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Abstract: A homologous series of three a,a'-tetramethyl monocyclic azoalkanes (1-3) has been decomposed thermally and 
photochemically. For the five- and six-membered compounds (2, 3), the sum of the ground state strain energy and AH* of 
thermolysis is approximately equal to AH* for decomposition of the model compound, azo-rerr-butane (8). Diazetine (1), 
however, is at least 11 kcal mol-1 more stable than its strain energy (24.5 kcal mol-1) would predict. Fluorescence spectra have 
been obtained for 1 and 2, and quantum yields for loss of nitrogen from all three compounds have been measured: 1, 0.52; 2, 
0.98; 3, 0.009. Thermolysis of three 2,3-diazabicyclo[2.2.2]octenes (4-6) has been studied with the aim of elucidating their 
decomposition mechanism. The surprisingly small effect of a-methyl groups as well as the high thermal stability of these azoal
kanes is discussed in terms of ground and transition state energy. 

The thermal and photochemical lability of cyclic azo com
pounds depends strongly on their structure2 but understanding 
the reasons for this dependence requires a knowledge of the 
ground and excited state energy surfaces. Approaches to the 
problem have relied on thermochemical,3 structural,4 and 
spectroscopic5 data in conjunction with theoretical calcula
tions.6 We have studied a homologous series of three mono
cyclic azo compounds (1-3) and three bicyclic azo compounds 
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(4-6) which differ in bridgehead substitution. Thermolysis and 
photolysis were carried out on 1-3 in order to examine the ef
fect of ring size on the facility with which nitrogen is lost. 
Thermolysis rates were measured for 4-6 in an effort to deduce 
the relative degree to which the C-N bonds are stretched in 
the transition state. 

Results and Discussion 

Thermal Decomposition of Monocyclic Azoalkanes. Rate 
constants and activation parameters for thermolytic extrusion 
of nitrogen from 1-3 are given in Table I, along with literature 
values. No previous kinetic data are available for 1, which was 
only recently synthesized,9 but two ring-fused diazetines (7a,b) 

7a 7b 
AH* 33.1 ± 0.5 33.7 ± 0.5 kcal mol"1 

AS* 5.4 ± 1 3.0 ± 1 eu 

were found by Lemal and co-workers10 to have the activation 
parameters shown below. In view of the structural differences 
between 1 and 7a,b, we consider our activation parameters to 
be in reasonable agreement with the earlier ones. Pyrazoline 
2 has been thermolyzed before in the gas phase7 and in ethyl-
benzene.82 The gas-phase value does not differ from that ob
tained in solution by any more than the two solution values 

differ from one another even though gas-phase determinations 
are generally fraught with more problems." Although the 
values of AG* found for 2 by the three groups of workers lie 
within 1 kcal mol - 1 , AH* differs by more than 2 kcal mol - 1 . 
This discrepancy may be caused by a solvent effect, since it was 
recently discovered8 that many cyclic azo compounds de
compose more slowly in polar solvents. The polarity12 of di-
phenyl ether ( £ j = 35.3) is slightly greater than that of eth-
ylbenzene (toluene Ej = 33.9). Alternately, the variations may 
be merely another example of the inherent error in determi
nation of activation parameters and of the known correlation 
of AH* with AS* due to such error.13 Since azo compounds 
are not usually subject to induced decomposition, the dis
crepancy is probably not the result of solvent radical scavenging 
ability.14 The activation parameters for the three separate 
determinations of 3 appear at first to be in good agreement; 
however, we find that the rates in hexadecane are definitely 
faster than those in diphenyl ether. This difference is not an 
artifact from two experimental methods of rate determination 
nor is it attributable to temperature discrepancies, as both were 
cross checked in our separate laboratories. It is most likely to 
be a real solvent effect, in accord with the results of Ru-
chardt.8a 

One of us suggested that for monocyclic azoalkanes, the sum 
of the ground state strain energy and AH* for thermolysis was 
approximately constant.3 To examine the generality of this idea 
and to compare the result with other four-membered rings, we 
have determined the strain energy of diazetine 1. The heat of 
formation (AHf) of crystalline 1 was found to be 21.0 ± 0.3 
kcal mol - 1 15 from five bomb calorimetry experiments which 
consumed a heartbreaking total of 3.5 g of material. The heat 
of sublimation, as determined by Margret Mansson at the 
Thermochemical Laboratory of the University of Lund, 
Sweden,16 came out as 14.9 ± 0.1 kcal mol - 1 . From these two 
values, we calculate the strain energy of 1 to be 24.5 ± 0.5 kcal 
mol - 1 , based on trans-azo-tert-butane (8) as an unstrained 
model. Diazetines are therefore slightly less strained than other 
four-membered rings (cyclobutane, 26.2 kcal mol - 1 ; cyclo-
butene, 29.8; tetramethyldioxetane, 30.5).1 7 J 8 a Because the 
lowest ionization potential (IP) of 1 differs from that of 2 by 
only one-third of the IP difference between 2 and 3 (cf. Table 
IV) we suggest that repulsion between lone pairs, invoked3 to 
rationalize the higher ring strain of 3 relative to 2, is negligible 
in 1. Nonbonded methyl-methyl interactions would account 
for some of the strain in 1 but the energy involved is unlikely 
to exceed 2.5 kcal mol - 1 , based on the effect of interfering cis 
methyl groups on the Cope rearrangement of divinylcyclobu-
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Table I. Rate Constants and Activation Parameters for Thermolysis of Cyclic Azo Compounds" 

