103. 

(3) Adam, W.; Oppenlander, T.; Zang, G. J. Org. Chem. 1985, 50, 3303. 
(4) (a) Wilson, R. M.; Schnapp, K. A.; Hannemann, K.; Ho, D. M.; 

Memarian, H. R.; Azadnia, A.; Pinhas, A. R.; Figley, T. M. Spectrochim. 
Acta 1990, 46 A, 551. (b) Adam, W.; Finzel, R.; Kita, F. Tetrahedron Lett 
1991, 32, 2211. (c) Wilson, R. M.; Adam, W.; Schulte Oestrich, R. Spectrum 
1991, 4, 8. 

(5) (a) Adam, W.; Dorr, M. J. Am. Chem. Soc. 1987, 109, 1570. The 
yields of bicyclo[2.1.0]pentane (2a) and cyclopentene (3a) were unfortunately 
interchanged, (b) Walter, H., planned Dissertation, Universitat Wurzburg. 
(c) Adam, W.; Oppenlander, T. Tetrahedron Lett. 1982, 23, 5391. (d) Roth, 
W. R.; Martin, M. Liebigs Ann. Chem. 1967, 702, 1. (e) Reinhard, G. 
Diplomarbeit, Universitat Wurzburg, 1989. 

2a: R' , R 2 . R 3 . H 
R ~ ^ _ ^ R a/»-2b: R1 . R3 - H; R2 . CH3 

A , syn-2b: R1 . R2 . H; R3 . CH3 

f " y 2c: R' » CH3; R
2 . R3 . H 

/^—\ 2d:R' - H ; R2 . R3 . CH3 

R' affl/-2e: R1 . R3 . H; R2 - CH(CH3), 
syn-ie: R1 . R2 - H; R3 . CH(CH3); 

D 

endo-2a-d2 exo-2a-d2 

O O 6 Cr^Cr hr 6 
D D 

3a 3a-d2 3b 3 b 3c 3 d 3a 

4a 4c 4d 4 d 4a 

housane syn-2b confirmed the previously reported structure as-
signment.6c'd 

The stereochemistry of the azoalkane .syn-Ie was also assessed 
by NOE experiments. The interaction of 7-H with 5-Hx and 6-H, 
clearly demonstrates the syn position of the isopropyl substituent. 
The decisive finding in support of the structure of the bicyclo
pentanes syn/anti-le came from the fully coupled 13C NMR 
spectra of mixtures that were obtained in the pyrolyses and 
photolyses of azoalkane syn-le. The 13C-1H coupling constants 
are given in the section 185-nm photolysis of syn-le. Thus the 
bicyclopentanes syn- and anti-It exhibit three doublets in the 13C 
NMR spectrum (C-l/C-4, C-5, and C-6), but only C-6 has the 
typical coupling constant of ca. 125 Hz for sp3 carbons. The 
high-field shift of C-6 in syn-le is proof that this carbon atom 
is positioned in a region of relatively high electron density, i.e., 
the concave side of the bicyclopentane. 

Discussion 
Transformation of the Azoalkanes 1. In Scheme I are displayed 

the mechanistic connections between the five denitrogenation 
modes of azoalkanes 1 under consideration. These different modes 
shall now be discussed by first addressing the conventional py
rolyses and 350-nm photolyses, followed by the special PET and 
185-nm and laser-jet photolyses. 

Pyrolyses. On thermal activation, the azoalkanes 1 produce 
by one-bond cleavage the corresponding diazenyl diradicals 1D7,.,, 
which lose in a second step dinitrogen to give the bicyclopentanes 
2. The stepwise loss of dinitrogen has been established experi
mentally7 and needs no further elaboration. The preferred ste-

(6) (a) Information on the X-ray data of the urazole precursor for 
azoalkane anti-lb is available from Dr. K. Peters, Max-Planck-Institut fiir 
Festkorperforschung, Heisenbergstr. 1, D-7000 Stuttgart 80, Germany; the 
complete structural details will be published in Z. Kristallogr. (b) Buchwalter, 
S. L.; Closs, G. L. J. Am. Chem. Soc. 1979, 101, 4688. (c) Wiberg, K. B.; 
Kass, S. R.; Bishop III., K. C. J. Am. Chem. Soc. 1985,107, 996. (d) White, 
D. H.; Condit, P. B.; Bergman, R. G. J. Am. Chem. Soc. 1972, 94, 7931. 

(7) (a) Wentrup, C. Reaktive Zwischenstufen I; Thieme; Stuttgart, 1979; 
p 80. (b) Hiberty, P. C; Jean, Y. J. Am. Chem. Soc. 1979, 101, 2538. (c) 
Dannenberg, J. J.; Rocklin, D. J. Org. Chem. 1982, 47, 4529. (d) Engel, P. 
S.; Gerth, D. B. J. Am. Chem. Soc. 1983,105, 6849. (e) Chang, M. H.; Jain, 
R.; Dougherty, D. A. J. Am. Chem. Soc. 1984, 106, 4211. (f) Dannenberg, 
J. J.; Tanaka, K. / . Am. Chem. Soc. 1985, 107, 671. (g) Dannenberg, J. J. 
J. Org. Chem. 1985, 50, 4963. (h) Reedich, D. E.; Sheridan, R. S. J. Am. 
Chem. Soc. 1988, 110, 3697. (i) Simpson, C. J. S. M.; Wilson, G. J.; Adam, 
W. J. Am. Chem. Soc. 1991, 113, 4728. (j) Kopecky, K. R.; Pope, P. M.; 
Lopez Sastre, J. A. Can. J. Chem. 1976, 54, 2639. (k) Crawford, R. J.; 
Chang, M. H. Tetrahedron 1982, 38, 837. (1) Lyons, B. A.; Pfeifer, J.; 
Carpenter, B. K. J. Am. Chem. Soc. 1991, 113, 9006. (m) Edmund, A. J. 
F.; Samuel, C. J. J. Chem. Soc, Perkins Trans. 1 1989, 1267. (n) Engel, P. 
S. Chem. Rev. 1980, 80, 99. 
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Table I. Product Studies of the Photolyses and Pyrolyses of the Azoalkanes la-e 

entry (ref) 

1 (5a,b) 
2 (5c) 
3 
4 

entry (ref) 

5(3) 
6 (5b,d) 
7(5e) 
8(3) 
9 

entry (ref) 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

entry (ref) 

24 
25 
26 
27 
28 
29 

entry (ref) 

30 
31a 
31b 
32 
33 

entry (ref) 

34a syn-
34b syn-
35 syn-
36 syn-
37 syn-

substrate 

la 
la 
la 
la 

substrate 

exo-la-</2 

exo- Ia-(Z2 
exo-la-</2 

exo-la-rf2 

exo-la-rf2 

substrate 

syn-lb 
syn-lb 
syn-lb 
syn-lb 
syn-lb 
syn-lb 
syn-lb 
syn-lb 
anti-lb 
anti-lb 
anti-lb 
anti-lb 
anti-lb 
anti-lb 

substrate 

Ic 
Ic 
Ic 
Ic 
Ic 
Ic 

substrate 

Id 
Id 
2d 
Id 
Id 

substrate 

Ie 

conditions 

TPT,1" CH2Cl2, X > 400 nm 
185 nm, W-C7H16 

laser jet, H-C7H16, Ph2CO 
laser jet, H-C7H16 

conversion 

conditions conversion, % 

180 °C/130 Torr 
333-364 nm, H-C5H12 

350 nm, Ph2CO, C6H6 

185 nm, H-C7H16 

laser jet, C6D6, P h 2 C C 

conditions 

190 °C/100 Torr 
230 °C/100 Torr 
333-364 nm, CH3CN, Ar 
364 nm, CH3CN, Ar, Ph2CO 
DCA,e CH3CN, X > 400 nm 
185 nm, H-C5H12 

laser jet, H-C7H16, Ph2CO 
laser jet, CH3CN 
190 °C/100 Torr 
333-364 nm, CH3CN, Ar 
364 nm, CH3CN, Ar, Ph2CO 
DCA, CH3CN, X > 400 nm 
185 nm, H-C5H12 

laser jet, H-C5Hi2, Ph2CO 

conditions 

270 "C/760 Torr 
350 nm, H-C5H12 

DCA, CH3CN, X > 400 nrr 
185 nm, H-C5H12 

laser jet, H-C5H12, Ph2CO 
laser jet, H-C5H12 

conditions 

350 nm, H-C5H12 

DCA, CH3CN, X > 400 nrr/ 
540 °C/760 Torr 
185 nm, H-C5H12 

laser jet, CH3CN, Ph2CO 

conditions 

270 °C/760 Torr 
•2e/an(i-2e, 82:18 270 cC/760 Torr 
Ie 
Ie 
Ie 

350 nm, H-C5H12 

350 nm, H-C5H12, Ph2CO 
185 nm, H-C5H12 

ca. 100 
ca. 100 
ca. 100 

ca. 35 

conversion, 

90 
100 
100 
100 
25 
85 

ca. 35 
ca. 35 

2 
100 
100 

8 
15 

ca. 40 

42 
55 
55 

, % 
mass balance 

or yield, 

80-90 
34 
67 
67 

mass balance 
or yield, % e 

% 

conversion 

i 

100 
100 
75 

100 
52 
52 

conversion, % 

100 
12 

100 
100 
25 

conversion, 

100 

100 
100 
100 

ca. 
ca. 
ca. 

