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s>w-oxepin oxide (1) in aprotic solvents (CDCl3, CH2CI2, CD2CI2, 
THF, or CH3CN) with catalytic amounts of MeSO3H led within 
seconds to the generation of 13. In CDCl3 the addition of MeSO3H 
(0.1 mol %) catalyzes the quantitative (1HNMR) rearrangement of 
1 to 13: ir (CDCl3) 1725, 1680, 1620, 1260 cm"1; 1H NMR (CDCl3, 
100 MHz) 5 9.51 (1 H, d), 6.50 (2 H, m), 4.90 (2 H, m), 3.64(1 H, 
m); uv (CH3CN) \max 246 (c 590), 310 (110); mass spectrum (70 eV) 
m/e parent 110, base 81. Exact mass of p-nitrophenylhydrazone: calcd 
for C12HnN3O3, 245.0800; found, 245.0797. 

Reduction of 13 to 4-Hydroxymethyltetrahydropyran (15). The 
catalytic reduction of 13 to 4-hydroxymethyltetrahydropyran (15) 
was achieved in THF-EtOH over Raney nickel catalyst. The catalyst 
was prepared as for the reduction of 1 to 14, except that the metal was 
both washed and stored under EtOH rather than THF. 

sym-Oxvpm oxide (1) used for the preparation of 13 was generated 
from azo compound 10(150.2 mg, 1.09 mmol) by the dissolution and 
warming of 10 to ambient temperature in THF (4.7 ml). To the so
lution of 1 was added 2% MeSO3H in Et2O (23 jtl); the mixture was 
stirred for 23 min. A portion OfCaCO3 (Merck, precipitated) (41 mg) 
was added and the suspension was stirred briefly and filtered with an 
EtOH (4.7 ml) rinse. To the resulting solution of 13 was added a 
Raney nickel-EtOH slurry (120 n\); the mixture was shaken under 
H2 (47 psig) for 40 h. Filtration of the reaction mixture through Celite 
with an Et2O rinse, evaporation of the solvents (Vigreux column-
steam bath), and preparative gas-liquid chromatography (8 ft X 0.25 
in. Carbowax 2OM, 10% on 80-100 Diatoport S, 157 0C) gave 4-
hydroxymethyltetrahydropyran (15) (104.8 mg, 83% based on 10). 
The sample of 15 produced by catalytic reduction of 13 was found to 
be identical with an authentic sample21 by GLCcoinjection (Carbo
wax 20M and SE-30), by mixture melting point of the phenylurethane 
derivatives, and by comparison of the ir, 1H NMR, and mass spectra. 
Exact mass of 15 prepared via 13: calcd for CeHi2O2, 116.0837; 
found, 116.0840. 
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half oxygenated analogues, the 5>>m-oxabicyclo[5.1.0]octa-
2,5-dienes (3), raises questions about the conformation and 
possible fluxional structure of 1. Results obtained by Heil-
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L\ *=37 - v 
Ia, X=O; Y = O I b , X = O; Y = O 

2a, X = CH2 ; Y = CH2 2b, X = C H 2 1 Y = C H 2 

3a, X = CH 2 ; Y = O and 3b, X=CH 2 ; Y = O and 
X = O 1 Y = C H 2 X=O 1 Y=CH 2 

Figure 1, The transoid conformation (la-3a) and the cisoid conformation 
(lb-3b) for the related bicyclo[5.1.0]octa-2,5-dienes 1-3. 

" • v V " " 

-Q-

I W 
\ \ 

I, X=O, Y=O 
2, X = CH2 , Y=CH2 

3, X = CH2; Y = O 

Figure 2. The Cope rearrangements for the related bicyclo[5.1.0]octa-
2,5-dienes. 

bronner et al.3 from photoelectron spectroscopy indicate a 
preference for the transoid conformation, 2a, in homotropili-
dene (2), while analysis of 1H NMR coupling constants by 
Grimme et al.4 suggests that both equilibrium components of 
3 are in the transoid conformations, 3a (Figure 1). The rapid 
degenerate Cope rearrangement of 25 (Figure 2) provided the 
first example of the utility of 1H NMR spectroscopy in the 
detection of such fluxional systems. Subsequently, the 1H 
NMR study of the .jym-oxabicycIo[5.1.0]octa-2,5-dienes (3) 
has shown that an analogous Cope rearrangement intercon-
verts the two valence tautomers,4 though at a slower rate than 
in the hydrocarbon 2. 

In the present work, proton magnetic resonance studies have 
provided insight into both the conformation and potential Cope 
rearrangement of the sym-oxepin oxide system. Specifically, 
conformation-dependent proton-proton coupling constants, 
derived from a computer simulation of the high-resolution 1H 
NMR spectrum of sym-oxepin oxide (1), have been related 
to possible geometries. While variable temperature studies2 

failed to show 1H NMR evidence for the possible degenerate 
Cope rearrangement of 1, due to the thermal instability of the 
molecule, an isotopic labeling study has confirmed the exis
tence of the Cope process for the sym-oxepin oxide system by 
the interconversion of the valence tautomers sym-2,7-dideu-
teriooxepin oxide (9) and sym-4,5-dideuteriooxepin oxide (10). 
In addition, activation parameters for the Cope rearrangement 
have been obtained by a variable temperature study. 

Spectral Simulation. Method. The 100-MHz proton mag
netic resonance spectrum of 5>w-oxepin oxide (1) was recorded 
on a Varian HA-IOO spectrometer in deoxygenated CDCI3 
solution, utilizing internal Me4Si as reference and lock. The 
spectrum was taken in the frequency sweep mode, at a sweep 
rate of 1 Hz/100 s, in the direction of decreasing frequency. 
Appearing in the lower portion of Figure 3 are the three mul
tiples so observed. Line widths in the spectrum are in the range 
0.1-0.2 Hz (width at half-height); some sweep phenomena, 
e.g., ringing, can still be noted despite the slow sweep rate. 

Coupling constants and chemical shifts were determined by 
least-squares iterative fit using the LAOCN3 method.6 Plots of 
the simulated spectrum by the SiMEQ program7 appear in the 
upper portion of Figure 3. 

