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and then Seebach and co-workers,5 prepared the first, au
thentic cis cyclic tetrazene, 1,4-dimethyl-1,4,5,6-hexahydro-
1,2,3,4-tetrazine (3). Nelsen and Fibiger4 studied the kinetics 
of the thermal decomposition of 3 and found, rather surpris
ingly, that it was relatively stable, (AH* - 38 kcal/mol, AS* 
= 17 eu). These values should be compared with those of tet-
ramethyl-2-tetrazene, whose activation parameters in the gas 
phase were shown6 to be AH* = 36.1 kcal/mol, AS* = 4.7 eu. 
Nelsen and Fibiger suggested that one possible explanation 
for this unexpected stability was the conformational restriction 
imposed by the cyclic structure, which increased the amino 
lone-pair interaction with the 2,3 bond. The larger ring size in 
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2, compared with that of 3, might be expected to decrease the 
conformational rigidity of the cyclic ris-tetrazene, which would 
tend to decrease the lone-pair (2,3-bond) interaction. Thus it 
might be expected that 2 would decompose more readily than 
3. The data on the kinetics of the thermolysis of 2, carried out 
by measuring the rate of nitrogen evolution in an automated, 
constant pressure device over the temperature range of 65-90 
0C, are shown in Table I. The relative rate, k(2)/k(3), at 90 
0C is 8.8 X 104. These data demonstrate dramatically that, 
when the conformational restriction on the cis cyclic tetrazene 
is lifted, it becomes much less stable than the acyclic, trans-
tetrazenes. In fa,cf, the degree of the lowering of the enthalpy 
of activation in 2, compared with that of tetramethyl-2-te-
trazene {AAH* » 17 kcal/mol) is much greater than would 
have been predicted on the basis of comparison with cis- and 
/rans-azoalkanes (AAH* = 6-8 kcal/mol).4 Interestingly, 
Roberts and Ingold3 reported.that the putative m-tetraiso-
propyl-2-tetrazene, which they suggested was the intermediate 
in the low temperature photolysis of the ?raws-tetrazene, de
cayed thermally with an activation energy of 24 ± 2 kcal/ 
mol. 

A surprising result of the rate study was the negative entropy 
of activation. Although some negative entropies for azoalkane 
thermolyses have been reported,8 the present result was 
unexpected. The possibility that the reaction was catalyzed by 
mercury vapor (from the kinetics apparatus)9 was not checked 
specifically, but other kinetic studies of tetrazene decomposi
tions, using the same apparatus,10 failed to reveal any abnor
malities. Thus, assuming that our entropy of activation value 
is correct, two rationales can be offered. One is that the equi
librium conformation of the tetrazene is different from the 
optimum geometry for decomposition. Therefore, the entropy 
may reflect the preequilibrium step. The other rationale is that 
the decomposition does not go through a 1,5 biradical, but 
rather is a concerted process leading directly to N,N'-di-
methylpyrrazoline and nitrogen. In keeping with this mecha-
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nism, the product of the reaction is the pyrrazoline, in better 
than 90% yield. The present data, however, do not allow us to 
distinguish between these possibilities (or, indeed, additional 
ones). 

A necessary component in the oxidation of the dihydrazine1' 

K 3 Fe(CN) 6 

4-fold X's, KOH 

CH; 

f~ XN=Nv yCE< 
\ _ v X N -

/ XN= 
CH1 

^ = N N ) 
N - 7 

CH1 

1 to the tetrazene 2 is a 20-fold excess of potassium hydroxide. 
When the amount of the base was lowered to a 4-fold excess, 
no 2 was formed; most of the reaction mixture consisted of 
intractable decomposition products. The workup of this mix
ture, however, did result in the isolation of small amounts 
(3-5%) of the solid, dimeric 14-membered-ring tetrazene, 4. 
This material was analogous to the ditetrazene isolated by 
Nelsen and co-workers12 in the oxidation A^W-diamino-
A^/V'-dimethylethylenediamine. The ditetrazene 4 is com
pletely stable and presumably has the trans,trans configura
tion.13 
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Ion-Pair Equilibria in Cyclic 1,2-Semidiones1 

Sir: 