100 
100 
100 

mass balance 
or yield, % 

i, % 

i 

% 

45 
62 

100 
100 
70 
90 

100 
100 
30 
88 

% 
product distribution," % 

2a 

20 
52 
45 

>99 

3a 

80 
38 
10 

<1 

product distribution," % 

xo-2a-</; 
74 
75 
50 
37 
30 

> endo-2a-</2 

25 
25 
50 
12 
30 

4a 

0 
8 
0 
0 

3a-rf2 

1 
trace 
trace 
43 
7 

product distribution," % 

syn-2b 

80 
47 
67 
44 

9 
43 
43 
57 
22 
25 
44 
23 
24 
44 

mass balance 
or yield, 

55 

100 
43 
46 
46 

mass balance 
or yield, % 

32 
57 
80 
18 

mass balance 
or yield, % 

66 
94 
68 
62 
16 

% 

2d 

99 
19 
0 

65 
100 

S) 

anti-2b 3b 

15 
46 
30 
56 
13 
29 
46 
40 
78 
74 
56 
17 
56 
52 

5 
7 
3 
0 

78 
18 
2 
3 
0 
1 
0 

14 
10 
2 

3'b 

0 
0 
0 
0 
0 
2 
2 
0 
0 
0 
0 

46 
10 
2 

product distribution," % 

2c 

>99 
100 
46 
43 
84 

100 

3c 

0 
0 

54 
32 
7 
0 

product distribution," 

3'd 

0 
70 
0 

17 
0 

4d 

0 
0 

100 
3 
0 

4c 

0 
0 
0 

10 
0 
0 

% 
4'd 

0 
0 
0 

10 
0 

product distribution," % 

>n-2e 

23 
23 
80 
77 
65 

anti-li 

66 
64 
17 
23 
16 

3e 

11 
13 
3 
0 

14 

4e 

0 
0 
0 
0 
5 

"The difference to 100% consists of other volatile compounds 
Experimental Section); variation of the Ph2CO/la ratios from 2: 
dimers were observed. eDCA = 9,10-dicyanoanthracene. -̂ 11% dimethylcyclopentadiene was also detected 

4TPT = triphenylpyryllium tetrafluoroborate. c45% dimers were observed (cf. 
,to 1:1, to 1:2 led to a decrease in the cyclopentene 3a of 10, 6, and 4%. J33% 

reochemical course of this reaction for non-bridgehead-substituted 
azoalkanes is reflected in entry 5 of Table I, in which doubly 
inverted exo-2a-d2 is obtained as major product. As second ex
ample may serve syn- and anti-lb, which also yield the doubly 
inverted bicyclopentanes (entries 10, 11, and 18 in Table I). In 
regard to azoalkane syn-le, the situation is complicated by the 
fact that syn-2e (the product of the double inversion) isomerizes 
efficiently to anti-It already below the temperature required for 
dinitrogen extrusion and thus obscures the stereochemical course 
(entries 34a,b in Table I). 

350-nm Photolyses. In the case of the direct 350-nm photolyses, 
the azoalkanes 1 have several photochemical product channels. 
Some of these possibilities have been discussed by us a few years 
ago3 and recently confirmed and extended by Weisman et al.8 

Thus, there seems to be a major and a minor pathway leading 
to the products (cf Scheme I): 

The sequence 1 — ['n.ir*] — 1D',,, — 1D',,,, — 2 (inverted) 
is the major pathway. C-N bond cleavage of the 'n,ir* excited 
azoalkanes 1 leads to the 1D',,,. singlet diazenyl diradicals; col-

(8) Adams, J. S.; Weisman, R. B.; Engel, P. S. J. Am. Chem. Soc. 199«, 
7/2, 9115. 

(9) (a) Adam, W.; Bottle, S. Tetrahedron Uu. 1991, 32, 1405. (b) Adam, 
W.; Finzel, R., unpublished results, (c) Oppenlander, T. Dissertation, 
Universitat Wurzburg, 1984; p 117. 

(10) Adam, W.; Chen, G.-F.; Walter, H.; Williams, F. J. Am. Chem. Soc., 
in press. 

(11) (a) Gerson, F.; Qin, X.-Z.; Ess, C; Kloster-Jensen, E. J. Am. Chem. 
Soc. 1989, 111, 6456. (b) Williams, F.; Guo, Q.-X.; KoIb, T. M.; Nelsen, S. 
F. / . Chem. Soc, Chem. Commun. 1989, 1835. 
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Scheme I. Mechanisms for the Photochemical and Thermal Denitrogenations of the Azoalkanes 1 

Adam et al. 

2 (retention) 2 (inversion) 

lision-induced internal conversion affords the 1D'^, diazenyl di-
radicals, which readily eliminate ground-state dinitrogen by a SH2 
process7j~n to generate predominantly doubly inverted bicyclo-
pentanes 2. 

The steps 1 - ['n,**] - 1D',,. - 3D'„,„ - 3D11, -* 2 (inverted 
and retained) serve as the minor pathway. The 1D',,, diazenyl 
diradicals mentioned above give on internal conversion coupled 
with intersystem crossing the triplet 3D',,,, diazenyl diradicals, 
which then under loss of dinitrogen yield the planar triplet 3D1 T 

1,3-cyclopentadiyls. Cyclization under spin inversion generates 
inverted and retained bicyclopentanes 2. The key intermediate 
for the formation of inverted housane 2 in the 350-nm photolysis 
(also in the pyrolysis) is the diazenyl diradical 1D',,, rather than 
the nitrogen-free diradical 1D2V7J"" Taking the case of the deu-
terio-labeled azoalkane exo-l*-d2 as example, the triplet diradical 
3DT>I necessarily will give equal amounts of retained (endo) and 
inverted (exo) housanes 2&-d2 (cf. entries 7, 13, and 20 in Table 
I), because the 1D1,. is a planar species.6b'12 However, the singlet 
diradical 1D2, is, like the radical cation D*+,10 expected to be 
puckered and should lead predominantly to the retained housane 
endo-2a-d2; this is contrary to the observed facts (entries 5 and 
6 in Table I). Thus, we propose that quite generally the diazenyl 
diradical 1D'^,, serves as a common intermediate in the 350-nm 
photolyses of the azoalkanes 1 (major pathway) and the pyrolyses 
(entries 5, 6, 10, 12, 18, and 19 in Table I). Competition between 
loss of N2 with concomitant cyclization (SH2 process7j"n) versus 
formation of the 1D2 ' diradical explains not only why inverted 

housane 2 predominates but also why the ratios of inverted and 
retained bicyclopentanes 2 are often very similar. 

Loss of diastereoselectivity in the denitrogenation, as already 
stated, is also attributed to the triplet pathway. Weisman's ev
idence for the generation of triplet 1,3-cyclopentadiyl in the 
gas-phase photolysis8 (entries 10 and 12 in Table I) suggests that 
the loss of selectivity derives from a pronounced triplet channel 
in the 350-nm photolysis. Further experimental evidence for a 
triplet channel as a side route is the fact that in the direct photolysis 
of la the corresponding triplet 1,3-cyclopentadiyl 3Dx , could be 
trapped in small quantities by nitroxide9a and triplet dioxygen.9b 

Additionally, it was observed that the 350-nm photolysis of spi-
ro[cyclopropane-7,r-[2,3]diazabicyclo[2.2.1]hept-2-ene] in the 
presence of 1,3-pentadiene yielded smaller amounts of the triplet 
rearrangement product bicyclo[3.2.0]hept-l-ene than without the 
triplet quencher (eq l).9c 

rt-CsH1s 

hv (direct) 

hwi ,3-peniad ene 

Y 
/3 

91 % 

98% 

O^ 

(12) Adam, W.; Grabowski, S.; Wilson, R. M. Ace. Chem. Res. 1990, 23, 
165. 

9% 

2% 

Photoinduced Electron Transfer (PET). The PET chemistry 
of the azoalkanes 1 shows the following common features: 

Electron transfer from azoalkane 1 to an excited electron ac
ceptor produces the radical cation V+ (Scheme I). 