Results and Discussion 
The proton-proton coupling constants obtained from the 

LAOCN3 iterative simulation are listed in Figure 4. Consid-

Figure 3. Top: simulated spectrum of .sym-oxepin oxide (1). Plots are by 
the SIMEQ program7 from data derived by the LAOCN3 method.6 Bottom: 
frequency sweep 100-MHz 1H NMR spectrum of sym-oxepin oxide (1). 
Chemical shifts are downfield relative to internal Me4Si. The direction 
of sweep was toward decreasing frequency, i.e., from left to right; the rate 
of sweep was 1 Hz/100 s. 

coupling 

= «/„ 

coupling 
cons tant 

+3.95 Hz 
+4.52 Hz 
+0.42 Hz 
+ 1.08 Hz 

- 0 . 1 0 Hz 
+0.06 Hz 
+7.44 Hz 
+0.40 Hz 
+0.22 Hz 

Figure 4. Coupling constants for yym-oxepin oxide (1) from the LAOCN3 
iterative simulation. Relative positions of the ' H N MR spectral lines within 
each multiplet (Figure 3, bottom) were measured to within 0.1 Hz; the 
error in the tabulated coupling constants simultaneously determined by 
the positions of several spectral lines is <0.1 Hz. 

eration of molecular models indicates that the sign and/or the 
magnitude of several of the coupling constants should be sen
sitive to molecular conformation. In passing from the transoid 
(la) to the cisoid (lb) conformation, the dihedral angle be
tween the vinyl and allylic C-H bonds closes up, becomes zero 
as the vinyl and allylic C-H bonds eclipse, and then reopens 
as the molecule adopts the cisoid conformation. Various steric 
and electronic factors determine the energy profile for the ring 
inversion la <=» lb, and it should not be assumed a priori that 
the energy minimum need lie at either extreme. The preferred 
or average conformation might correspond to a more or less 
flattened geometry between la and lb. 

Of primary interest in a conformational analysis is the 
three-bond vinyl-allylic coupling constant, Jam (Jam = Ja'm' 
= 4.52 Hz). Estimates of the size of the dihedral angle between 
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Scheme I 
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the vinyl and allylic C-H bonds can be obtained from the 
magnitude of / a m using the equations of Karplus,8 Giinther,9 

and Garbisch.10 For the two extremes of geometry available 
to sym-oxepin oxide (1) the dihedral angles measured11 ac
cording to Karplus or Giinther are transoid conformation (la), 
4> = 65°; cisoid conformation (lb), 4> = 16°. The dihedral angle 
used by Garbisch for vinyl—allylic systems is measured using 
a slightly different projection from that used by Karplus and 
Giinther. For 1 the dihedral angles measured11 according to 
Garbisch are transoid conformation (la), </>Garbisch = 83°; ci
soid Conformation (lb), 0Garbisch = 23°. 

The calculated geometries for sym-oxepin oxide (1) based 
on the equations of Karplus, Giinther, and Garbisch are sig
nificantly flattened from the geometry of the transoid con
formation: Karplus, 4> = 41°; Giinther, 4> = 39°; Garbisch, 
^Garbisch = 46°. Consideration of other factors influencing the 
size of /am12 would most probably reduce these estimates of 
the size of the dihedral angle. Of particular importance is the 
expected effect of an electronegative substituent (the epoxide 
oxygen) upon the magnitude of/am; vicinal coupling to epoxide 
protons13 is significantly smaller than that predicted for an 
unperturbed ethylenic fragment. 

A second coupling constant expected to be conformation 
dependent is the four-bond vinyl-allylic coupling constant, / a x 
(Ax = Av = +0.42 Hz). The sign of Ax is of importance in 
conformational analysis.10,14 For coupling through small di
hedral angles the expected sign of Ax is positive; for coupling 
through large dihedral angles the expected sign is negative. We 
were unable to simulate the 1H NMR spectrum of sym-oxepin 
oxide (1) adequately using a negative sign for Ax- The need 
for a positive sign for 7ax in the simulation and the expected 
dependence of the sign of Ax on the dihedral angle corroborate 
the conclusion reached with regard to conformation based on 
the magnitude of Am-

Certainly, only a rough estimate of molecular conformation 
can be made by the method at hand; yet, analysis of the 1H 
NMR spectrum of sym-oxepin oxide (1) strongly indicates that 
geometries other than the transoid conformation contribute 
significantly to the observed three- and four-bond vinyl-allylic 
coupling constants. Unfortunately, the data do not distinguish 
among a large variety of possible molecular geometries. Some 
flattening of the molecule is expected, but the sign and mag

nitude of ./am and / a x are compatible with a range of geome
tries from flattened transoid (e.g., 4> ca 40°, vide supra) 
through to the cisoid conformation. 

Cope Rearrangement. Strategy. Exchange broadening of the 
1H NMR spectrum of 1 was not observed at temperatures up 
to 116 0C;2 hence, a method independent of the 1HNMR time 
scale was sought to detect the possible Cope rearrangement 
in the sym-oxepin oxide system. The specific generation of 
^w-2,7-dideuteriooxepin oxide (9) or of .sym-4,5-dideu-
teriooxepin oxide (10) would provide a means to detect the 
Cope rearrangement via the scrambling of the deuterium la
bels, 9 ŝ 10 (Scheme I). The labeling experiment would not 
rely on the observation of fluxional behavior of the 1H NMR 
spectrum and, thus, could detect a Cope rearrangement pro
ceeding at a rate much slower than that measured for the an
alogues 2 and 3. 

The specific generation of 9 seemed possible through a 
modification of the route to sym-oxepin oxide (1) which would 
give the dideuterioazo compound 8. The stereochemistry of the 
protio analogue of 8 follows unequivocally from its ' H NMR 
spectrum;2 the structure is that having one epoxide syn and the 
other anti to the azo bridge. The different orientations of the 
epoxides in the azo precursor 8 promised the means for the 
specific generation of the .yym-dideuteriooxepin oxide 9. 