1877 

Compd 
kX 104, Temp, 

0C 
AH*, 

kcal mol-1 
AS*, 

eu Solvent Ref 

1 
1.08 
1.91 
3.10 
3.25 
4.92 
7.85 

12.1 
13.1 

0.774 
0.775 
2.19 
3.11 
5.37 
8.71 

1.37 
2.35 
4.15 
6.93 
7.11 

12.1 

0.757 
2.24 
6.67 

18.7 
18.5 

134.3 
140.6 
145.3 
145.4 
150.6 
155.7 
160.5 
161.3 

175.7 
175.8 
185.8 
190.5 
196.0 
201.1 

140.3 
145.1 
150.3 
155.6 
155.7 
160.9 

130.2 
139.9 
150.0 
160.1 
160.2 

31.7 ±0.3 0.3 ±0.8 

39.0 ±0.7 8.8 ± 1.4 

37.6 ±0.5 
36.9 ±0.6 
36.7 ±0.5 

6.0 ± 1.0 
4.9 ± 1.2 

11.8 ± 1.1 

36.3 ±0.2 12.0 ±0.3 

35.8 ±0.4 10.2 ±0.9 

Diphenyl 
ether 

This work17 

Diphenyl 
ether 

This workf 

Ethylbenzene 
Gas phase 
Diphenyl 

ether 

8a* 
7 

This workc 

Hexadecane 

Ethylbenzene 

This work* 

8a* 

" Tolerances are expressed as one standard deviation. * By UV spectroscopy. c By nitrogen evolution at constant volume. 

tanes.19 Another value for the interaction energy is 2 kcal 
mol - 1 , twice the estimated difference in A//f between cis- and 
rra«j ,-l,2-dimethylcyclobutane.17 That the strain in 1 is only 
24.5 kcal mol - 1 can be rationalized if large changes in the 
C - N = N bond angle require less energy than analogous 
changes in the C - C = C bond angle. Although the bending 
force constant for //•a«s-azomethane is 70% higher than that 
for trans-2-butene,20 these data are valid only for small angle 
changes.21 

Figure 1 shows the ground state strain energy3 added to 
AH* for compounds 1-3 and 8. Although gas-phase values of 
strain energy should, strictly speaking, be added to gas-phase 
values of AH*, we have used AH* determined in diphenyl 
ether to avoid including experimental error between labora
tories. The solvent effect is negligible for 8,14 but it could in
crease the discrepancy between the transition states of 8 and 
2 from 0.3 to 2.4 ± 1.2 kcal mol - 1 . Any inherent destabiliza-
tion of the trimethylene diradical22 '23 is not reflected in the 
activation enthalpy for pyrazoline thermolysis. Because the 
solvent effect also accounts for part of the transition state en
ergy of 3, we see no point in trying to rationalize the 2.9 ± 1.1 
kcal mol - 1 difference between 8 and 3. Loss of nitrogen from 
2, 3, and 8 proceeds by concerted two-bond cleavage, judging 
from their similar transition state energies and the cumulative 
effect of radical stabilizing substituents.24'25 In contrast to this 
simple behavior, diazetine 1 decomposes with at least 11 kcal 
mol - 1 more difficulty than the other compounds. Three pos
sible explanations for the unusual kinetic stability of 1 are (a) 
concerted [2S + 2S] decomposition is orbital symmetry for
bidden, forcing 1 to decompose by a higher energy [2S + 2a] 
mechanism; (b) 1 follows the [2S + 2S] pathway and 11 kcal 
mol - 1 represents the price of orbital symmetry forbidden-
ness;10 (c) loss of nitrogen from azo compounds requires either 

• 4 2 . 2 + 0 . 8 

56.2±0.6 

31 7 ± 0 . 3 

-1— 24.5± O.S 

4 5 l ± 0 . 8 

3 6 . 7 ± 0 . 5 

4 2 . 2 ± 0 . 8 39.0±0.7 

XN» 
X. >a x~x 

Figure 1. Enthalpy diagram for thermolysis of cyclic azo compounds. All 
values are in kcal mol-1. Tolerances are the standard deviation. The strain 
energy of 8 is arbitrarily set at exactly zero but the error in AH; of 8 is 
included in calculating the strain energy of 1-3. 

twisting about the N = N bond28 or widening of the C - N = N 
angle;8a both processes should be severely restricted in 1. Since 
it is impossible to decide among these rationalizations or even 
to exclude a stepwise mechanism with the available data, 
further experiments are called for. Examination of the stere-
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Table II. Rate Constants and Activation Parameters for Bicyclo[2.2.2]azoalkanes 

Compd 

4 

4 
5 

6 

k X 10", 
S - ' 