Concerted or stepwise dinitrogen loss gives the radical cations 
D** (** = "+ in Scheme I). These species exhibit a high tendency 
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for hydrogen and even alkyl migration, which was first shown for 
azoalkane la (entry 1 in Table I) and 2,3-diazatricyclo-
[4.3.0.049]non-2-ene.5a These azoalkanes gave the respective 
Wagner-Meerwein rearrangement products cyclopentene 3a 
(80%) and norbornene (94%). Further examples for such rear
rangements are given in entries 14, 21, 26, and 31a of Table I. 
It should be mentioned that under the conditions at which the 
1,3-cyclopentadiyl radical cations D*+ were observed in the 7-
irradiation (matrix isolation) of the bicyclopentanes syn/anti-2b, 
only cyclopentene radical cations 3b*+/3'b*+ were detected from 
the azoalkanes syn/anti-lb.'0 These facts imply the pathway 1*+ 
-» D'** -» 3'+ —» 3 as an additional mechanistic possibility. 

The best experimental evidence for radical cationic interme
diates D"+ or D'+ is given in entries 31a, b of Table I. When 
such species were generated from azoalkane Id under PET con
ditions (entry 31a), high amounts of methyl migration product 
3'd were obtained. On the other hand, pyrolysis of bicyclopentane 
2d (entry 31b) yielded exclusively 1,4-pentadiene 4d, presumably 
from a vibrationally excited, nonpolar, singlet 1,3-cyclopentadiyl 
D2'. These results demonstrate the different chemical behavior 
of the diradical and radical cation intermediates. 

Further information on the radical cations D"+ and/or D"* 
(Scheme I) was obtained by examining the PET chemistry of the 
azoalkanes syn/anti-lb. From entries 14 and 21 in Table I it is 
apparent that the substituent in the anti position to the azo group 
migrates preferentially to yield the corresponding cyclopentene 
products 3b and 3'b. This implies a puckered geometry for the 
nitrogen-free intermediates; because were they planar, the same 
product distribution from syn-lb as well as from anti-lb would 
be expected. Puckered 1,3-radical cations were inferred from ESR 
data in the 7-irradiation (matrix isolation) of bicyclo[ 1.1.0]bu
tane,"" bicyclo[2.1.0]pentane,llb and syn-/ anti-lb.™ It was 
concluded that the radical cationic centers of the 1,3-cyclopentadiyl 
possess essentially p-character. Therefore, the original anti 
substituent at the intervening sp3 center (eq 2) is in almost perfect 
coplanar alignment with the 2p orbital lobes, which facilitates its 
migration. As further mechanistic possibilities consider the 

(») 
"1 1 

V 
a-

diazenyl radical cation D'*+, which denitrogenates with concom
itant migration of the antiperiplanar substituent, or the one-step 
loss of dinitrogen from l*+ with concurrent migration of the 
substituent anti to the azo linkage.10 

185-nm Photolyses. A striking feature in the 185-nm photolyses 
(entries 8, 15, 22, 27, 32, and 37 in Table I) is the fact that the 
cyclopentene products 3 are generated in much higher amounts 
than in the 350-nm photolyses (entries 6, 12, 19, 25, 30, and 35 
in Table 1) of the azoalkanes 1. We interprete this to mean that 
185-nm irradiation of azoalkanes 1 leads to higher excited states 
such as 'T,T*, 'n,a*, and Ry. Partial internal conversion to the 
'n,ir* states competes with the formation of excited 1,3-
cyclopentadiyl intermediates D** (•• = *+ and/or +~ in Scheme 
I), whose reactivity is similar to that of the radical cations gen

erated in the PET processes; therefore, the more pronounced 
cyclopentene formation is not surprising. 

Of special mechanistic importance is the fact that the vibra
tionally excited 1,3-diradical D2', generated from bicyclopentane 
2d (entry 31b in Table I) by pyrolysis at high temperatures, yields 
exclusively diene 4d by fragmentation but no cyclopentene 3'd 
by methyl migration. This is in support of polar intermediates 
in the rearrangement process that affords 3'd, as observed in the 
185-nm photolysis of Id (entry 32 in Table I). The diene products 
4 are only generated in small amounts in the 185-nm photolyses 
of azoalkanes 1. Control experiments confirmed that the dienes 
4 are predominantly secondary photolysis products of the bi
cyclopentanes 2. 

Of mechanistic interest are the stereolabeled azoalkanes 
syn/anti-lb in regard to the stereochemistry of the rearrangement 
process to afford cyclopentenes 3b/3'b. For example, entries 15 
and 22 in Table I indicate the preferred migration of the sub
stituent anti to the azo linkage, analogous to the PET process 
(entries 14 and 21 in Table I), as rationalized in eq 2. The equal 
amounts of cyclopentenes 3b (10%) and 3'b (10%) from azoalkane 
anti-lb (entry 22 in Table I), although the observed stereochemical 
memory effect10 would demand a greater quantity of 3'b, is 
presumably due to the fact that hydrogen migration to give 3b 
is more facile than methyl migration to afford 3'b under these 
conditions. 

Laser-Jet Photolyses. As expected, direct photolyses under 
laser-jet conditions (entries 4, 17, and 29 in Table I) gave similar 
results as the conventional 350-nm photolyses in a Rayonet 
Photochemical Reactor. Thus, the lifetime of singlet diradicals 
is too short for the absorption of a photon and consequently no 
photochemistry of such short-lived transients is observed in the 
laser-jet photolyses. 

The situation is different for the much longer lived'2 triplet 
1,3-cyclopentadiyls 3 D, , generated by benzophenone-sensitized 
photolysis. Compared to conventional triplet sensitization (entries 
7, 20, and 36 in Table 1), the cyclopentenes 3 (rearrangement) 
are found as new products in yields between 4 and 10% under 
laser-jet conditions (entries 3, 9, 16, 23, and 28 in Table I). The 
facts that the triplet diradical 3 D, , had no absorption above 300 
nm12 and the [Ph2CO] is ca. 104 times greater than that of the 
transient triplet diradical ([3D,,] is at the best micromolar) speak 
for triplet sensitization by Ph2CO rather than direct absorption 
of 3D, , to account for the novel rearrangement to cyclopentene 
(3a). That the lifetime of the triplet diradical is critical in ob
serving photochemistry of these intermediates under laser-jet 
conditions is exhibited by entries 3, 28, and 33 in Table I. By 
using comparable substrate concentrations and laser power, the 
amount of cyclopentenes 3a (10%), 3c (7%), and 3d (0%) decreases 
with the respective triplet lifetimes 96 ± 11,12 42 ± 7,12 and < 
0.1 ns.12 Furthermore, the higher the benzophenone to azoalkane 
ratio (cf. footnote c in Table I), the more rearrangement products, 
i.e., the cyclopentenes 3, are formed. This signifies that at higher 
triplet sensitizer concentration the probability of interaction with 
the transient triplet diradical is increased. Thus, novel photo
chemical transformations such as the rearrangement of triplet 
1,3-cyclopentadiyls into cyclopentenes become observable. 

Upper excited states of benzophenone do not appear to play 
an important role in these laser-jet experiments. It is known that 
upper excited Ph2CO** is efficiently quenched by benzene,13 but 
also in this solvent the azoalkane la gave the same amount of 
cyclopentene 3a as in n-heptane on laser-jet photolysis. Fur
thermore, higher excited electronic configurations of the azoal
kanes 1 appear not to be involved, because the photoreluctant 
2,3-diazabicyclo[2.2.2]oct-2-ene (DBO) afforded no photoproducts 
even under laser-jet conditions. It is known that DBO efficiently 
loses dinitrogen (<t> = 0.5) in the 185-nm photolysis,14 for which 
upper excited states are held responsible. In further control 
experiments the possibility that the bicyclopentanes 2 undergo 
photochemical transformations on benzophenone sensitization 

(13) McGimpsey, W. G.;Scaiano, J. C. Chem. Phys. Leu. 1987. 138. 13. 
(14) Adam. W.; Mazenod. F. J. Am. Chem. Soc. 1980. 102. 7131. 



5032 J. Am. Chem. Soc, Vol. 114, No. 13, 1992 Adam et al. 

under laser-jet conditions was excluded. On the basis of these 
facts, we suggest that triplet-excited benzophenone sensitizes the 
azoalkanes 1 into their 3n,7r* state by triplet energy transfer 
(Scheme I). One-bond cleavage of the latter leads to the diazenyl 
diradicals 3D',,,, and 3D',,,,, which denitrogenate into the 1,3-
cyclopentadiyls 3DT „. These triplet diradicals yield after inter-
system crossing the usual bicyclopentanes 2 or alternatively they 
collide with another triplet benzophenone to give the higher energy 
intermediates D'+ . As for the PET process and the 185-nm 
photolyses, such polar forms suffer hydrogen or alkyl migration 
to produce cyclopentenes 3 as new products, which are normally 
not observed in the diyl photochemistry of azoalkanes. Thus, the 
sequence of events (cf. Scheme I) 1 + 3Ph2CO* -* 3n,x* -» 
3D', J3D'^, — 3DXiI +

 3Ph2CO* — D , + — 3 may constitute a 
hitherto unprecedented two-photon process. The first photon 
(synthesis photon) acts through 3Ph2CO* by triplet-sensitized 
denitrogenation to afford the triplet diyl 3DTiX and the second 
photon (reaction photon), again in the form of 3Ph2CO*, generates 
from the 3D I T transient the activated polar species D'+ by electron 
transfer; finally, the cyclopentenes 3 result from the radical cation 
D*+. 