Considerable attention has been directed toward the study 
of the participation of small rings in retrograde homo-Diels-
Alder reactions. In particular, many examples show striking 
rate accelerations for the retrograde homo-Diels-Alder re
action for compounds in which the "dienophile" departs anti 
to the methylene group of an assisting cyclopropane. In the 
series of azo compounds 11-14'5 the relative rates for nitrogen 
extrusion show impressively the efficiency of participation by 
the anti-fused cyclopropane (11) and the apparent lack of 
participation by the syn-fused cyclopropane (13): 11, kre\ = 
1.1 X 1017; 12, krd = 6.7 X 104; 13, krel = 8.8 X 102; 14, kTe] 
= 1.0. 

14 15 16 

Similarly, for the bridged ketones 15 and 1616 he partici
pation of the anti-fused cyclopropane (15) in the extrusion of 
carbon monoxide leads to a marked difference in the thermal 
stability of the two compounds: 15, ?i/2350°c = 89 min; 16, 
f | / 2 i50 .o°c = 8 2 m i n . 

The specific geometric requirement for effective cyclopropyl 
participation in the retrograde homo-Diels-Alder reaction was 
used in a stereospecific conversion of 1,3- to 1,4-dienes by 
Berson and Olin.17 Using a series of azo compounds they 
showed that in the retrograde homo-Diels-Alder reaction 
strong preference is manifest for a transition state in which 
nitrogen departs anti to the methylene group of the cyclopro
pane ring, even when the alternate transition state allowing syn 
departure of nitrogen is conformationally accessible and 
sterically favored. 

The participation of the cyclopropane ring in nitrogen ex
trusion reactions is envisioned by Jorgensen18 to occur through 
the mixing of the es type orbital of the cyclopropane with the 
unoccupied CT*CN orbitals between carbon and departing ni-
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11.0 

Figure 5. The mole fractions measured for 8 (A), 9 ( • ) , and 10(B), and 
the curves predicted from eq 4-6 using the nonlinear least-squares pa
rameters from Table I, for the kinetic run at 39.8 0C. 

trdgen. The overlap of the es and <T*CN orbitals is expected to 
be markedly reduced for cases where the cyclopropane is syn 
fused to the azo linkage; the participation of the cyclopropane 
is predicted and observed to be correspondingly reduced. 

Ample precedent thus indicated that the anti-fused epoxide 
of the dideuterioazo compound 8 would participate in a ni
trogen extrusion reaction (k\ » Zc4, Scheme I), selectively 
generating ^m-2,7-dideuteriooxepin oxide (9). By dissolution 
of 8 in DCCl3 at ambient temperatures2 we expected to observe 
loss of nitrogen (8 —>- 9) followed by the establishment of the 
equilibrium 9 <=> 10, now, due to isotopic labeling, no longer 
a degenerate Cope rearrangement. From the lack of exchange 
broadening of the 1H NMR spectrum of 1 at 116 °C2 we ex
pected the rate of the Cope rearrangement (A; 2 and £3, Scheme 
I) to be slower than, or comparable to, the rate for nitrogen 
extrusion2 (k\, Scheme I), thereby allowing these three rate 
constants to be measured. 

Synthetic Approach. Ideally, the chemistry developed for 
the synthesis of sym-oxepin oxide2 (1) could be used in the 
synthesis of the dideuterioazo compound 8 with only minor 
variations. The needed starting material for application of the 
sym-ox.pin oxide synthesis to the synthesis of the sym-di-
deuterio analogue(s) is 1,2-dideuteriobenzene oxide (7). By 
analogy to the benzene oxide synthesis,19 7, in turn, could be 
obtained from l,2-dideuterio-r/-a«5-4,5-dibromocyclohexene 
(6). The task at hand was the expeditious production of 6. The 
route adopted (Scheme I) contained one step for which the 
analogous protio transformation was unknown, the oxidative 
cleavage of anhydride 5 to the desired olefin 6. The transfor
mation was achieved, albeit in low yield (3%), by the action of 
Pb(OAc)4 in pyridine directly on the anhydride 5. Despite the 
low yield, the purification of 6 is not tedious and is efficiently 
accomplished by chromatography over silica gel (see Experi
mental Section). Thus, the route to the azo compound 8 begins 
with the formation of the adduct 420 of dideuteriomaleic an
hydride21 and butadiene; 4 is brominated according to the 
procedure for the protio material22 and the product 5 trans
formed to the dideuterioazo compound 8 by the sequence 
outlined in Scheme I. 

Method. The dideuterioazo compound 8 was liberated from 
its cuprous complex2 at —20 0C and was isolated as a white 

crystalline solid by low-temperature evaporation of its meth
ylene chloride solution. Rapidly prepared solutions of 8 in 
DCCI3 were stored at —78 0C until their use in the kinetic runs. 
The kinetics were done in a Varian XL-100 temperature reg
ulated probe at temperatures between ca. 15 and 40 0C.23 The 
progress of the reactions (k\, ^2, £3, and A4, Scheme I) was 
monitored by Fourier transform 1H NMR spectroscopy, using 
spectral parameters selected to allow accurate integration of 
the proton absorptions in 8,9, and 10. The spectra were stored 
on magnetic tape prior to plotting and integration to allow 
rapid accumulation of data at the higher temperatures. 

The kinetic expressions for nitrogen extrusion from 8 and 
for the subsequent Cope rearrangement can be written (cf. 
Scheme I) 

d [ 8 ] / d f » - * , [ 8 ] - * 4 [ 8 ] (1) 

d[9]/dr = *,[8] - fc2[9] + fc3[10] (2) 

d[10]/d/ = * 2 [9] -* 3 [10] + *4[8] (3) 

Expressing the concentrations of 8,9, and 10 as mole fractions, 
the rate expressions can be solved giving eq 4-6.24 

[g] = e-(ki + k4)(t-t0) (4) 

[ 9 ] = { [ * 3 / ( * 2 + * 3 ) ] [ l - e - ( * 2 + * 3 ) ( ' - ' 0 ) ] l 

+ { [ ( * l - * 3 ) / ( - * l + *2 + * 3 - * 4 ) ] 
X [e-(*l+*4)('-(0) - £-(*2+*3)('-<0)]} (5) 

[10] = 1 - [8] - [9] (6) 

In eq 4 and 5, time = t; to, a parameter to be determined, is the 
time at which [8] = 1 and [9] = [10] = 0.25 The data for [8], 
[9], and [10] from the kinetic runs at each temperature were 
fitted for the best values of k\, k% Zc3, Zc4, and ?o using nonlinear 
least-squares techniques. 