0.635 
1.500 
2.495 
5.423 
5.890 

0.819 
1.388 
3.193 
5.182 

11.21 
1.271 
2.019 
3.382 
7.595 

12.50 

Temp, 0C 

230.22 
239.93 
245.96 
255.03 
255.95 

224.91 
230.22 
239.93 
245.96 
255.03 
220.02 
224.91 
230.22 
239.93 
245.96 

AH*, 
kcal mol-1 

45.0 ±0.2 

43.5 ±0.03 
43.95 ±0.5 

43.7 ±0.4 

AS*, 
eu 

10.6 ±0.4 

8.4 ±0.1 
10.0 ± 1.0 

11.4 ±0.9 

AG* (513.15 K), 
kcal mol-1 

39.6 

39.2 
38.8 

37.9 

Ref 

This work 

32 
This work 

This work 

ochemistry of the decomposition of 1 may be of help and so 
might the effect of substituents on the rate of thermolysis. 
However, meaningful studies in these areas are likely to require 
advances in the synthesis of diazetines. 

The production of electronically excited states by thermal 
reactions is an area of much current interest, particularly when 
the precursors are dioxetanes.18b Thermodynamic considera
tions183 show that the thermolysis of these fascinating com
pounds is sufficiently energetic to produce either singlet or 
triplet excited ketones. Applying the same reasoning to 1, we 
calculate that thermolysis will be exothermic by about 50 kcal 
mol-1, giving a total energy from transition state to products 

AHf 

N=N 
35.91 

+ N2 AH r = -50.06 kcal mol 

-14.15 

of 50.1 + 31.7 = 81.8 kcal mol '. Thus, sufficient energy is 
available to produce a triplet29 but not a singlet excited ole
fin. 

The Effect of a-Methyl Groups on Thermolysis of Azoal-
kanes. It was noted previously3 that thermolysis of bicyclic azo 
compounds is more difficult than expected on the basis of their 
ring strain energy. In a bicyclo[2.2.2]azoalkane, the sum of 
the ring strain energy (10.1 kcal mol - ') and AT/* for decom
position exceeded the usual 42 kcal mol-1 transition state en
ergy by nearly 12 kcal mol-1. One of the tentative explanations 
set forth for this behavior was that nitrogen departs in a step
wise manner, conceivably a higher energy process than the 
usual concerted mechanism. This idea is precedented as the 
double inversion of stereochemistry observed in 9 led to the 

D 

D 

// 
N 

suggestion30 that nitrogen is liberated by backside attack of 
the unpaired electron on the C-N bond of the diazenyl radi
cal. 

In order to test the stepwise mechanism experimentally, the 
Ramsperger criterion24'26'27 was applied to the thermolysis of 
4-6. According to this criterion, successive addition of radical 
stabilizing groups to the carbon a to the azo linkage should 
cause equal rate enhancement factors («) if the mechanism is 
concerted two-bond cleavage. If, in the present compounds, 

we assign a relative rate constant of 1.0 to 4, the concerted 
mechanism predicts that kre\ for 5 and 6 should be n and n2, 
respectively. On the other hand, the stepwise mechanism 
predicts that kTt\ for 5 and 6 should be n and In — 1, respec
tively.31 Based on the effect of a-methyl groups on thermolysis 
rates of acyclic azoalkanes,26 one would expect n to be nearly 
15. The results of thermolysis studies on 4-6 are compiled in 
Table II, where it will be noted that all three compounds were 
run at the same temperature in several instances. In fact, the 
rate constants at 230.22, 239.93, and 245.96 0C are directly 
comparable because 4-6 were thermolyzed simultaneously in 
the same temperature-controlled bath. The results at 239.93 
0C are typical; kTe\ for 4-6 is 1.0, 2.13, and 5.06. Not only are 
the rate enhancements surprisingly small, but the second 
methyl group enhances the rate more than predicted by either 
mechanism. Nevertheless, the discrepancy between the ob
served kre] for 6 (5.06) and that expected from concerted de
composition (4.53) is smaller than the discrepancy based on 
the stepwise mechanism (kre\ predicted 3.26). It seems most 
expedient to invoke the concerted mechanism and to attribute 
the ~10% discrepancy to experimental error or to a steric 
factor. However, we cannot rule out a mechanism analogous 
to that postulated for acyclic azoalkanes: the symmetry of the 
transition state reflects the stability difference of the incipient 
radicals.26 The apparent contrast in the behavior of the [2.2.1] 
system 9 and the [2.2.2] system 4-6 remains an open question, 
though the stereochemical studies30 which led to the suggestion 
of a stepwise mechanism for 9 are of a very different nature 
from the kinetic approach employed here. An alternative ex
planation33 for the stereochemical outcome of the [2.2.1] 
system is a recoil force on carbons 1 and 4 exerted by the de
parting nitrogen; however, this idea has not been received en
thusiastically.22 The situation with regard to vibrational energy 
in the biradical is even worse than was at first realized,22 for 
thermolysis of 9 to the cyclopentadiyl radical is endothermic 
by 10 kcal mol-1.34 A possible way to shed light on this matter 
would be to apply the Ramsperger criterion to the bicy-
clo[2.2.1] system. 