As the yields of cyclopentenes 3b/3'b were too low in the 
experiments with syn/anti-lb, it is not possible at the moment 
to make definitive conclusions about the stereochemical course 
of the last two steps in the above novel sequence. Furthermore, 
the question must be addressed for the parent system la (entry 
3 in Table I) as to whether some of the cyclopentene product arises 
from the disproportionation of a pair of 3D1 _„ diradicals, as outlined 
in eq 3, rather than exclusively from a 1,2-hydrogen shift. We 

O O O 
3a 

I J 1 

• O — - O • O ... 

plan to generate mixtures of cyclopentyl and 3-cyclopentenyl 
radicals independently and look for cyclopentene as well as the 
expected cyclopentane and cyclopentadiene products. 

In summary, the comparison of the experimental results on the 
denitrogenation of a number of azoalkanes 1 by a variety of 
activation modes (Scheme I), which include gas-phase pyrolysis 
(AT), n,7r* excitation (350 nm), photoinduced electron transfer 
(PET), and 185-nm and laser-jet photolyses, has enabled us to 
obtain more detailed mechanistic insights into the complex be
havior of 1,3-cyclopentadiyl intermediates. In their ground state 
D2 ' (pyrolysis, direct photolysis at 350 nm), these species almost 
exclusively cyclize into bicyclopentanes 2. When vibrationally 
excited under gas-phase pyrolysis conditions (>500 0C), the 
predominating reaction channel is 1,2-hydrogen shift to give cy
clopentenes 3. If the 2-position is doubly alkylated, e.g., the 
2,2-dimethyl-1,3-cyclopentadiyl derived from housane 2d, the 
vibrationally excited D2* is reluctant to suffer a 1,2-methyl shift 
and prefers fragmentation into the diene 4d. 

More complex and mechanistically less definitive is the behavior 
of the electronically excited 1,3-cyclopentadiyls D**. When polar 
transients such as radical cations D'+ (PET and laser-jet chem
istry) and radical cation-like species (185-nm photolysis) are 
produced, the characteristic transformations are 1,2-hydrogen as 
well as 1,2-alkyl shifts. In the latter case, the novel mechanistic 
feature is a stereochemical memory effect, in which the puckered 
radical cation D"+ preferentially undergoes migration of the 
pseudoaxial substituent (coplanarity). 

Experimental Section 
General Aspects. Photolyses. All photolyses were conducted by using 

degassed spectrograde solvents. n-Pentane was purified as reported.15 

Table II. Spectral Energy Distribution of the Used Light Sources 
capillary lamp No. 4, Grantzel Co. X, nm (%): 184.9 (7.9-9.7), 

253.7 (66.0), 296.8 (1.0), 312/313 (2.7), 365/366 (2.4), 
404.7/407.8 (4.5), 435.8 (7.3), 546.1 (6.5), 577/579 (1.8) 

HNS 10W/UOZ, Osram. X, nm (%): 184.9 (12), 253.7 (78.5), 
296.8 (0.5), 302.3 (0.3), 312/313 (2.7), 365/366 (2.1), 
404.7/407.8 (1.6), 435.8 (3.7), 546.1 (1.6), 577/579 (0.3) 

TQ 150, Heraeus GmbH. X, nm (watt): 405/408 (3.2), 436 
(4.2), 546 (5.1), 577/579 (4.7) 

INNOVA 100 argon ion laser, Coherent Co. X, nm: 333.6, 
335.5,351.1, 351.4,363.8 

Photolysis Equipment. The 350-nm photolyses were performed in the 
Rayonet Photochemical Reactor of the Southern New England UV/Co. 
under nitrogen atmosphere. 

The 185-nm photolyses on a 5-mL scale were carried out with the 
capillary lamp No. 4 (Grantzel Company, Karlsruhe) under nitrogen 
atmosphere in a closed Suprasil quartz cuvette. With a Vycor M 235 
cutoff filter, the capillary lamp could also be used for 254-nm photolyses 
on an analytical scale. 

Preparative 185-nm photolyses were performed with a HNS 10W/UM 
lamp (Osram Co.) in an immersion well vessel. The photolysis solutions 
were externally cooled with ice water and irradiated under vigorous 
stirring in a gentle flow of nitrogen gas; for further cooling a reflux 
condenser was provided. Table II gives an overview of the spectral energy 
distribution of the lamps. 

For the laser-jet photolyses a solution of the corresponding azoalkane 
and benzophenone was deoxygenated by four freeze-pump-thaw cycles. 
Then the solution was pumped with an HPLC pump (Model 2200, 
Bischoff Co.; analytical pump head with a pump rate of 0.01-4.99 
mL/min and preparative pump head with a pump rate of 0.1-20 mL/ 
min) through a capillary (diameter 100 or 75 Mm)43 into the laser beam, 
which was focused exactly on the liquid beam by means of a quartz lens 
(f = 80 cm). The lens was fixed on an optical bench and could be 
adjusted with the motor mike control unit Model 18005 from the Oriel 
Corp. After passage through the irradiation zone, the photolysis solution 
was collected in a flask. All irradiations were carried out under argon 
gas and with all available UV lines (Table II) of the argon ion laser. The 
progress of the reaction was monitored by capillary GC. The identifi
cation of the products was achieved by coinjection with authentic ma
terial. The mass balances, conversions, and product distributions are 
collected in the Table I. 

PET reactions on a 5-mL scale were carried out in a closed system 
provided with a gas inlet and a sampling outlet and allowing for internal 
cooling. The solutions were ca. 0.02 M in substrate, contained an ap
propriate GC standard (C-C7H14 or H-C9H20), and were saturated with 
DCA. The solutions were deaerated by bubbling Ar for 20 min at -5 
0C through them, while they were stirred magnetically, and irradiated 
at X > 400 nm (filtered light of a 150 W Heraeus TQ 150 high-pressure 
mercury arc) and -5 0C. The progress of the photolyses was monitored 
by capillary GC by making sure that adventitious proton catalysis did 
not falsify the initial product distribution. The identity of the products 
of the various photolyses was confirmed by GC-MS and GC coinjections 
of authentic materials. 

Pyrolysis Equipment. For temperatures up to 350 0C a Pyrex tube 
of 35-cm length and 13-mm diameter with two standard joints connected 
to two 5-mL flasks was used. The tube was provided with a heating wire 
and was operated in the horizontal position. For temperatures higher 
than 350 0C a quartz tube of 50-cm length and 13-mm diameter was 
used, which was also operated in the horizontal position and heated with 
thermostated control. The substrate was placed in one of the flasks and 
cooled down to -78 0C under an argon gas atmosphere for the exclusion 
of moisture. The apparatus was evacuated to 15 Torr, and the substrate 
was allowed to warm up, thereby slowly distilling through the pyrolysis 
tube. The effluent was condensed into the receiving flask by cooling with 
liquid nitrogen. 

Gas Chromatography. Preparative gas chromatographic separations 
were performed on a Carlo Erba, Model 4200, gas chromatograph (FID). 
Analytical separations and quantitative analyses were carried out with 
a Carlo Erba Strumentazione 4100 (FID), a Fractovap 2900 series ca
pillary column GC or a HRGC 5160 Mega-Series. As integrators a 
Shimadzu C-RlB Chromatopac, a Carlo Erba Mega 2, or a Spectra-
Physics System I Computing system were used. GC-MS analyses were 
performed either in the Institute of Pharmaceutical and Nutritional 
Chemistry by Dr. C. Kahre (Finnegan MAT 44 Quadrupole mass 
spectrometer, supplied with a SS 200 data evaluation system and coupled 

(15) Adam, W.; Oppenlander, T. Photochem. Photobiol. 1984, 39, 719. 
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to a Varian Aerograph 1440) or in the Institute of Organic Chemistry 
by Dr. G. Lange (8200 Finnigan MAT mass spectrometer coupled with 
a Varian 3700 gas chromatograph). 

Spectroscopy. Infrared spectra were recorded on a Perkin-Elmer 
infrared ratio recording spectrometer 1420. Capillary GC-FTIR anal
yses were performed by Dr. Kahre (Nicolet 20 SXB connected to a 
DANI 6500 gas chromatograph). 1H NMR and 13C NMR spectra were 
measured on a Bruker AC 200 or WM 400 spectrometer by using Me4Si 
or CDCl3 as reference. UV spectra were recorded with a Hitachi U-3200 
spectrometer. 