Results 
The retrograde homo-Diels-Alder reaction (k\ and Zc4, 

Scheme I) and the subsequent Cope rearrangement (Zc 2 and 
&3, Scheme I) display the general behavior shown for the 39.8 
0C run in Figure 5. For all kinetic runs, a close match is seen 
between the experimental concentrations of 8,9, and 10 and 
the concentrations predicted from eq 4-6 using the parameters 
k\,ki, &3, Zc4, and /0 derived by nonlinear least-squares fitting. 
The deviations of the measured concentrations from the cal
culated concentrations are well within the limits of error ex
pected from the integration of 1H NMR spectrum absorptions 
(ca. 5%) and show the measured concentrations to be com
patible with the kinetic behavior described by eq 4-6. The 
parameters for all of the kinetic runs, derived by nonlinear 
least-squares fitting of the measured concentrations to eq 4-6, 
are listed in Table I. 

The dependence of each rate constant on temperature (Table 
I) was used to determine the parameters for the Arrhenius 
equation, kx = Ae~Ei/RT(x = 1,2, 3, and 4). The values for 
A and £a, in turn, were used to calculate the enthalpy (A//*0) 
and the entropy (AS+0) of activation, through the use of ab-

Table I. Nonlinear Least-Squares Parameters and Experimental Conditions for the Kinetic Runs for the Reaction Sequence 8 -• 9 
(See Scheme I)" \ ^ 

N 1 0 

Temp, 0C* 

39.8 
30.0 
19.9 
14.8 

Zt1 X 10s, s_1 

415 ± 12 
96.1 ± 1.3 
22.1 + 0.2 
10.2+ 0.1 

/V2X 105, s_1 

78.3 ± 2.2 
22.6 ±0.6 

6.70 ± 0.12 
3.13 ± 0.08 

/t3x 105 ,s_ I 

62.6 ± 2.1 
18.0 + 0.6 

5.20 ± 0.15 
2.23 ± 0.12 

/C4X 10s, s_1 

7.3 ±4.8 
0.36 ± 0.75 
0.52 ± 0.12 
0.03 ± 0.06 

f o , S c 

+ 42 ± 8 
+ 27 ± 12 
- 6 2 ± 15 

-105 ± 33 

Longest t 
obsd, s 

13350 
25 920 
32 400 
48 960 

No. of 
spectral 

integrations 

49 
44 
48 
78 

a Error limits are standard deviations. b See ref 23. c See ref 25. 
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solute reaction rate theory.26 The activation parameters are 
tabulated (Table II). 

Discussion 

From the rate constant values and error estimates in Table 
I, the magnitude of Zc4 is calculated to be less than k \ /25 at the 
95% confidence limit. The values for fc4, however, are at the 
lower limit of sensitivity of our method of measurement (see 
error limits in Table I); the magnitude of ft4 may be much 
smaller. The observed values of the ratio k\/k^ indicate that 
the nitrogen extrusion occurs almost entirely by the process 
8 - 9 ( * , ) . 

Other representative aspects of the kinetic system are re
vealed by the concentration curves for 8,9, and 10 at 39.8 0C 
(Figure 5). Initially, the first-order decomposition of the azo 
compound 8 {k\ » ki) to the dideuteriooxepin oxide 9 leads 
to a sharp rise in the concentration of the latter species to a 
value well above that attained at equilibrium. The equilibrium 
9 s=i 10, at 39.8 °C, reaches the steady state ([9] = 0.44 mole 
fraction, [10] = 0.56 mole fraction) after ca. 5000 s, with an 
equilibrium constant, Areq

39'8°c = kjjk^ = 1.25, corresponding 
to a thermodynamic, secondary isotope effect of 1.12 per C-D 
bond. The magnitude of the isotope effect is similar to the value 
of 1.09 per C-D bond, at the same temperature, calculated for 
the Cope process, bia\\y\-],l,6,6-d4 <=> b\a\\y\-3,3,4,4-d ̂ 21 As 
with the biallyl system, the equilibrium between the sym-
dideuteriooxepin oxides 9 and 10 lies to the side of the species 
bearing the deuterium atoms adjacent to the C-C bond broken 
in the Cope rearrangement. In the process 10 —* 9 the breaking 
of the epoxide C-C bond is expected to be slowed by the deu
terium substitution, while a small acceleration for epoxide C-C 
bond formation is expected in the reverse process, 9 —«• 
10.27 

The activation parameters listed in Table II are of particular 
interest when compared to parameters found for compounds 
similar in structure to the azo compound 8 or to the sym-di-
deuteriooxepin oxides 9 and 10. The activation parameters for 
the loss of nitrogen from the azo compounds 11-14 have been 
reported:15-2811, £ a = 14.9 ± 1.5 kcal/mol, AS*0 = - 2 1 eu; 
12, £ a = 39.2 ± 0.3 kcal/mol, AS+° =+11 eu; 13, £ a = 41.4 
± 0.3 kcal/mol, AS*0 = +10.3 eu; 14, £ a = 44.6 ± 0.2 kcal/ 
mol, ASt0 = +10.5 ± 0.3 eu. In 11 and in similar azo com
pounds29 believed to decompose in a concerted fashion with 
a high degree of cyclopropyl participation, the energies of ac
tivation are relatively low, indicating a release of small ring 
strain in the respective transition states. Further, the entropies 
of activation are negative, despite the dissociative nature of the 
reactions, indicative of transition states more highly ordered 
than the respective reactant ground-state configurations. High 
bond order and low diradical character are expected in the 
transition states for these concerted reactions. In 12-14 de
creased bent bond character and/or geometrical restraints on 
small ring participation lead to an expected decrease or cur
tailment of bond-breaking concert, and, correspondingly, the 
activation energies are relatively high and the entropies of 
activation positive. For 12 the overlap between the small ring 
and the two breaking C-N bond orbitals has become suffi
ciently small that a diradical coupling product is seen in ad
dition to the cycloreversion product.30 Yet, in two 3,4-diaza-
bicyclo[4.2.0]octenes studied by Berson et al.,31 the rates for 
nitrogen extrusion are only slightly larger than that for 12 (a 
factor of ca. 5) but discrete diradical intermediates can be ruled 
out from the stereospecificity of product formation and the lack 
of diradical coupling products; the reactions here, as for 11, 
must be called "concerted". 