The alkali metal salts of 1,2-semidiones can exist as ion pairs 
even in solvents as polar as dimethyl sulfoxide (Me2SO). For 
acyclic semidiones a mixture of cis ion-paired and trans free 
ion exists with sodium, potassium, or rubidium as the coun-
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Figure 1. Cyclopentane-1,2-semidione: (a) mixture of free ion and ion pair 
observed in presence of 0.075 M K+, Me2SO; (b) ion pair observed in 
presence of 0.75 M KI; (c) free ion observed in presence ofexcess [2.2.2] 
cryptand. 

terions2'3 with lower g values observed for the ion-paired 
SPeCIeS.4 

CH3 --CH3 

^ C = 0 N _ 
• 0 . + „0 

g(K*) = 2.00495 
aH = 7.01 G 

CH, 
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g = 2.00506 
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In the presence of an excess of the proper cryptand, coun-
terions such as Li+ , Na + , or K+ can be complexed, and under 
these conditions only the more stable trans semidione can be 
detected (cis/trans, <0.01).2 To study a cis semidione free of 
ion pairing, we have examined cyclic 1,2-semidiones. We have 
found that the rates of interconversion of the free ion and the 
ion pair are surprisingly slow. 

We were led to the investigation of ion pairing in cyclic 
1,2-semidiones by the observation that in some cyclic semi
diones the high field lines of the ESR spectrum show line 
broadening. This suggests the presence of two species with 
different au and g values, for example 1 and 2, wherein aH 

increases as the g value decreases. 

(X.+ M+ x Q(V 
i 

Figure la illustrates the line broadening observed for cy
clopentane-1,2-semidione (0.075 M K+ , Me2SO)5 where both 
the high- and low-field lines of the 1:4:6:4:1 pentet are 
broadened with the high-field broadening being most pro-

Table I. Values of aH and g for Cycloalkane-1,2-semidiones 
(Me2SO, 25 0 C ) 

counterion 

K+, [2.2.2] cryptand 
K+, 0.075 M 
K+, excess 

K+, [2.2.2] cryptand 
(C2Hs)4N+ 

K+, 18-crown-6; 
excess 

K+ excess 
K+, 0.075 M 
Na+, excess 
Li+, excess 

K+, [2.2.2] cryptand 
K+, 0.050 M 
K+, excess 

g value 

Cyclobutane 
2.005 09 
2.005 08 
2.005 00 

Cyclopentane 
2.005 10 
2.005 08 
2.005 00d 

2.00494 
2.005 00 
2.004 88 
2.004 72 

Cyclohexane 
2.005 10 
2.004 96 
2.004 91 

a H (4H) , 
G* 

13.85 
13.90 
14.13 

12.93 
12.94 
13.33rf 

13.62 
13.30 
13.84' 
14.52/ 

9.50* 
9.80 

10.01 

1/2 

>20 
~10c 

>0.05 

>20 
>20 

<0.05 

<0.05 
0.72<-

<0.05 
<0.05 

>20 
~0.5< 
<0.05 

a The concentration of counterion or complexing agent was in
creased until only a single species was present as judged by the ob
servation of a 1:4:6:4:1 pentet with constant values of aH and g. 
b Measured between the center line and first upfield line. Second-
order splitting can be resolved for cyclopentane-1,2-semidione. 
c Apparent values of A' for ion-pair formation (liters/mole) increase 
from <1.5 (C4) to 18 (C5) and ~40 (C6 and C7).

 d Crown-complexed 
ion pair. <Q?Va = 0.52 G. f au = 0.55 G, a? = 0.14 G (2 H). *a% = 
0.09 G (4 H). 

nounced (intensity ratios are shown in Figure la) . Figure lb 
shows the dramatic effect of adding excess KI to give a solution 
containing only 2. The intensities are now 1:4:6:4:1 even though 
the viscosity of the solution has increased considerably. On the 
other hand, addition of an excess of [2.2.2] cryptand (Figure 
Ic) gives a species with a higher g value and a lower aH which 
we attribute to the free ion (1). With K+ as the counterion we 
find that over a 4000-fold dilution range that aH and g value 
are related by aH (gauss) = -5.0546 X 103g + 10 147.84.6 

Thus, Figure la represents a 42:58 mixture of 1 and 2. Data 
for Li+ and N a + show a similar trend between aH and g with 
aH increasing from K+ to N a + to Li+ (Table I). 