Conversions, Yields, and Mass Balances. Error Limits. The conversion 
was determined by gas chromatography according to eq 4, where A1 = 
peak area after the reaction time t, A0 = peak area before the reaction, 
S = substrate, and IS = internal standard (inert hydrocarbon or the 
solvent). Relative yields were determined by gas chromatography or 

% conversion = [1 - [A1(S)/A1(IS)]/[A0(S)/A0(IS))] X 100 (4) 

NMR spectroscopy. As quantitative measure were used the peak areas 
in the gas chromatography or the peak area of characteristic NMR 
signals normalized to one proton (eq 5), where A(P) = peak area of a 
product and £A(P) = sum of the product peak areas. The mass bal-

rel yield (%) = [A(P)/EA(P)] X 100 (5) 

ances were determined by gas chromatography according to eq 6. For 

% MB = [EA1(P)/A1(IS)]/[A0(S)/A0(IS)-A1(S)/A1(IS)] X 100 
(6) 

the PET reactions of the azoalkanes the mass balances were corrected 
for the response factors of the starting material relative to the products. 
Gas chromatographically determined yields are within an error of ca. 2%, 
while the yields determined by NMR spectroscopy have an error of ca. 
5%. 

Characterization of the Products. The identity of the products was 
confirmed either by spectral means after purification by preparative GC 
and/or by capillary GC coinjection with authentic materials. 

Preparation of Starting Materials and Known Products. 2,3-Diaza-
bicyclo[2.2.1]hept-2-ene (la) and en>-5,6-dideuterio-2,3-diazabicyclo-
[2.2.1]hept-2-ene (exo-la-</2) were synthesized as reported.3163"0 

syn- and «ntf-7-Methyl-2,3-diazabicyclo[2.2.1]hept-2-ene (synjanti-
Ib) were obtained by modification of the original procedure.6b Substi
tuting MTAD for PTAD in the cycloaddition reaction with 5-methyl-
cyclopentadiene facilitated the separation of the diastereomers. The 
stereochemistry of syn/anti-lb was established X-ray analysis.6* After 
hydrogenation of the unsaturated urazoles, the azoalkanes were obtained 
by the usual hydrolysis-oxidation sequence.17 

l,4-Dimethyl-2,3-diazabicyclo[2.2.1]hept-2-ene (Ic) was prepared by 
following the literature procedure.!8a_c 

7,7-Dimethyl-2,3-diazabicyclo[2.2.1]hept-2-ene (Id) was obtained by 
a modification of the original procedure.6b Instead of 5,5-dimethyl-
cyclopentadiene, the spiro[2.4]hepta-2,4-diene19a was used for the cy
cloaddition with diethyl azodicarboxylate. The resulting spiro[2,3-dia-
za-2,3-dicarbethoxybicyclo[2.2.1]hept-5-ene-7,l'-cyclopropane]19b was 
hydrogenated over Pd-C as catalyst to yield spiro[2,3-diaza-2,3-dicarb-
ethoxybicyclo[2.2.1]heptane-7,r-cyclopropane], A sample of 2.00 g 
(7.45 mmol) of this spiro compound was further hydrogenated in 15 mL 
of CH3CO2H with ca. 500 mg of PtO2. After 4 days at 25 0 C under 1 
atm of H2 pressure the catalyst was removed by filtration, and a satu
rated, aqueous solution of K2CO3 was added until cessation of CO2 

evolution. The solution was extracted with 6 X 50 mL of CH2Cl2 and 
the combined organic layers were dried over K2CO3. The solvent was 
removed by distillation, and the yellow oil [1.97 g (98%)] was further 
purified by radial chromatography on a Chromatotron (petroleum eth-
endiethyl ether = 8:2) to yield analytically pure diethyl 7,7-dimethyl-
2,3-diazabicyclo[2.2.1]heptane-2,3-dicarboxylate: IR (CCl4) 2990, 2970, 
1750, 1710, 1400, 1375, 1325, 1260, 1170, 1105, 1070 cm"1; 1 H N M R 
(DMSO-J6, 400 MHz, 80 0C) 5 1.07 (s, 3 H, 7-CH3), 1.13 (s, 3 H, 
7-CH3), 1.28 (t, J = 7.0 Hz, 6 H, CU2CHi), 1.66 (m, 2 H, H, or H0), 
2.02 (m, 2 H, H1 or Hn), 3.98 (br s, 2 H, bridgehead H), 4.19 (q, J = 
7.0 Hz, 4 H, CW2CH3);

 13C NMR (DMSO-J6, 100.6 MHz, 80 0C) & 

(16) (a) Solomon, B. S.; Thomas, T. F.; Steel, C. / . Am. Chem. Soc. 1968, 
90, 2249. (b) Roth, W. R.; Martin, M. Tetrahedron Lett. 1967, 4695. (c) 
Allred, E. L.; Smith, R. L. J. Am. Chem. Soc. 1969, 91, 6766. 

(17) Gassman, P. G.; Mansfield, K. T. Org. Synth. 1969, 49, 1. 
(18) (a) Schechter, M. S.; Green, N.; LaForge, F. B. J. Am. Chem. Soc. 

1949, 71, 3165. (b) Wilson, R. M.; Rekers, J. W. J. Am. Chem. Soc. 1979, 
101, 4005. (c) Wilson, R. M.; Rekers, J. W.; Packard, A. B.; Elder, R. C. 
J. Am. Chem. Soc. 1980, 102, 1633. 

(19) (a) Wilcox Jr., C. F.; Craig, R. R. J. Am. Chem. Soc. 1961, 83, 3866. 
(b) Berson, J. A.; Bushby, R. J.; McBride, J. M.; Tremelling, M. J. Am. 
Chem. Soc. 1971, 93, 1544. 

13.9 (q, CH3), 17.9 (q, CH3), 18.4 (q, CH3), 26.4 (t, CH2CH2), 46.3 (s, 
C-7), 60.9 (t, CZZ2CH3), 66.7 (d, bridgehead C), 138.4 (s, COO); MS 
(70 eV), m/e 270 (16%, M+), 198 (24), 197 (19), 130 (18), 125 (81), 
97 (100), 95 (30), 81 (17), 69 (23), 56 (17), 41 (25), 29 (85). Anal. 
Calcd for C13H22N2O4: 270.1580. Found: 270.1575 (MS). The azo 
compound Id was obtained from this urazole by the usual hydrolysis-
oxidation procedure.6b'7 

svv7-7-(l-Methylethyl)-2,3-diazabicyclo[2.2.1]hept-2-ene (syn-le) was 
obtained starting from diethyl 7-(l-methylethylidene)-2,3-diazabicyclo-
[2.2.1]hept-5-ene-Ar,7V'-dicarboxylate.20 A sample of 39.6 g (0.141 mol) 
of this dicarboxylate in 300 mL of CH3CO2Et was hydrogenated at 21 
0C and 1 atm of H2 pressure for 14 h over ca. 20 mg of PtO2 as catalyst. 
After the removal of the catalyst, the solvent was removed by distillation 
at 30 °C/20 Torr to yield 38.8 g (97%) of diethyl ^n-7-(l-methyl-
ethyl)-2,3-diazabicyclo[2.2.1]heptane-7V,Ar'-dicarboxylate, which was 
used without further purification: 1H NMR (CDCl3, 60 MHz) <5 0.9 (d, 
6 H, 9-H), 1.2 (t, 6H1CH2CW3), 1.7 (brs, 2 H, 1-H, 4-H), 0.8-2.2 (m, 
6 H, 5-H, 6-H, 7-H, 8-H (superposed by the other signals)), 4.1 (q, 4 
H, CW2CH3). 

A sample of 38.8 g (0.136 mol) of the above hydrogenated di
carboxylate and 68.8 g (1.23 mol) of KOH in 600 mL of/-PrOH were 
refluxed for 15 h under a nitrogen atmosphere. To the reaction mixture 
were added ca. 2000 mL of H2O and the solution was neutralized with 
17 N HCl. Finally, azoalkane syn-le was precipitated as the Cu complex 
by addition of a solution of saturated, aqueous CuCl2. The precipitate 
was removed by filtration and taken up in 500 mL of 12.5% aqueous NH3 

solution, and syn-le was extracted with 3 X 200 mL of CH2Cl2. The 
combined organic layers were washed with saturated, aqueous NH4Cl 
solution and dried over MgSO4, and CH2Cl2 was removed by distillation 
at 20 °C/20 Torr. After sublimation of the residue at 30 0C/17 Torr 
there were obtained 13.7 g (72%) of colorless needles, mp 54-55 0C: IR 
(CCl4) 3010, 2960, 2870, 1495, 1468, 1369, 1275, 1204, 1195, 1103 cm"1; 
UV (n-pentane) Xmax (log t) 345 nm (2.140), 339 (2.015), 335 (1.980); 
1H NMR (CDCl3, 200 MHz) 5 0.70 (d, Z98 = 5.7 Hz, 6 H, 9-H), 0.80 
(ps q, 2 H, 5-H„, 6-Hn), 0.75-0.97 (m, 1 H, 8-H), 1.09 (d, / 7 8 = 9.8 Hz, 
1 H, 7-H), 1.40-1.50 (m, 2 H, 5-Hx, 6-Hx), 5.00 (br s, 2 H, 1-H, 4-H) 
[the use of Eu(fod)3 did not result in a better separation of 5-Hn, 6-Hn, 
and 8-H; by means of NOE the syn stereochemistry was established]; 13C 
NMR (CDCl3, 50.3 MHz) & 20.9 (t, C-5, C-6), 21.7 (q, C-9), 23.2 (d, 
C-8), 62.4 (d, C-7), 78.4 (d, C-I, C-4); MS (70 eV), m/e 139 (0.14%, 
M+ + 1), 110 (4), 95 (42), 67 (100). Anal. Calcd for C8H14N2: C, 
69.52; H, 10.21; N, 20.27. Found: C, 69.80; H, 10.07; N, 20.64. 