The term "concerted" seemingly applies to a broad range 
of nitrogen extrusion reactions showing a wide variation in the 
degree of transition state small-ring participation. The acti-

Table II. Activation Parameters for the Nitrogen Extrusion 
Reactions (8 -» 9 and 8 -+ 10) and for the Forward (9 -+ 10) 
and Reverse (10 -* 9) Cope Rearrangements" 

Reaction 

fci 
8 «-9 

hi 
9 — - 10 

fe3 
10 «-9 

fe4 

8 — - 10 

Log A 

16.12 ± 0.32 

12.81 ± 0.33 

13.23 ± 0.47 

18.77 ± 8.56 

kcal/mol 

26.5 ± 0.4 

22.8 + 0.4 

23.5 ± 0.6 

33.0 ± 11.7 

AH* 300 K> 
kcal/mol 

25.9 + 0.4 

22.2 ± 0.4 

22.9 ± 0.6 

32.4+ 11.7 

, 0 
AS 300 K> 

eu 

+13.2+ 1.5 

-1 .9 ± 1.5 

0.0 ± 2.2 

+25.4 ± 39.2 
a Error limits are standard deviations. The large relative errors in 

the values of kt (see Table I) cause imprecise determination of the 
activation parameters for the process 8 •- 10. 

vation energy gap between the concerted and the nonconcerted 
(diradical) mechanisms may become small when factors which 
decrease the overlap between the small ring and the orbitals 
in the breaking azo C-N bonds lead to a decreased participa
tion by the small ring. While the large-rate acceleration for 
nitrogen extrusion from 11 (vide supra) must be attributed to 
a large degree of cyclopropane C-C bond breaking in the 
transition state, a much smaller degree of small ring C-C bond 
breaking in the transition state could account for the stereo-
specificities in the cycloreversions of the 3,4-diaza-
bicyclo [4.2.0] octenes studied by Berson et al. or could account 
for the preferred opening of the anti-fused epoxide of the di-
deuterioazo compound 8. Clearly, product distribution is not 
a sensitive indicator of the degree of concert during cyclorev
ersion; the activation energy gap between concerted and di
radical mechanisms need not be large for the diradical derived 
products to drop below the levels of detection. 

The energy of activation for the process 8 —>• 9 seems to re
flect some release of strain in the transition state (cf. 11 and 
14). That a portion of the strain is released by some anti-fused 
epoxide C-C bond breaking in 8 is indicated by the predomi
nant formation of 9 in the retrograde homo-Diels-Alder re
action. The high AS*0 suggests, however, less concert (more 
diradical character) in the conversion 8 —* 9 than in nitrogen 
extrusion from 11, due, presumably, to a less efficient overlap 
in 8 of the anti-fused, small-ring, bent C-C bond with the or
bitals of the two breaking C-N bonds. The reduction in overlap 
can be expected from the shapes of the molecular orbitals in 
cyclopropane and oxirane32 and has been used by Grimme33 

to explain the differences in small-ring participation in the 
Cope rearrangement. The similar rates for nitrogen extrusion 
from 8 (fc,300°c + yt4

300°c = 9.65 ± 0.15 X 1O-4 s-1) and 
from its protio analogue2 (k29i°c = 9.51 ±0.15 X 1O-4S-1) 
suggest that, at most, a small, kinetic, secondary isotope effect 
exists for the nitrogen extrusion.34 A small, secondary isotope 
effect would corroborate the finding based on AS+° that only 
a small amount of epoxide C-C bond breaking has occurred 
in the transition state for 8 —>- 9. 

The kinetic data for the process 9 ^ 1 0 support the finding 
that the rates for Cope rearrangement follow the order 2 > 3 
> I.2,33 The free energies of activation calculated for the three 
processes reflect the rate differences: 2, AG10 = 14.6 ± 0.2 
kcal/mol;35-36 3, AG*0 =* 17 kcal/mol;4-37 9 — 10, AG+0 = 
22.8 ± 0.6 kcal/mol.36 

The principal contributor to the high AG+0 for the conver
sion 9 — 10 is A#t° (Table II). The magnitude of A#+° for 
the process 9 —• 10 can be attributed to the reduced bent bond 
character expected for the epoxides32 of 9 and 10 (cf. the cy-
clopropanes of 2 and 3). For Cope rearrangements in the series 
2, 3, and 9, bent bond character in the cyclopropane or epoxide 
C-C bonds will enhance the orbital overlaps required in the 
bond-breaking and bond-making steps leading from ground 
states to transition states. Stated more simply, ir character in 
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the small ring C-C bonds of 2, 3, and 9 will enhance cyclic 
bishomoconjugation in the Cope transition states. Hence, in 
the series 2, 3, and 9, decreasing bent bond character in the 
small ring ground states and the corresponding decrease of 
cyclic bishomoconjugation in the respective transition states 
may account for the observed trend of AG*0,s. 