An interesting question arises in considering the magnitude 
of the a-methyl effect. According to Table II, addition of two 
methyl groups to 4 causes a AG* decrease of 1.7 kcal mol-1. 
An effect of similar magnitude is seen in the pyrazolines (Table 
III), although more highly substituted pyrazolines behave 
strangely,7 giving actual rate retardation on further methyl-
ation. a-Methyl substitution in acyclic azoalkanes, however, 
lowers AG* by 5 kcal mol-1, as shown in Table III. Thus the 
effect of a-methyl groups in these cyclic and bicyclic systems 
is only one-third of that found in the acyclic series. 
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Table III. Activation Parameters lor Selected Azo Compounds 

Compd 

A'*Y 
^ K 

,AVh 

»X*TT 
N=N 

o 
N=N 

- < V «0 
N=N 

A// t ,kca l 
moP ' 

46.7 

42.2 

32.1 

29.0 

41.4 

40.0 

39.3 

ASt, eu 

14.1 

16.2 

7.6 

11.0 

11.4 

10.4 

10.3 

Af; t 
(513.15 K) 

39.4 

33.9 

28.2 

23.4 

35.6 

34.7 

34.0 

Ret' 

35 

14 

36 

37 

7 

7 

7 

v, I03cm"' 
Figure 2. Absorption and fluorescence spectra of cyclic azoalkanes. Flu
orescence curves lie to the right of the absorption spectrum foreachofthe 
two compounds which emit. Fluorescence intensities are arbitrary but 
absorption intensities are proportional to extinction coefficients. For 
further details, see Table IV. 

At first sight, one is tempted to attribute this difference to 
an earlier transition state in the cyclic compounds. If the C-N 
bonds were less stretched in the transition state, a diminished 
effect of a substituents would certainly be expected. Riichardt 
and co-workers38 have pointed out that acyclic cis azoalkanes 
have an earlier transition state than their trans counterparts, 
in accord with the higher energy of the cis isomers.26 In the 
present case, thermolysis of the cyclic cis compounds is also 
less endothermic than that of trans but other evidence indicates 
that an earlier transition state is not a general explanation. 
Addition of a-vinyl or a-phenyl groups to pyrazolines facili
tates decomposition by the same amount as do these structural 
changes in acyclic compounds.40 Similarly, the a-deuterium 
isotope effects in 1-pyrazolines are comparable to those in 
acyclic systems.42 It therefore appears that in 1-pyrazolines 
and presumably also the series 4-6, only alkyl groups are poor 
accelerators of the decomposition rate. 

This observation can be rationalized in terms of either 
transition state or ground state effects. In the transition state 
for bicyclic azoalkane thermolysis, the developing radical is 
forced to reside in an spMike orbital rather than a p orbital, 
owing to bond angle compression by the ring, e.g., 11. Overlap 

N 

of the C-H bonds of the a-alkyl groups with the radical center 
(hyperconjugation) is less favorable under these circumstances, 
as evidenced by the small /3 hyperfine coupling constants in 
pyramidal (sp3) radicals.43 It follows that alkyl groups should 
not stabilize the cyclic transition state as much as they do in 
acyclic compounds, where hyperconjugation is unrestricted.44 

The fact45 that methyl substitution favors pyramidal radical 
geometry has been neglected because the barrier to inversion 
in the tert- butyl radical is small compared to the enhancement 
of radical stability by additional alkyl groups. To complete this 
explanation, one must postulate that conjugating groups are 
relatively insensitive to radical geometry, a proposal which 
admittedly lacks verification. The influence of radical geom
etry on hyperconjugation might be ascertained by examining 
a-methyl effects in larger bicyclic systems, but not in six-
membered azoalkanes where tautomerization is a serious 
problem.46 An alternate rationalization of the small rate en
hancement is that methyl groups stabilize the ground state of 

cyclic azoalkanes nearly as much as they do the transition state. 
This explanation has been set forth for isomerization of bicy-
clo[2.2.0]hexanes, where bridgehead alkyl substitution is said 
to reduce the ground state ring strain energy, resulting in an 
actual increase of the activation energy for opening of the 
central bond to a diradical.47 Although pyrazolines and bicy-
clo[2.2.2]azoalkanes are far less strained than bicyclo[2.2.0]-
hexanes, it is still possible that these azo compounds are sta
bilized by alkyl groups more than acyclic azoalkanes are.48 

This explanation is subject to experimental scrutiny by ther-
mochemical techniques. 

The picture of the transition state for thermolysis of 6 which 
evolves from the above discussion has bond angles similar to 
those of starting material. Since virtually all of the ring strain 
would be retained in such a structure, it is not surprising that 
the thermolysis of 4-6 proceeds with much more difficulty than 
its ground state strain would predict. Although this idea is 
sufficient to explain the facts, one cannot rule out the sugges
tion offered for 1 (vide supra) that nitrogen extrusion requires 
some motion which is restricted by rigid structures. 