syn- and anft'-5-Metbylbicyclo[2.1.0]pentane (syn/anti-2b). A sample 
of 110 mg (0.999 mmol) of syn-lb was pyrolized at 230 "C/100 Torr 
by using glass beads within the pyrolysis tube. Preparative GC6* (3.0-m, 
20% £,/3'-oxydipropionitrile on Volaspher A2 column; N2 flow of 0.65 
kp/cm2; oven, injector, and detector temperatures of 31, 130, and 130 
°C) yielded ca. 25 mg (ca. 31%) of .syn-5-methylbicyclo[2.1.0]pentane 
(syn-lV) and ca. 25 mg (ca. 31%) of anti-lb; R1 (syn-2b) = 17.0 min and 
Rt (anti-2b) = 11.5 min. An NOE of syn-2b confirmed the literature 
assignment of the stereochemistry.6"* Examination of the crude reaction 
mixture by capillary GC (30-m, OV-I column; N2 flow of 0.7 kp/cm2; 
oven temperature was kept at 20 0C for 10 min, raised at 35 °C/min to 
80 0C, and held there for 15 min, injector and detector temperatures were 
150 and 175 0C) gave a product distribution of anti-2b:syn-2b:3b = 
46:47:7; Rx (anti-lb) = 6.1 min; R1 (3b) = 6.4 min; R1 (syn-lb) = 7.5 
min. 

1,4-Dimethylbicyclo[2.1.0]pentane (2c) was obtained in 90.0 mg (55%) 
yield by pyrolyzing 210 mg (1.69 mmol) of azoalkane Ic at 270 °C/760 
Torr through the Pyrex tube (cf. General Aspects). The spectral data 
were in accordance with literature.60 

5,5-Dimethylbicyclo[2.1.0]pentane (2d). A sample of 506 mg (4.07 
mmol) of azoalkane Id in 100 mL of n-pentane was irradiated for 4 h 
at 21 0C in a Rayonet Photochemical Reactor at 350 nm. The workup 
procedure was the same as in the 185-nm photolysis of Id and yielded 
100 mg (26%) bicyclopentane 2d. The spectral data fitted with that of 
the literature.60 

svn, snfy-5-(l-Methylethyl)bicyclo[2.1.0]pentane (syn I anti-Ie). Py
rolysis of a sample of 610 mg (4.41 mmol) of azoalkane syn-le at 270 
°C/760 Torr gave 320 mg (66%) of volatile products. Capillary GC (for 
conditions see 185-nm photolysis of ^n- Ie) showed that the volatile 
fraction consisted of anti-2e (66%), syn-2e (23%), and 11% 1-(1-
methylethyl)cyclopentene (3e). Syn/anti-2e were isolated by preparative 
GC (for conditions, see 185-nm photolysis of syn-le). Anal. Calcd for 
C8H14 (110.1): C, 87.19; H, 12.80. Found: C, 86.97; H, 13.02. The 
spectral data are given in the section on 185-nm photolysis of syn-le. 

A ratio of syn-2e:anti-le = 84:16 was obtained when 940 mg (6.80 
mmol) of azoalkane syn-le in 100 mL of n-pentane was irradiated at 350 

(20) Marullo, N. P.; Alford, J. A. J. Org. Chem. 1968, 33, 2368. 



5034 J. Am. Chem. Soc, Vol. 114, No. 13, 1992 Adam et al. 

nm for 6.5 h at 21 0C in a Rayonet Photochemical Reactor up to total 
conversion. Following the workup procedure for the 185-nm photolysis 
of syn-le, 510 mg (68%) of the syn/anti-2e mixture was isolated. When 
191 mg (1.73 mmol) of a mixture of anti-2e (18%) and syn-2e (82%) was 
distilled at 270 °C/760 Torr through the Pyrex tube, one isolated 180 
mg (94%) of a mixture of anti-2e (64%), syn-2e (23%), and cyclopentene 
3e (13%). A repeated pyrolysis under the same conditions yielded anti-It 
(55%), syn-lt (20%), and 3e (25%). 

3,3-Dimethyl-l,4-pentadiene (4d) was obtained by pyrolizing a sample 
of 100 mg (1.04 mmol) of bicyclopentane 2d at 540 0C/15 Torr through 
the quartz tube to yield 80.0 mg (80%) as colorless liquid.21 1-
Methylcyclopentene (3b) is a commercially available compound and 3-
methylcycloperttene (3'b) was synthesized as reported.22a_c 

Transformations of 2,3-Diazabicyclo[2.2.1]hept-2-ene (la). Laser-Jet 
Photolysis. A solution of the azoalkane la (0.108 M) and benzophenone 
(0.229 M) in n-heptane was degassed and irradiated under laser-jet 
conditions (flow, 1.3 mL/min; laser power, 3.6 W; capillary diameter, 
0.75 MTi) as described above in the general procedure. After one 
pumping cycle, the progress of the reaction was monitored by capillary 
GC (50-m, OV 101 column; N2 flow of 0.30 kp/cm2; oven temperature 
of 25 0C kept for 15 min and raised at 30 °C/min to 140 0C, injector 
temperature of 150 0C, and detector temperature of 180 0C; #,(3a) = 
9.6 min, fl,(2a) = 10.0 min, tf,[bi(3-cyclopentenyl)] = 29.8 min, Rt(3-
cyclopentylcyclopentene) = 30.3 min, i?,(bicyclopentyl) = 30.8 min). 
The identification of the products 2a and 3a was achieved by coinjection 
with authentic materials. The mass balance, conversion, and product 
distribution are described in Table I (entry 3). The dimers were iden
tified by their 13C NMR and GC-MS data. 

3-Cyclopentylcyclopentene.23a GC-MS (70 ev), m/e 137 (3, M+ + 
1), 136 (21, M+), 95 (26), 68 (49), 67 (100), 66 (43), 41 (28). 

Bi(3-cyclopentenyl).23a GC-MS (70 eV), m/e 135 (2, M+ + 1), 134 
(12, M+), 93 (14), 79 (8), 67 (100), 66 (87), 41 (20). 

Bicyclopentyl.23b GC-MS (70 eV), m/e 139 (2, M+ + 1), 138 (17, 
M+), 109 (14), 96 (58), 95 (52), 82 (67), 81 (40), 69 (50), 68 (100), 67 
(83), 55 (20), 54 (17), 53 (10), 41 (71). 

Transformations of exo-5,6-Dideuterio-2,3-diazabicyclo(2.2.1]hept-2-
ene (exo-la-d2). Laser-Jet Photolysis. A solution of the azoalkane 
exo-l&-d2 (0.170 M) and benzophenone (0.348 M) in benzene-</6 was 
degassed and irradiated under laser-jet conditions (flow, 2.0 mL/min; 
laser power, 3.6 W; capillary diameter, 0.75 ^m) as described above in 
the general procedure. After one pumping cycle, the progress of the 
reaction was monitored by capillary GC and 1H NMR. The identifica
tion of the products was achieved by coinjection of authentic materials. 
The mass balance, conversion, and product distribution are described in 
Table I (entry 9). 

Transformations of sj7i-7-IVlethyl-2,3-diazabicyclo[2.2.1]hept-2-ene 
(syn-lb). 185-nm Photolysis. A sample of 13.4 mg (0.122 mmol) of 
syn-lb in 5.00 mL of n-pentane was irradiated for 45 min with the 
capillary lamp. At a conversion of 85% and a mass balance of 90% the 
products in Table I (entry 15) were identified by coinjection with au
thentic materials (50-m, OV 101 column; N2 flow of 0.3 kp/cm2; oven 
temperature of 20 0C kept for 30 min and raised at 39 °C/min to 150 
0C, injector temperature of 150 °C, and detector temperature of 180 0C; 
R,{i'b) = 8.8 min, J?,(anfi'-2b) = 10.3 min, Rt(3b) = 10.9 min, Rt(syn-
2b) = 12.1 min). 

PET Reaction with 9,10-Dicyanoanthracene (DCA). A solution of 
9.89 mg (8.95 X 10"2 mmol) of syn-lb and 5.0 ML of C-C7H14 in 5.00 mL 
of CH3CN was saturated with DCA. After irradiation at X > 400 nm 
for 45 min the products denoted in Table I (entry 14) were obtained (25% 
conversion, 70% mass balance). 