Interestingly, the entropy of activation for the Cope process 
in homotropilidene (2), determined by line-shape analysis of 
the fluxional 1H NMR spectrum of the d% analogues,35 is —8.0 
± 0.3 eu, a value noticeably more negative than the —1.9 ± 1.5 
eu for the process 9 —• 10. Comparison of these figures, and 
of the errors inherent in their measurement, indicates that the 
AS*0 for .rym-oxepin oxide (1) is less negative than that for 
homotropilidene (2). The less negative AS*0 for the process 
9 —* 10 may be attributed to a transition state for Cope rear
rangement of 9 having less stringent geometrical constraints 
than those existing during Cope rearrangement of 2. In par
ticular, cyclic bishomoconjugation in the transition state for 
9 is expected to be less efficient than for 2 (vide supra). Con
sequently, deviations away from the geometry of optimal 
bishomoconjugation will raise the E& for Cope rearrangement 
of 9 less than similar deviations would raise the Ea for Cope 
rearrangement of 2.38 A lower AH^0 for 2 is achieved only at 
the expense of a more geometrically constrained transition 
state (more negative AS*0). 

As AS*0 reflects differences in ground-state and transi
tion-state entropies, the AS*0 for the process 9 -* 10 may also 
reflect a more constrained ground state in 9 than in 2. The 
presumed, flattened conformation (vide supra) for 9 may be 
less conformationally mobile, i.e., more rigid, than the 
ground-state conformation for 2.3 

Experimental Section 
1H NMR spectra (100 MHz) were obtained on a Varian HA-100 

or Varian XL-100 spectrometer. For all deuterated compounds the 
percent deuteration and the chemical shifts (downfield from internal 
Me4Si) for the residual protons at the positions of deuteration are 
reported; otherwise the 1H NMR spectra were identical with the 
spectra of the undeuterated analogues. Mass spectra were determined 
on an AEI MS-9 double-focusing, high-resolution, mass spectrometer 
and infrared spectra on a Perkin-Elmer 137 spectrometer. Melting 
points are uncorrected and were obtained on a Kofler hot stage. 

sym-Oxepin oxide (1) for use in the high-resolution ' H NMR studies 
was prepared using the method previously described.2'39 A sample of 
the azo precursor2 prepared from its cuprous complex (186.8 mg, 
approximately 0.7 mmol) was allowed to stand at ambient tempera
ture in CDCb-Me1^Si (basic alumina treated) solution until virtually 
complete conversion to .sym-oxepin oxide (1) had occurred (1.75 h, 
monitored by 1HNMR). The CDCl3-Me4Si solution of 1 was vacuum 
transferred at ambient temperature and 0.02 mmHg, thoroughly 
degassed by freeze-thaw techniques, and sealed in a 1H NMR sample 
tube under nitrogen; the final solution volume was approximately 0.3 
ml. 

Deuteration Sequence. For each compound the literature method 
for its preparation or for the preparation of its undeuterated analogue 
is referenced. 

Dideuteriomaleic anhydride21 used as starting material was 92% 
deuterated, as determined by 1H NMR using an internal refer
ence. 

cis-1,2-Dideuterio-3,6-dihydrophthalic anhydride (4)20 was 93% 
deuterated, as determined by the residual ' H NMR absorption at d 
3.43 (CDCl3). 

cis-1,2-Dideuterio- frans-4,5-dibromocyclohexanedicarboxylie acid 
anhydride (5)22 was 93% deuterated, as determined by the residual 
absorption at 5 3.66 (acetone-d6): mass spectrum (70 eV) small parent 
two Br triplet, m/e 312, 314, 316; ir (KBr) 1850, 1780, 945 cm"1; mp 
134-1360C. 

l,2-Dideuterio-rrans-4,5-dibromocyclohexene (6).40 The oxidative 
cleavage of 5 by Pb(OAc)4 was carried out in a four-neck reaction 
vessel connected to a vacuum manifold, equipped with a thermometer 
and a mechanical stirrer, and attached by means of Gooch tubing to 
a vessel containing Pb(OAc)4. To 5 (5.96 g, 19.0 mmol) was added 

dry pyridine (240 ml); the mixture was partially frozen (liquid ni
trogen bath); then the system was evacuated [including the Pb(OAc)4 
vessel by a separate connection to the vacuum manifold]. After 
thawing, but while still cold, the stirred pyridine solution was degassed 
by cycles of evacuation and filling of the system with argon. Under 
an argon atmosphere Pb(OAc)4 (Matheson Coleman and Bell) (34.08 
g, 77.0 mmol) was added in one portion through the Gooch tubing to 
the cold (— 19 0C) pyridine solution. The stirred heterogeneous mix
ture was heated by application of an oil bath at 54 0C. Once the in
ternal temperature had reached 47 0C (17 min of heating) the orange 
heterogeneous reaction mixture became homogeneous with the con
current, vigorous evolution of gas. The oil bath heating of the reaction 
was continued for an additional 5 min during which time the internal 
temperature rose to 52 0C and the mixture turned deep brown. The 
oil bath was removed and a liquid nitrogen cooling bath was applied 
until the internal temperature dropped below —20 0C. 

The cold reaction was quenched by pouring the mixture into cold 
37% aqueous HCl (240 ml) plus crushed ice (500 cc). The resulting 
suspension was thoroughly extracted with Et2O and the organic layers 
were pressure filtered through sintered glass to remove the suspended 
solids. The filtered extracts were combined and washed with 1 N HCl 
and then with saturated, aqueous NaHCO3. Drying of the organic 
layer (MgSO4) and removal of the Et2O by distillation (Vigreux 
column) gave a tan, oily solid which was chromatographed over ac
tivity III silica gel (75 g) (CH2Cl2 eluent). The dibromo olefin 6 was 
completely eluted by less than 200 ml of CH2Cl2 and was obtained 
by evaporation (Vigreux column) of the eluent; the yield was 143.3 
mg (3%) of 6. The 1H NMR spectra of 6 show a loss of deuterium 
content during the oxidative cleavage; the residual proton absorptions 
at 5 5.65 (CDCl3), in spectra from several reactions, indicate a deu
terium content ranging from 72 to 82%. The chromatographed di
bromo olefin 6 was used without further purification in the subsequent 
epoxidation to give l,2-dideuterio-fra/u-4,5-dibromocyclohexene 
oxide. 