Photolysis of Monocyclic Azoalkanes. Irradiation of azo 
compounds generally leads to loss of nitrogen,49 although the 
efficiency of this process varies widely.50 In an attempt to 
understand these variations, we determined nitrogen quantum 
yields and fluorescence quantum yields for 1-3 (cf. Table IV). 
The absorption and fluorescence spectra obtained in this work 
are shown in Figure 2. 

Looking first at the absorption spectra, we note that the Xmax 
of 2 is at shorter wavelength than that of 3, exactly the trend 
predicted53 by the smaller bond angles in 2. The longest 
wavelength band in azoalkanes is an n-ir* transition, whose 
energy should be raised as the n_ combination of nonbonding 
orbitals is lowered by decreasing the bond angles. As expected, 
the smaller C-N=N bond angle in the five-membered ring 
(2)54 raises its lowest ionization potential(IP) above that of 3. 
The IP of 1 is 0.24 eV higher than that of 2, again the trend 
expected on the basis of bond angles. However, the high IP of 
1 predicts that its absorption maximum ought to be at a shorter 
wavelength than that of 2, in sharp disagreement with exper
iment (cf. Figure 2 and Table IV). Clearly, the assumed con
stancy of the T* orbital energy in the proposed correlation53 

of m̂ax with bond angle no longer holds in 1. Despite the utility 
of this correlation in acyclic azoalkanes,39 caution will be re
quired in applying it to cyclic systems. 

Fluorescence has been observed previously in several cyclic 
azoalkanes55 but no comprehensive study of this phenomenon 
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Table IV. Photochemical Data for Cyclic Azo Compounds at 25 °Q° 

Abs Xmax, Fluor Xmax, *N 2 

Compd nm £max flm ^f (313 nm)^ IP, eVc 

1 347 133 386 0.01 0.52 8.87 
2 327 204 438 0.007 0.98 ± 0.03rf 8.63 
3 380 L37 <0.00005 0.008'' 7J59 

" Absorption and fluorescence data in hexane. * In benzene. c Lowest ionization potential from ref 5 and 51. d Average of four determinations; 
ref 52. e At 366 nm. 

has been attempted until recently.56 The fluorescence spectrum 
of 1 and 2 consists of one readily observable, structureless band 
at ambient temperature, but no emission could be detected 
from 3, even at —196 0 C. 5 7 The absorption and excitation 
spectra match nicely, supporting the authenticity of the fluo
rescence from 1 and 2. It is of interest that the fluorescence 
maximum for 2 is displaced from the absorption maximum by 
111 nm whereas this displacement in 1 is only 39 nm. When 
permitted by a flexible ring system, the equilibrium excited 
singlet state geometry of azoalkanes differs from that of the 
ground state.6 

In discussing the quantum yields (Table IV), we shall con
sider the simplest case first. Pyrazoline 2 undergoes efficient 
photolysis but it also exhibits some fluorescence, the total 
quantum yield for these processes being unity, within experi
mental error. Apparently, our earlier value58 of $N2 = 0-88 was 
too low. The new value was the same in benzene at 313 or 335 
nm as it was in hexane at 335 nm. The photochemistry of 2 is 
therefore quite straightforward; the lowest excited singlet state 
either fluoresces or loses nitrogen. 

Diazetine 1 also fluoresces but decomposition is not as ef
ficient as in 2. Suspecting that some other photochemical 
process occurs in 1, we measured nitrogen production and azo 
disappearance in benzene in the same tube. After 37.4% of 1 
had reacted according to UV, 39.5% of the theoretical yield 
of N2 was collected, based on the amount of 1 present initially. 
The near equality of these figures demonstrates that some 
decay process rather than an irreversible side reaction is re
sponsible for the lower nitrogen quantum yield. Only a small 
portion of this decay process is fluorescence since the fluores
cence intensity in benzene is no more than twice that in hexane, 
where $f = 0.01 (cf. Table IV). Only two reports have ap
peared in the literature on diazetine photolysis: 7a exhibits <t> 
= 0.3610'56 and a polycyclic diazetine was claimed to be pho-
toinert.59 Since we found it surprising that 1 did not dissociate 
with unit efficiency, the quantum yield was determined by an 
entirely different method. Identical tubes containing a benzene 
solution of DBH (nondeuterated 9) and 1 were prepared such 
that both had the same absorbance. These were irradiated 
successively at 335 nm in the cell compartment of a Cary 17 
and the disappearance rate of each azo compound was moni
tored spectrometrically. The resulting quantum yield for dis
appearance of 1 was 0.65, which supports the suggestion that 
nonradiative decay is important in this compound. It was also 
found that decomposition of 1 was not only less efficient in 
hexane than in benzene, but that the quantum yield in hexane 
decreased with increasing irradiation time. This behavior, 
which strongly resembles that reported for 4,60 suggests the 
occurrence of a photoreaction between 1 and hexane. 