Laser-Jet Photolysis. A solution of the azoalkane syn-lb (0.119 M) 
and benzophenone (0.268 M) in n-heptane was degassed and irradiated 
under laser-jet conditions (flow, 2.0 mL/min; laser power, 3.6 W; ca
pillary diameter, 100 nm) as described above in the general procedure. 
After one pumping cycle, the progress of the reaction was monitored by 
capillary GC. The identification of the products was achieved by coin
jection with authentic materials. The conversion and product distribution 
are described in Table I (entry 16). 

Transformations of anf/-7-Methyi-2,3-diazabicyclo[2.2.1]hept-2-ene 
(anti-lb). 185-nm Photolysis. A sample of 13.9 mg (0.126 mmol) of 
anti-lb in 5.00 mL of n-pentane was irradiated for 10 min with the 
capillary lamp. At a conversion of 15% and a mass balance of 88% the 
products in Table I (entry 22) were obtained. 

(21) Lukes, R.; Hofman, J. Chem. Ber. 1960, 93, 2556. 
(22) (a) Descoins, C; Julia, M.; van Sang, H. Bull. Soc. Chim. Fr. 1971, 

4087. (b) Crane, G.; Boord, C. E.; Henne, A. L. J. Am. Chem. Soc. 1945, 
67, 1237. (c) Ohbe, Y.; Matsuda, T. Bull. Chem. Soc. Jpn. 1975, 48, 2389. 

(23) (a) Gream, G. E. Aust. J. Chem. 1972, 25, 1051. (b) Otterbach, A.; 
Musso, H. Chem. Ber. 1988, 121, 2257. 

PET Reaction with DCA. A solution of 8.00 mg (7.27 X 10"2 mmol) 
of anti-lb and 5.0 ML of C-C7H14 in 5.00 mL of CH3CN was saturated 
with DCA. After irradiating at \ > 400 nm for 90 min, the products 
stated in Table I (entry 21) were obtained with a mass balance of 30% 
at a conversion of 8%. 

Laser-Jet Photolysis. A solution of the azoalkane anti-lb (0.132 M) 
and benzophenone (0.322 M) in n-heptane was degassed and irradiated 
under laser-jet conditions (flow, 2.0 mL/min; laser power, 3.6 W; ca
pillary diameter, 100 ^m) as described above in the general procedure. 
After one pumping cycle, the progress of the reaction was monitored by 
capillary GC. The identification of the products was achieved by coin
jection of authentic materials. The mass balance, conversion, and product 
distribution are described in Table I (entry 23). 

Transformations of l,4-Dimethyl-2,3-diazabicyclo[2.2.1]hept-2-ene 
(Ic). 185-nm Photolysis. A sample of 361 mg (2.91 mmol) of Ic in 280 
mL of n-pentane was irradiated for 7 h at 21 0C in the preparative 
photolysis apparatus up to total conversion. Because of the high volatility 
of the photolysis products, the reflux condenser was cooled to -25 0C. 
After the irradiation, the volatile components were removed by distillation 
at 30 0C/15 Torr from the high-molecular-weight products. n-Pentane 
was removed by distillation on a 30-cm Vigreux column until about a 
final volume of ca. 2 mL and the residue was worked up by preparative 
GC (1.5-m, 10% UCON 50-HB-280-X on Volaspher A2 column; N2 

flow of 1.6 kp/cm2; oven, injector, and detector temperatures of 70, 150, 
and 150 0C). The isolated yield was 120 mg (43%). The retention times 
in parentheses are capillary GC values (30-m, SE 30 column; N2 flow 
of 0.35 kp/cm2; oven, injector, and detector temperatures of 40, 175, and 
175 0C): l,4-dimethylbicyclo[2.1.0]pentane (2C),* R, = 8.0 (5.40) min, 
isolated yield of ca. 60 mg (ca. 0.62 mmol), relative yield of 43%; 2,4-
dimethyl-l,4-pentadiene (4c),24ab R, = 10.0 (5.55) min, isolated yield of 
ca. 20 mg (ca. 0.21 mmol), relative yield of 10%; 1,3-dimethylcyclo-
pentene (3c),25 R, = 13.5 (6.38) min, isolated yield of ca. 40 mg (ca. 0.42 
mmol), relative yield of 32%. 

Laser-Jet Photolysis. A solution of the azoalkane Ic (0.142 M) and 
benzophenone (0.242 M) in n-pentane was degassed and irradiated under 
laser-jet conditions (flow, 2.0 mL/min; laser power, 3.6 W; capillary 
diameter, 0.75 ^m) as described above in the general procedure. After 
one pumping cycle, the progress of the reaction was monitored by ca
pillary GC. The identification of the products was achieved by coin
jection with authentic materials (see above). The mass balance, con
version, and product distribution are described in Table I (entry 28). 

PET Reaction with DCA. A solution of 11.7 mg (9.45 X 10"2 mmol) 
of Ic and 5.69 mg (4.44 X 10~2 mmol) of n-nonane in 5.00 mL of 
CH3CN was saturated with DCA. After 30 min of irradiation, the 
conversion amounted to 75% and the products (mass balance of 100%) 
are stated in Table I (entry 26). 

Transformations of 7,7-Dimethyl-2,3-diazabicyclo[2.2.1]hept-2-ene 
(Id). 185-nm Photolysis. A sample of 404 mg (3.25 mmol) of Id in 280 
mL of n-pentane was irradiated for 3.5 h at 21 0C in the preparative 
photolysis apparatus up to total conversion. The solvent and volatile 
products were removed by distillation at 21 0C/15 Torr from the residue. 
Finally, n-pentane was removed at 36 0C until a final volume of ca. 2 
mL by distilling it on a 30-cm Vigreux column. The products were 
isolated by preparative GC in 16% yield (1.5-m, 10% SE 30 on Chro-
mosorb WHP; N2 flow of 1.6 kp/cm2; oven, injector, and detector tem
peratures of 80, 160, and 160 0C). In an analytical experiment 11.3 mg 
(9.10 X 10"2 mmol) of Id in 5.00 mL of n-pentane was irradiated for 21 
min at 20 0 C with unfiltered light of the capillary lamp. At a conversion 
of 50% the relative yields given below were obtained. The retention times 
in brackets are capillary GC values (50-m, OV 101 column; N2 flow of 
0.40 kp/cm2; oven, injector, and detector temperatures of 20 0C, kept 
for 30.0 min, raised at 36 °C/min to 150 0C, and kept there for 20.0 min, 
150 0C, and 175 0C): 3,3-dimethyl-l,4-pentadiene (4d), R1 = - (12.8) 
min, relative yield of 3%, the product was identified by coinjection with 
the authentic material;21 5-methyl-l,4-hexadiene (4'd),26 Rt = 6.0 (23.5) 
min, isolated yield of ca. 5 mg (ca. 0.052 mmol), relative yield of 10%; 
2,3-dimethyicyclopentene (3'd),27ab R1 = 7.5 (26.1) min, isolated yield of 
ca. 9 mg (ca. 0.094 mmol), relative yield of 17%; 5,5-dimethylbicyclo-
[2.1.0]pentane (2d),6c R1 = 7.5 (26.5) min, isolated yield of ca. 41 mg (ca. 
0.43 mmol), relative yield of 65%. 

Laser-Jet Photolysis. A solution of the azoalkane Id (0.137 M) and 
benzophenone (0.228 M) in CH3CN was degassed and irradiated under 
laser-jet conditions (flow, 1.0 mL/min; laser power, 3.6 W; capillary 

(24) (a) Allred, E. L.; Flynn, C. R. J. Am. Chem. Soc. 1975, 97, 614. (b) 
Dubois, J. E.; Moulineau, C. Bull. Soc. Chim. Fr. 1965, 2198. 

(25) Rei, M.-H. / . Org. Chem. 1978, 43, 2173. 
(26) Cywinski, N. F. J. Org. Chem. 1965, 30, 361. 
(27) (a) Guisnet, M.; Canesson, P.; Maurel, R. Bull. Soc. Chim. Fr. 1970, 

3566. (b) Adam, W.; Miranda, M. A. J. Org. Chem. 1987, 52, 5498. 
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diameter, 0.75 ^m) as described above in the general procedure. After 
one pumping cycle, the progress of the reaction was monitored by ca
pillary GC. The identification of the products was achieved by coin-
jection with authentic materials (see above). The conversion and product 
distribution are described in Table I (entry 33). 

PET Reaction with DCA. A solution of 11.5 mg (9.24 X 10"2 mmol) 
of Id and 5.0 jtL of C-C7Hi4 in 5.00 mL of CH3CN was saturated with 
DCA. After 2 h of irradiation at X > 400 nm, 12% of the starting 
material had reacted and the products given in Table I (entry 31a) were 
observed in a mass balance of 57%. 