1,2-Dideuteriobenzene Oxide (7).21939 l,2-Dideuterio-(/-a«.s-
4,5-dibromocyclohexene oxide produced by epoxidation41'42 of di
bromo olefin 6 was 77% deuterated, as determined by the residual ' H 
NMR absorption at 8 3.23 (CDCl3): mass spectrum (70 eV) small 
parent two Br triplet, m/e 256, 258, 260; ir (CHCl3) 2200, 1 170, 900 
cm-1. 

Dehydrobromination2-19 gave 7 which was 74% deuterated, as de
termined by the residual 1H NMR absorption at 5 5.07 (CDCl3). 

Dideuterioazodiepoxide 8.2 The adduct2 of dideuteriobenzene oxide 
7 with bis(trichloroethyl)azodicarboxylate was 77% deuterated, as 
determined by the residual 1H NMR absorptions at 6 3.78 and 3.56 
(CDCl3); mass spectrum (70 eV) parent six Cl cluster, m/e 474, 476, 
478, 480, 482, 484, 486; ir (KBr) 1760, 1730 cm"1; mp 143-145 
0C. 

Epoxidation of the dideuterio adduct to give the corresponding 
diepoxide was achieved by the method described for the protio ana
logue;2 the diepoxide was 76% deuterated, as determined by the re
sidual 1H NMR absorption at <5 3.72 (CDCl3): mass spectrum (70 eV) 
parent six Cl cluster, m/e 490, 492, 494, 496, 498, 500, 502; ir (KBr) 
1775, 1725 cm"1; mp 189.0-190.5 0C. 

Deprotection and oxidation2 gave 8 as its cuprous complex:2 ir 
(KBr) 1465 cm-1. 

The dideuterioazodiepoxide 8 was isolated at low temperature by 
the procedure detailed for the undeuterated material.2 The epoxide 
proton absorptions at <5 3.50 and 3.40 (CDCl3, probe temperature -20 
0C) had intensities in the ratio of 23:100, indicating 77% deuteration 
of the anti-fused epoxide. 

Kinetic Runs. Generation of the Dideuteriooxepin Oxides 9 and 10.w 

For each kinetic run, dideuterioazodiepoxide 8 (5.9-7.6 mg, 
0.042-0.054 mmol) was rapidly dissolved and transferred to a 'H 
NMR sample tube with CDCl3 (350 ix\, basic alumina treated). The 
sealed sample tube was stored at —78 0C until its use in the kinetic 
run. To initiate each run, the sample tube was removed from the -78 
0C bath and inserted in a Varian XL-100 spectrometer probe pre-
equilibrated to the desired temperature.23 The sample remained in 
the temperature-regulated probe throughout each run and the progress 
of the reactions was monitored by Fourier transform pulse spectros
copy. The spectral parameters utilized (16 approximately 45° ra-
diofrequency pulses; acquisition time of 2 s) gave relative peak in
tensities which were the same obtained in spectra using a 30-s delay 
between radiofrequency pulses. 

The progress of the cycloreversion, 8 -* 9, was monitored by the 

Journal of the American Chemical Society / 98:20 / September 29, 1976 



6359 

ratio of the intensity of the bridgehead protons of 8 (<5 6.08) to the 
intensity of the corresponding protons (at C3 and C6) in the sym-
oxepin oxides (5 5.14). The progress of the Cope rearrangement, 9 <=± 
10, was monitored by the increase in the intensity of the sym-dideu-
teriooxepin oxide residual proton absorptions at 5 6.33 (protons at C2 
and C7) relative to the absorption at e> 5.14 (protons at the undeuter-
ated positions, C3 and C6), applying the appropriate correction for 
the percentage of deuteration. The sym-oxepm oxides 9 and 10 were 
75% deuterated, as determined by the residual proton absorptions at 
S 3.33 and 6.33. 

Acknowledgments. Special thanks are extended to Professor 
R. B. Woodward for his generous support and guidance, to 
Professors M. Karplus and B. D. Sykes for their encourage
ment and valuable discussions, to Drs. J. M. Fitzpatrick, W. 
E. Hull, and S. L. Patt for their expert technical assistance, and 
to Dr. R. W. Burchfield for his help in the analysis of the ki
netic data. W.H.R. gratefully acknowledges a National 
Science Foundation predoctoral fellowship (1972-1975), and 
partial support from the donors of the Petroleum Research 
Fund, administered by the American Chemical Society; 
D.D.H. gratefully acknowledges a National Institutes of 
Health traineeship (1972-1976). 

References and Notes 

(1) Address correspondence to this author at the Department of Chemistry, 
Massachusetts Institute of Technology, Cambridge, Mass. 02139. 

(2) W. H. Rastetter, J. Am. Chem. Soc, preceding paper in this issue. 
(3) P. Bischof, R. Gleiter, E. Heilbronner, V. Hornung, and G. Schroder, HeIv. 

CNm. Acta, 53, 1645 (1970). 
(4) H. Klein, W. Kursawa, and W. Grimme, Angew. Chem., Int. Ed. Engl., 12, 

580(1973). 
(5) W. von E. Doering and W. R. Roth, Angew. Chem., Int. Ed. Engl., 2, 115 

(1963). 
(6) A. A. Bothner-By and S. Castellano, Department of Chemistry, Carnegie-

Mellon University, Pittsburgh, Pa. 15213. 
(7) C. W. Kort and P. J. van der Haak, Laboratory of Organic Chemistry, Am

sterdam University, Amsterdam, The Netherlands. 
(8) M. Karplus, J. Chem. Phys., 30, 11 (1959). 
(9) H. Gunther, H. Klose, and D. Cremer, Chem. Ber., 104, 3884 (1971). 

(10) E. W. Garbisch, Jr., J. Am. Chem. Soc, 86, 5561 (1964). 
(11) Dihedral angles measured from Dreiding models; angles expected to be 

accurate to within 5° 
(12) L. M. Jackman and S. Sternhell, "Applications of Nuclear Magnetic Res

onance Spectroscopy in Organic Chemistry", 2d ed, Pergamon Press, New 
York, N.Y., 1969, Chapter 4-2. 