Azoalkane 3 produces nitrogen with extremely low effi
ciency and gives no detectable fluorescence. This striking 
contrast with 1 and 2 is undoubtedly due to the flexibility of 
the six-membered ring, which allows rapid radiationless decay. 
Although other decay mechanisms exist for cyclic azo com
pounds,58 the fact that photochemical trans-cis isomerization 
is the major reaction of acyclic azoalkanes26 leads us to suggest 
that irradiation of 3 produces a cyclic trans isomer which 
rapidly reverts to cis. This possibility is rendered more rea

sonable by the recent report that both seven-61 and eight-62 

membered trans azo compounds (12 and 13) are capable of 

12 13 
R = H; Ph 

existence; in fact, even a transient trans cyclohexene has been 
observed.63 Not surprisingly, we were unable to detect trans-3 
by UV spectroscopy at —8 0 C , implying that it reisomerizes 
with AG* < 18 kcal m o l - ' . Since much lower temperatures 
will be required to stop thermal isomerization, an attempt is 
being made to observe trans-3 by matrix isolation IR.64 

Summary 

The results described herein lead to the following conclusions 
about extrusion of nitrogen from cyclic azoalkanes: (1) With 
trans-azo-tert-butane (8) as a model compound, the sum of 
the ground state strain and AH* for decomposition of five- and 
six-membered azoalkanes is approximately constant. (2) De
spite their high strain energy, diazetines show unusual kinetic 
stability, and thermolysis of these compounds is calculated to 
be sufficiently energetic to produce a triplet excited olefin. (3) 
Bicyclo[2.2.2]azo compounds decompose concertedly but the 
transition state may reflect the symmetry of the starting ma
terial. The transition state retains virtually all of the strain 
present in the ground state. (4) a-Methyl groups cause an 
unusually small rate enhancement in thermolysis of pyrazolines 
and bicyclo[2.2.2]azoalkanes, but it is not clear whether this 
is a ground state or a transition state effect, (5) Photolytic 
extrusion of nitrogen from 2 is highly efficient, but some flu
orescence is observed. 1 also fluoresces but it decomposes less 
efficiently. (6) Azoalkane 3 does not fluoresce and it hardly 
decomposes on irradiation. This behavior is tentatively at
tributed to formation of a cyclic trans isomer, which reverts 
thermally to cis. 

Experimental Section 

General. Melting points were taken on a Mel-Temp in capillary 
tubes and are uncorrected. IR spectra were taken on a Beckman IR8 
while NMR spectra were run on a Perkin-Elmer R-12. Elemental 
analyses were performed by Elek Microanalytical Laboratories, 
Torrance, Calif. UV spectra were recorded on a Cary 17 spectrometer 
while fluorescence spectra were recorded on a Hitachi MPF-2A flu-
orimeter. 

S^^-Tetramethyl-A'-l^-diazetine (1) was prepared according 
to the procedure of Greene and Gilbert9 using hexachlorodisilane 
purchased from Alfa-Ventron. The yields for reduction of N.N'-
dioxide to the monoxide derivative were highly variable (50-80% on 
10-g scales) but were best when the hexachlorodisilane employed was 
clear. The reduction of monoxide to diazetine 1 (5-g scales) was ac
complished with 25% excess of LiAlEU-ether solutions in 70-85% 
(crude) yields. The purification of diazetine resulted in considerable 
loss (~50%) presumably because of volatility and was accomplished 
by chromatography on silica gel (2-methylbutane-ether (4:1) eluent), 
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recrystallization from 2-methylbutane, and sublimation. Its physical 
and spectral data were identical with those reported.9 

jY-Tolueiiesulfonyl-3,5,5-trimethyl-2-pyrazoIine. To 1000 mL of 
dry dichloromethane in a 3000-mL three-neck flask were added 112 
g (1 mol) of 3,5,5-trimethyl-l-pyrazoline65 (prepared from hydrazine 
and mesityl oxide) and 123 g (1.22 mol) of triethylamine. The stirred 
mixture was cooled to -15 0C under nitrogen and 210 g (1.10 mol) 
of toluenesulfonyl chloride was added. A smooth reaction ensued, as 
evidenced by the gradual formation of solid. After 1 hr at —15 0C, the 
mixture was allowed to warm to ambient temperature, after which 
it was refluxed for 30 min. Addition of water gave a two-phase, light 
brown, clear solution. The organic layer was removed and the aqueous 
layer extracted with dichloromethane. The combined organic phases 
were washed in succession with 2 N HCl, aqueous NaHCO3, and 
saturated NaCl. After drying over MgSC>4, the dark solution was 
filtered. To the boiling dichloromethane solution was added an equal 
volume of hexane and the mixture was allowed to stand overnight in 
the refrigerator. The light yellow product was filtered off and a second 
crop recovered by concentration of the filtrate. After recrystallization 
from ethyl acetate the product was obtained in 61% yield: mp 162-166 
0C dec; NMR (CDCl3) <5 1.50 (s, 6 H), 1.93 (t, J = 1 Hz, 3 H), 2.40 
(s, 3 H), 2.60 (q, J = 1 Hz, 2 H), 7.25 (d, J = 8 Hz, 2 H), 7.86 (d, J 
= 8 Hz, 2H). 

Anal. Calcd for CnH18N2SO2: C, 58.62; H, 6.81. Found: C, 58.89; 
H, 6.77. 