Transformations of sj-ii-7-(l-Methylethyl)-2,3-diazabicyclo[2.2.1]-
hept-2-ene (sya-le). 185-nm Photolysis. A sample of 501 mg (3.63 
mmol) of syn-le in 280 mL of n-pentane was irradiated for 24 h at 0 °C 
up to complete conversion in the preparative photolysis apparatus. 
High-molecular-weight products were removed by filtration over neutral 
Al2O3 (60-230 mesh, activity grade I). The solvent was removed by 
distillation at 36 0C on a 30-cm Vigreux column until above a final 
volume of 2 mL and the residue was worked up by means of preparative 
GC to yield 65.0 mg (16%) of hydrocarbons (1.5-m, 10% SE 30 on 
Chromosorb WHP; N2 flow of 1.8 kp/cm2; oven, injector, and detector 
temperatures of 80, 180, and 180 0C). The retention times in brackets 
are capillary GC values (50-m, OV 101 column; N2 flow of 0.50 kp/cm2; 
oven, injector, and detector temperatures of 60, 175, and 175 °C). 

3-(l-Methylethyl)-l,4-pentadiene (4e):26 Rt = 8.00 (8.58) min, iso
lated yield of ca. 5 mg (ca. 0.045 mmol), relative yield of 5%. 

jMrti-5-(l-Methylethyl)bicyclo[2.1.0]pentane (anti-2e). Rt = 14.0 
(11.2) min, isolated yield of ca. 10 mg (ca. 0.091 mmol), relative yield 
of 16%; IR (CDCl3, registered with a mixture of syn-2e and anti-2e) 
3040, 2960, 2930, 2900, 2860, 1463, 1380, 1363, 1315, 1270, 1258, 1212, 
820 cm-'; 1H NMR (CDCl3, 400 MHz) 5 0.68 (m,, 2 H, 5-H, 6-H), 0.96 
(d, J16 = J76 = 6.3 Hz, 6 H, 7-H, 7'-H), 1.28-1.37 (m, 4 H, 2-Hn, 3-Hn, 
1-H, 4-H), 2.02 (m, 2 H, 2-Hx, 3-Hx);

 13C NMR (CDCl3, 100.6 MHz, 
the C-H coupling constants were determined in a fully coupled 13C NMR 
experiment) S 20.5 (d, JCH = 174 Hz, C-I, C-4), 22.6 (q, 7CH = 124 Hz, 
C-7, C-7'), 23.0 (t, yCH = 134 Hz, C-2, C-3), 30.3 (d, JCH = 125 Hz, 
C-6), 37.4 (d, 7CH = 159 Hz, C-5); GC-MS (70 eV), m/e 110 (1%, M+), 
95 (44), 93 (6), 81 (9), 79 (6), 77 (5), 69 (13), 68 (13), 67 (100), 66 (13), 
65 (7), 55 (15), 53 (8), 44 (10), 43 (8), 41 (32), 39 (19), 29 (7), 27 (10). 

5.vn-5-(l-Methylethyl)bicyclo[2.1.0]pentane (syn-2e): Rt = 14.0 (11.5) 
min, isolated yield of ca. 40 mg (ca. 0.36 mmol), relative yield of 65%; 

Introduction 
The unusual properties of TTF (1), to behave as a reversible 

electron donor and to form conducting charge-transfer complexes 
with various acceptor molecules, have stimulated much interest 
during the past 20 years in the synthesis of a wide variety of TTF 
analogs.1 Many of these bear substituents at the 4,5-positions, 

* Odense University. 
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1H NMR (CDCl3, 400 MHz) & 0.44 (dt, Z56 = 10.1 Hz, Z51 = J54 = 
5.9 Hz, 1 H, 5-H), 1.01 (d, J16 = J76 = 6.7 Hz, 6 H, 7-H, 7'-H), 
1.28-1.37 (m, 2 H, 2-Hn, 3-Hn), 1.55 (mc, 2 H, 1-H, 4-H), 1.65 (mc, 1 
H, 6-H), 2.02 (m, 2 H, 2-Hx, 3-Hx);

 13C NMR (CDCl3, 100.6 MHz) S 
17.3 (d, 7CH = 175 Hz, C-I, C-4), 18.7 (t, JCH = 136 Hz, C-2, C-3), 19.5 
(d, 7CH = 126 Hz, C-6), 22.3 (q, /CH = 124 Hz, C-7, C-7'), 30.7 (d, JCH 
= 150 Hz, C-5); GC-MS (70 eV), m/e 110 (0.7%, M+), 95 (5), 68 (9), 
67 (100), 66 (16), 65 (7), 43 (5), 41 (19), 40 (5), 39 (11), 27 (7). 
l-(l-Methylethyl)cyclopentene (3e):28 R1 = 16.2 (12.7) min, isolated 
yield of ca. 10 mg (ca. 0.091 mmol), relative yield of 14%. The mass 
balance, conversion, and product distribution are described in Table I 
(entry 37). 

Acknowledgment. We thank the DFG and the Fonds der 
Chemischen Industrie for generous financial support and Dr. K. 
Peters (MPI, Stuttgart) for the X-ray analysis of the urazole 
precursor to azoalkane anti-lb. H.W. is grateful for a doctoral 
fellowship from the Bavarian Julius Maximilian University 
"Zentrale Kommission fur die Forderung des wissenschaftlichen 
Nachwuchses", Wurzburg, Germany. 

Registry No. Ia, 2721-32-6; exo-U-d2, 60400-43-3; syn-lb, 71805-
59-9; anti-lb, 71805-62-4; Ic, 71312-54-4; Id, 71805-61-3; syn-le, 
141119-43-9; 2a, 185-94-4; endo-2a-d2, 60426-74-6; exo-2*-d2, 51794-
28-6; anti-2b, 76898-65-2; syn-2b, 50338-79-9; 2c, 17065-18-8; 2d, 
71805-64-6; anti-2e, 141196-87-4; syn-2e, 141119-44-0; 3a, 142-29-0; 
3a-rf2, 93589-92-5; 3b, 693-89-0; 3'b, 1120-62-3; 3c, 62184-82-1; 3'd, 
16491-15-9; 3e, 1462-07-3; 4a, 591-93-5; 4c, 4161-65-3; 4d, 1112-35-2; 
4'd, 763-88-2; 4e, 41848-27-5; DCA, 1217-45-4; spiro[2,3-diaza-2,3-di-
carbethoxybicyclo[2.2.1]heptane-7,l'-cyclopropane], 141119-45-1; 7,7-
dimethyl-2,3-diazabicyclo[2.2.1]heptane-2,3-dicarboxylic acid, diethyl 
ester, 141119-46-2; diethyl 7-(l-methylethylidene)-2,3-diazabicyclo-
[2.2.1]hept-5-ene-A',7V'-dicarboxylate, 16425-69-7; s>7!-7-(l-methyl-
ethyl)-2,3-diazabicyclo[2.2.1]heptane-Ar,A '̂-dicarboxylate, 141119-47-3; 
3-cyclopentylcyclopentene, 2690-17-7; bi(3-cyclopentenyl), 141119-48-4; 
bi(cyclopentyl), 1636-39-1. 

(28) Apparu, M.; Crandall, J. K. J. Org. Chem. 1984, 49, 2125. 

while, in others, some or all of the sulfur atoms have been replaced 
by other chalcogens.2 Among these, some partially oxidized salts 
of BEDT-TTF (2)3 have been of particular interest, since they 

(1) For general reviews see: (a) Krief, A. Tetrahedron 1986, 42, 1209. (b) 
Narita, M.; Pittman, C. Synthesis 1976, 489. (c) Schukat, G.; Richter, A.; 
Fanghanel, E. Sulfur Rep. 1987, 7 (3), 155. 

(2) (a) Yoneda, S.; Kawase, T.; Inaba, M.; Yoshida, Z. J. Org. Chem. 
1978, 43, 595. (b) Lerstrup, K.; Lee, M.; Wiygul, F.; Kistenmacher, T.; 
Cowan, D. J. Chem. Soc, Chem. Commun. 1983, 294. 

New Extended 7r-Electron Donors. Tetrathiafulvalene Systems 
with Heterocyclic Spacer Groups 

Thomas K. Hansen/ M. V. Lakshmikantham,1 Michael P. Cava,*4 

Renee E. Niziurski-Mann,* Frank Jensen/ and Jan Becher+ 

Contribution from the Departments of Chemistry, The University of Alabama, Box 870336, 
Tuscaloosa, Alabama 35487-0336, and Odense University, 5230 Odense M, Denmark. 
Received October 31, 1991. Revised Manuscript Received February 14, 1992 

Abstract Nine new heterocyclic ir-electron donors lOa-c, lla-c, and 12a-c based upon the well-known TTF (tetrathiafulvalene) 
system, but incorporating a pyrrole, thiophene, or furan ring between the 1,3-thiole rings, have been synthesized. The compounds 
show two single-electron reversible oxidation waves in cyclic voltammetry. Some TCNQ complexes and conductivity measurements 
are reported, indicating the new compounds to be good candidates for "organic metals". The influence of the central conjugated 
system on redox properties is discussed using MNDO-PM3 calculations. 
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