The rate of time averaging of 1 and 2 can be slow on the ESR 
time scale. In the spectrum of Figure la the line broadening 
leads to a value of k , (M + = K+

totai) = 4.4 X 108 L/(mol-s) and 
Jk2 = 2.4 X 10~7 s_1 . Sometimes both 1 and 2 can be observed 
independently {k\ < 106 s - 1)- When slightly less than stoi
chiometric quantities of [2.2.2] cryptand are added to cyclo
hexane-1,2-semidione (K + ) , the high-field peaks can be re
solved for the free ion and the ion pair. Similarly for the cy
clopentane-1,2-semidione system the high-field lines of 1 and 
2 can be resolved for M + = Li and Na (well-resolved aM for 
2) when deficient quantities of these cations are added to the 
K+ [2.2.2] cryptand salt.7 

As judged from the values of aH, g, or aco,8 tighter ion 
pairing increases the spin density on the carbonyl carbon in the 
semidione system (e.g., the g value for a carbon radical is 2.002 
and for an oxy radical 2.015). One might have expected the 
reverse for a symmetrical ion pair (ion pairing giving an in
crease in charge and spin density on oxygen). Apparently the 
effect of ion pairing on the charge distribution for the filled 
MO's of the semidione system is appreciable and must be taken 
into account. 

Manipulation of ion pairing in 1,2-semidiones extends the 
utility of this spin probe for conformational and structural 
analysis. For example, it provides a tool for addressing the 
question of cis-trans isomers in large-ring semidiones.9 Thus, 
we have been able to identify cis- and rrans-6,6-dimethyl-6-
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silacyclononane-l,2-semidiones as the ion-paired (3) and free 
ion (4), respectively. 
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Conversion of Allyl Alcohols to Dienes by 
Sulfoxide and Selenoxide Syn Elimination. 
Synthesis of PCB Arene Oxides 

Sir: 

Of the many procedures and reagents available for the de
hydration of alcohols, few work well for the conversion of allyl 
alcohols to dienes, and even fewer provide for regiospecific 
dehydration. We report here a new procedure (Scheme I, Y 
= S, Se) for the 1,4 dehydration of allyl alcohols, and appli
cation of this method as a key step in the synthesis of chlori
nated and brominated biphenyl oxides. 

Treatment of alcohol la with 2-nitro-4-methylbenzenesel-
enenyl chloride in refluxing dichloromethane leads to diene 

Table I. 1,4-Dehydration of Allyl Alcohols Using 2,4-
Dinitrobenzenesulfenyl Chloride-Triethylamine 
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" Reactions were carried out on 1-10 mmol of allyl alcohol; products 
were purified chromatographically or by distillation. * Reaction in 
CH2Cl2 at 25-40 0C. c Reaction in ClCH2CH2Cl at 80 0C. d The 
diene was a 60:40 mixture of E,E and E,Z isomers. 

Scheme I 
Ar, OH 

R-Y-CI1NEt3 

(Y-S, Se) 

Ar, ,0-Y-R 

[2,3] 

t 
Ar 

4 O 

Ar 
(a) 2,5-CI2-C6H3-
(b) 4-CI-C6H4-
(C) C6H5-

2a (65% yield). The reaction must proceed by [2,3]-sigma-
tropic rearrangement of selenenate ester 3 to the allyl sele
noxide 4, which fragments to diene.1 There are several reported 
examples of allyl selenoxide to selenenate rearrangements,2,5 

but this is the first demonstration of the allyl selenenate to 
selenoxide conversion. 

In the course of attempting to generalize the process de
scribed above a number of readily available selenenyl (PhSeCl, 
2,4-(NOa)2C6H3SeBr) and sulfenyl (CCl3SCl, 2-
NO2C6H4SCl, 2,4-(N02)2C6H3SCl) halides were examined. 
It was hoped that the powerful electron-attacting substituents 
in the sulfenyl halides, together with the acceleration provided 
by the allylic nature of the sulfoxide intermediate, would lead 
to sufficiently fast sulfoxide syn elimination6 to accommodate 
the mild reaction conditions desirable for the synthesis of re
active dienes. 2,4-Dinitrobenzenesulfenyl chloride is the re
agent currently showing the most promise. Of a variety of re
action conditions tried, treatment with 2.4 equiv7 of the sulfenyl 
chloride and 3 equiv of triethylamine in dichloromethane (—30 
to 40 0C) or 1,2-dichloroethane (20 to 80 0C) gave the highest 
yields. Table I presents several examples using these condi
tions.8 At its current stage of development, the reaction pro
ceeds in acceptable yield for a variety of allyl alcohols. One 
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