3,3,5,5-Tetramethyl-l-pyrazoline (2). A solution of 53.2 g (0.2 mol) 
of A/-toluenesulfonyl-3,5,5-trimethyl-2-pyrazoline in 1000 mLof dry 
THF was prepared by mild heating in a 2000-mL three-neck flask 
fitted with a thermometer, mechanical stirrer, and constant rate ad
dition funnel. After the solution was cooled to -50 °C, 245 mL of 0.82 
M methyllithium (0.2 mol) in ether was added over a 2-h period. The 
mixture was allowed to warm to ambient temperature and water was 
added to dissolve the suspended brown solid. The water layer was 
extracted with ether and all combined ether extracts were washed with 
saturated NaCl and dried with K2CO3. Distillation of the ether and 
THF at atmospheric pressure followed by vacuum distillation of the 
residue gave the desired product in 22% yield, bp 59 0C (29 mm) (lit.8a 

72 0C (11 mm)). Further purification was effected by twice recrys-
tallizing from pentane at —78 0C under nitrogen, followed by a second 
vacuum distillation. No impurities could be detected by GC on a 4 ft 
X 0.25 in. column of QF-! at 92 °C: UV (hexane) 327 nm (t 204) [lit. 
(hexane) 327 (190),56 (ethylbenzene) 325-330 (165),8a (methanol) 
324(160)66]. 

3,3,6,6-Tetramethyl-l,2-diazacyclohex-l-ene was made by the IF5 
oxidation of commercially available 2,5-diamino-2,5-dimethylhex-
ane,67 or better, by the sodium tungstate/hydrogen peroxide proce
dure:9 bp 62 0C (12 mm) (lit. bp 48-50 0C (4.2 mm),9 48 0C (4 
mm));67 UV (hexane) 380 nm (e 138) (lit. (ethvlbenzene) 380 
(154)).8a 

Anal. Calcd for C8H16N2: C, 68.52; H, 11.50. Found: C, 68.75; H, 
11.60. 

2,3-Diazabicyclo[2.2.2]octenes. The bicyclic azoalkanes 4-6 were 
prepared by the cycloaddition of A'-methyl-l ,2,4-triazoline-3,5-dione68 

to the appropriate diene. Since 4 and 6 are known compounds,32'69 

only the detailed procedure for 5 will be given. In this work, 4 and 6 
were also made by the triazolinedione method, which is superior to 
using diethyl azodicarboxylate.32'69 

l,4-Dimethyl-2,4,6-triaza[5.2.2.02'6]tricycloundec-8-ene-3,5-dione. 
l-Methylcyclohexa-l,4-diene was prepared by the Birch reduction 
of toluene, following the procedure for o-xylene.70 The distilled diene 
was isomerized by adding 110 g of it at 25 0C to a solution of 16.4 g 
of anhydrous potassium tert-buioxide in 1200 mL of Me2SO, which 
had been dried by distillation from CaH2. The mixture was stirred and 
heated to 100 °C under N2, while aliquots were worked up according 
to Schriesheim71 and analyzed by GC (250-ft capillary column of 
SF-96 at 70 0C). The relative retention times follow: ethyl acetate, 
1.00; toluene, 1.68; l-methylcyclohexa-l,3-diene, 1.71; a major im
purity (probably 2-methylcyclohexa-l,3-diene), 1.82; 1-methylcy-
clohexa-l,4-diene, 2.00. After 1.5 h, the diene mixture had reached 
equilibrium (~40% l-methylcyclohexa-l,3-diene) so the dark yellow 
solution was cooled in an ice bath and diluted with 1000 mL of water. 
The mixture was then extracted with four 250-mL portions of pentane 
and the combined extracts were dried over K2CO3. Distillation at 1 
atm afforded 75 g of a diene mixture boiling at 102-107 0C. 

A 12.7-g (0.11 mol) portion of powdered 4-methylurazole68 was 
suspended in 200 mL of ethyl acetate under N2. To the mixture was 
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added portionwise 11.9 g (0.11 mol) of rerf-butyl hypochlorite while 
maintaining the temperature below 20 0C. After addition was com
plete, the bright red, homogeneous solution was stirred for 30 min and 
the solvent was then removed by rotary evaporation at 25 0C. The dry 
residue was redissolved in ethyl acetate and filtered to remove sus
pended solid, and the filtrate was added dropwise to an ice-cold, 
well-stirred solution of 20 g of 40% pure 1 -methylcyclohexa-1,3-diene 
in 250 mL of ethyl acetate. The progress of the reaction was monitored 
by GC on the SF-96 capillary column. Addition of dienophile was 
stopped when the 1 -methylcyclohexa-1,3-diene was about 90% gone 
but before any of the peak attributed to the 2-methyl isomer had 
reacted. The cloudy, white mixture was rotary evaporated to dryness 
and the solid was freed of residual dienes by evacuation with a me
chanical pump. Several recrystallizations from ethyl acetate/hexane 
afforded white Diels-Alder adduct: mp 107-111 0C; NMR (CDCl3) 
<5 1.2-2.6 (br m), 1.92 (s, 3 H), 3.00 (s, 3 H), 4.90 (br s, 1 H), 6.45 (m, 
2H). 