(13) (a) K. Tori, T. Komeno, and T. Nakagawa, J. Org. Chem., 29, 1136 (1964); 
(b) H.-J. Altenbach and E. Vogel, Angew. Chem., Int. Ed. Engl., 11, 937 
(1972); (C) D. B. Borders and J. E. Lancaster, J. Org. Chem., 39, 435 
(1974). 

(14) H. Gunther, Z. Naturforsch. B, 24, 680 (1969). 
(15) E. L. Ailred and K. J. Voorhees, J. Am. Chem. Soc, 95, 620 (1973), and 

references cited therein. 
(16) B. Halton, M. A. Battiste, R. Rehberg, C. L. Deyrup, and M. E. Brennan, J. 

Am. Chem. Soc, 89, 5964 (1967). 
(17) J. A. Berson and S. S. Olin, J. Am. Chem. Soc, 91, 778 (1969). 

(18) W. L. Jorgensen, J. Am. Chem. Soc, 97, 3082 (1975). 
(19) E. Vogel and H. Gunther, Angew. Chem., Int. Ed. Engl., 6, 385 (1967). 
(20) (a) D. E. Van Sickle and J. O. Rodin, J. Am. Chem. Soc, 86,3091 (1964); 

(b) A. C. Cope and E. C. Herrick, lbid.,72, 983 (1950). 
(21) C. Di Lauro, S. Califano, and G. Adembri, J. MoI. Struct, 2, 173 (1968). 
(22) V. F. Kucherov, A. L. Shabanov, and A. S. Onishchenko, Bull. Acad. Sci. 

USSR, DIv. Chem. ScL, 763 (1963). 
(23) The Varian XL-100 variable temperature accessory is specified to hold 

temperature constant to within ±2 0C. The maximum variation recorded 
between the initial temperature and the temperature upon completion of 
any kinetic run did not exceed 0.4 0C (temperatures measured by probe 
thermometer). 

(24) The rate law for 8 (eq 1) depends only on [8]; eq 4, hence, represents the 
unimolecular N2 extrusion from azo compound 8. The rate law for 9 (eq 
2) can be solved by utilizing the known dependence of [8] upon time (eq 
4) and the mass balance requirement (eq 6). Substitution of eq 4 and 6 into 
eq 2 leads to a rate expression for [9] involving the concentration of only 
species 9: 

d[9]/df = (Zf1 - fc3)e-t("i+*4Xf-'o)l - (^2 + ^3)[9 ] + ^3 ( 7 ) 

Equation 5 is obtained from eq 7 by (a) multiplication of eq 7 by the inte
gration factor ei<k2+*3)<'_'(>)l, (b) integration from initial time (f = (0)to ob
servation time, and (c) division of the resultant equation by the factor 
el<k2+k3Xt-Ml. 

(25) The time t is the time elapsed before each observation and is measured 
from the time of initial warming of the sample. A small correction to t, to, 
is made to account for (a) time for dissolution of 8 in CDCI3 prior to cooling 
to —78 0C, (b) time for sample warming from —78 0C to probe temperature, 
and (c) time for spectroscopic observation (16 rf pulses at an acquisition 
time of 2 s). 

(26) See, for example, F. Daniels and R. A. Alberty, "Physical Chemistry", Wiley, 
New York, N.Y., 1966, p 613. 

(27) K. Humski, R. Malojcic, S. Borcic, and D. E. Sunko, J. Am. Chem. Soc, 92, 
6534(1970). 

(28) Although the authors do not quote error estimates for the values of AS*° 
for compounds 11-13, the method of measurement is expected to yield 
values of AS*° with inherent errors less than 2 eu. 

(29) E. L. Ailred and A. L. Johnson, J. Am. Chem. Soc, 93, 1300 (1971). 
(30) E. L. Ailred and J. C. Hinshaw, Tetrahedron Lett., 387 (1972). 
(31) J. A. Berson, E. W. Petrillo, Jr., and P. Bickart, J. Am. Chem. Soc, 96, 636 

(1974). 
(32) W. L. Jorgensen and L. Salem, "The Organic Chemist's Book of Orbitals", 

Academic Press, New York, N. Y., 1973, pp 154, 160. 
(33) H. Klein and W. Grimme, Angew. Chem., Int. Ed. Engl., 13, 672 (1974). 
(34) Each rate is determined from a single kinetic run. The difference between 

30.0 and 29.8 0C is less than the expected temperature fluctuations during 
each kinetic run (see ref 23). 

(35) H. Gunther, J. B. Pawliczek, J. Ulmen, and W. Grimme, Angew. Chem., Int. 
Ed. Engl., 11,517(1972). 

(36) Calculated from Atf*° and AS*0 at 353 K (80 0C), the approximate 1H NMR 
spectrum coalescence temperature for compound 3 (see ref 4). 

(37) Although the authors do not quote an error estimate for the value of AG*° 
for compound 3, the method of measurement is expected to yield a value 
of AG*0 with an inherent error less than 1 kcal/mol. 

(38) By analogy to the rearrangements of 235 and 3,4 the conformation for op
timal bishomoconjugation in the Cope rearrangement transition state for 
sym-oxepin oxides is assumed to be the cisoid conformation 1b. 

(39) All glassware used in the preparation or handling of the sym-oxepin oxides, 
1, 9, and 10, and of benzene oxide-oxepin (7) was base treated.2 

(40) J. P. Wibaut and F. A. Haak, Reel. Trav. ChIm. Pays-Bas, 67, 85 (1948). 
(41) G. J. Kasperek and T. C. Bruice, J. Am. Chem. Soc, 94, 198 (1972). 
(42) We found the 15-h reaction time used for epoxidation by Bruice et al.41 to 

be unnecessarily long; epoxidation by m-chloroperoxybenzoic acid in re-
fluxing chloroform is complete after 30 min (solution approximately 0.5 
M in olefin and in peracid). 

Haas, Rastetter / sym-Oxepin Oxide 