Anal. Calcd for C10H13N3O2: C, 57.96; H, 6.32. Found: C, 58.17; 
H, 6.31. 

l-Methyl-2,3-diazabicyclo[2.2.2]oct-2-ene. A solution of the above 
Diels-Alder adduct (5 g) in 200 mL of absolute ethanol was hydro-
genated with 50 mg of 10% Pd/C catalyst on a Parr hydrogenator at 
40 psi. The reaction was complete in 1.5 h, after which the catalyst 
was filtered off and the filtrate rotary evaporated to dryness. The crude 
product, a viscous oil, showed characteristic NMR peaks (CCU) at 
5 1.60 (s, 3 H), 1.87 (br s), 2.96 (s, 3 H), 4.24 (br s, 1 H). Cleavage 
of the urazole moiety was effected with sodium methoxide in 
Me2SO. 

Sodium metal (2.5 g) was allowed to dissolve in 100 mL of methanol 
under N2. The excess methanol was removed by evacuation with a 
mechanical pump and the residue was finally heated for 30 min at 80 
0C under vacuum. After cooling, the sodium methoxide thus prepared 
was dissolved in 50 mL of Me2SO which had been dried by distillation 
from CaH2. To this solution was added 3.5 g of the hydrogenated 
adduct prepared above, dissolved in 30 mL of Me2SO, and the re
sulting mixture was heated under N2 at 80 0C for 12 h. The tan so
lution was cooled and poured slowly into 400 mL of ice water, after 
which sufficient 6 N HCl was added to bring the pH to 7. Aqueous 
2 M CuCl2 was added dropwise with stirring, causing formation of 
a red-brown precipitate and a decrease of the pH. Periodic addition 
of ammonium hydroxide was necessary to keep the pH at 7.72 When 
the precipitate ceased to form, it was filtered off and washed with 20% 
aqueous NH4CI, 95% ethanol, and cold water. 

The resulting cuprous chloride complex was decomposed by adding 
it to 1 g of NaOH in 40 mL of H2O and continuously extracting with 
pentane. The pentane was distilled off and the oily residue was dis
tilled: bp 121 0C (40 mm); NMR (CDCl3) S 0.8-1.9 (br m), 1.75 (s, 
3 H), 5.20 (br s, 1 H); UV (hexadecane) 380 nm (e 200). The purity 
of 5 was checked by GC on a 10 ft X 0.25 in. column of 10% XE-60 
on Chromosorb W at 135 0C and on a 6 ft X 0.125 in. column of 10% 
XF-1150 on Chromosorb W AW DMCS at 100 0C. When the 
Diels-Alder reaction with mixed methylcyclohexa- 1,3-dienes was 
carried out without cooling, a new peak appeared in the GC traces of 
the resulting azo compound 5. In one case, this peak was 10% of the 
total area and the NMR spectrum of this sample revealed a new 
doublet (J = 6 Hz) at 5 0.8 ppm. Since this chemical shift agrees with 
that reported for the methyl group of 5-e«rfo-methyl-2,3-diazabicy-
clo[2.2.1]heptene-2,30 we assign the impurity to 5-e«do-methyl-
2,3-diazabicyclo[2.2.2]octene-2, derived from Diels-Alder reaction 
of the wrong diene in the mixture (2-methylcyclohexa-l,3-diene). 
Since the presence of isomeric impurities is not revealed by elemental 
analysis of either the Diels-Alder adduct or the final product 5, and 
since this particular isomer would vitiate the kinetic results, we were 
especially careful to ensure its absence in the samples of 5 used in the 
kinetic studies. 

Kinetics. Nitrogen evolution kinetics were carried out on the pre
viously described constant volume apparatus.73 The UV kinetics were 
carried out by preparing approximately 0.006 M solutions of the azo 
compounds in hexadecane (Aldrich, 99%) and syringing 3-mL aliquots 
into Pyrex cuvettes. The samples were degassed by two freeze-thaw 
cycles and sealed under vacuum, and a UV spectrum was run on each 
cuvette. Five cuvettes for each compound at each temperature were 
preheated to 100 0C and plunged into a regulated silicone oil bath 
(Bayley temperature controller). Temperature was measured using 
a Minco calibrated platinum resistance thermometer. After removal 
at the appropriate interval (up to 3 half-lives) the absorbance was 
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noted and the tubes were returned to the bath for 10 half-lives. A 
conventional first-order treatment gave the rate constants at each 
temperature and a least-squares fit of In (k/ T) vs. 1/7 gave A//* and 
AS*. 

Photochemistry. Fluorescence quantum yields were determined 
by comparing the corrected integrated emission bands of the azoal-
kanes with that of phenanthrene using an excitation wavelength of 
335 nm for all compounds. The fluorescence quantum yield of phen
anthrene in aerated spectroquality hexane was taken as 0.031.74 

Photolyses were conducted on a conventional merry-go-round, using 
appropriate solution filters for wavelength isolation.75 Nitrogen ev
olution was measured by means of a Toepler pump and gas buret. 
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