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sulting crystalline mass (35 mg, 96%) was identical with that of au-
thentic 2;% none of the 5'R isomer 1 was detected, even with the very
high signal-to-noise ratio resulting from prolonged spectral accu-
mulation.

6,5'(8)-Cyclo-1-(8-D-xylofuranosyl)uracil (16) and 6,5'(R)-
Cyclo-1-(8-D-xylofuranosyl)uracil (14). Sodium cyanoborohydride
(40 mg, 0.64 mmol) was added to a suspension of 11 (150 mg, 0.53
mmol) in a mixture of water, acetic acid, and methanol (1:1:1, 6 mL).
The mixture was stirred and warmed briefly to ~40 °C to effect dis-
solution and then cooled to room temperature. The reduction was
monitored by the disappearance of the 310-nm peak of 11 and the
appearance of absorption at 268 nm, a process that was complete after
~3.5 h. The solution was deionized by passage through an excess of
Dowex 50 (H*), the eluate and washings were concentrated to dryness,
and methanol was repeatedly evaporated from the residue. The NMR
spectrum (MesS0-dg) of the residue showed compounds 14/16 in a
ratio of 1:5. Pure 14 (80 mg) was obtained by crystallization of the
residue from hot 80% ethanol: mp 246-248 °C; UV Amax (H20) 268 nm,
Amin 233 nm; Apax (pH 9) 266 nm, A, 241 nm.

Anal. Caled for CgH19N2Og (mol wt 242.19): C, 44.63; H, 4.16; N,
11.57. Found: C, 44.56; H, 4.14; N, 11.47.

A further sample of 14 (30 mg) and pure 16 (10 mg) was obtained
by fractionation of the residue by preparative TLC (CHsCly,/MeOH,
8:1; triple development). Compound 16 crystallized from aqueous
ethanol: mp 250-253 °C dec, darkens and shrinks above 230 °C; UV
Amax (H20) 271 nm, Amin 237 nm; Apax (pH 10) 270 nm, Apin 245
nm.

Anal. Calcd for CgH19N2Og (mol wt 242.19): C, 44.63; H, 4.16; N,
11.57. Found: C, 44.86; H, 4.14; N, 11.36.

6,5'(S)-Cyclo-3',5'-O-isopropylidine-1-8-D-xylofuranosyl)-
uracil (15). A suspension of 16 (54 mg, 0.22 mmol) in acetone (3 mL)
containing 15 mg of p-toluenesulfonic acid monohydrate and 0.1 mL
of 2,2-dimethoxypropane was stirred rapidly at room temperature.
The slow dissolution of 18 (~1 h) was followed by the appearance of
crystalline 15. After 3 h, the crystals (27 mg) were removed and washed
with cold acetone. The filtrate was diluted with 0.1 mL of water, solid
sodium bicarbonate was added, and the mixture was filtered. The
filtrate was evaporated to dryness, and a solution of the residue in
methanol was applied to a preparative TLC plate. After development
(EtOAc), the appropriate zone was removed, the silica was extracted
with ethyl acetate, and the filtrate was concentrated to dryness.
Crystallization from 90% acetone afforded 20 mg (total yield 75%) of
15: mp 265-266 °C, UV Apax (H20) 269.5 nm, Apin 233 nm; Ayax (pH
10) 270 nm, Apin 243 nm.

Anal. Caled for C1oH14N2Og (mol wt 282.25): C, 51.07; H, 5.00; N,
9.93. Found: C, 51.24; H, 5.05; N, 9.89.

Registry No.—1, 59728-02-8; 2, 59686-60-1; 12, 59686-58-7; acetic
acid, 64-19-7; diazomethane, 334-88-3; methyl iodide, 74-88-4;
phenylhydrazide, 100-63-0; 2,2-dimethoxypropane, 77-76-9.
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The title compound (5) can be prepared by photosensitized dimerization of 1,2-dimethyl-3,4-dimethylenecyclo-
butene (1) to anti-1,2,5,6-tetramethyl-3,4,7,8-tetramethylenetricyclo[4.2.0.028] octane (2), followed by flow system
pyrolysis of 2 at 380 °C. At lower temperatures an intermediate, 1,2,5,6-tetramethyl-3,4,7,8-tetramethylenecy-
cloocta-1,5-diene (3), can be isolated. On direct or sensitized photolysis of 3, 5 is also obtained. The photochemistry
of 2 has been explored, and its fragmentation to 1 on direct irradiation is discussed. The photosensitized dimeriza-
tion of 1 to 2 is also discussed and interpreted in favor of a frontier orbital mode! for predicting the products of such

reactions.

As an intermediate in a proposed synthesis, we required
1,2:5,6-bis(ethano)cyclooctatetraene (4, R = H) or a simple
derivative thereof. Attempts to convert 1,2:5,6-bis(ethano)-

0022-3263/78/1943-0486$01.00/0

cycloocta-1,5-diene? to the tetraene proved fruitless, and so
we investigated the route to 4, R = CHs, shown in Scheme L.
Our synthesis began with the photochemical dimerization of
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Scheme I

/h,_> __(

~—{

R R

R R
2, _h_< 4
3

=

5

1,2-dimethyl-3,4-dimethylenecyclobutene (1).3 Although this
step and the next—the thermal cleavage of the photodimer
(2) to 1,2,5,6-tetramethyl-3,4,7,8-tetramethylenecycloocta-
1,5-diene (3)—-both proceeded successfully,* photolysis of 3
gave, instead of 4, 1,2,5,6-tetramethyl-3,4,7,8-tetrameth-
ylenetricyclo[3.3.0.028Joctane (5). While the failure of thelast
step precluded the utilization of Scheme I for the preparation
of 4, this route did afford a serendipitous synthesis of 5, a
compound whose chemistry® was to provide the key to un-
derstanding the chemical consequences of orbital interactions
in compounds containing unsaturatively 1,3-bridged cyclo-
butane rings.® We report herein details of this synthesis of 5
and discuss the thermal and photochemical behavior of the
intermediates.

Results and Discussion

It was with some trepidation that we carried out the pho-
tosensitized dimerization of 1, since there are a total of nine
products that might be reasonably expected to result from this
reaction. Indeed, in the sensitized irradiation of 1,2-dimeth-
vlenecyclobutane three of the four possible dimers are ob-
tained as primary photoproducts and the fourth is formed as
the result of a Cope rearrangement of one of these, when pu-
rification of the dimer mixture by GLC is attempted.2 How-
ever, the HOMO and, since 1 is an AH,” the LUMO of 1 both
have coefficients of the largest magnitude at C-1 and C-2.
Thus, it seemed reasonable to expect that upon sensitized
photolysis of 1 the excitation would be localized principally
at these atoms of the ring, rather than in the exocyclic double
bonds. Moreover, frontier molecular orbital theory predicts
ground state 1 to be most readily attacked at these ring car-
bons, again because both the HOMO and LUMO have coef-
ficients of the largest magnitude at these atoms.® Therefore,
there was some reason to hope that the photodimerization of
1 might be regioselective and lead principally to 2 or to its syn
stereoisomer.

In the event, when 1 was irradiated through Pyrex in a
benzene solution, containing sufficient benzophenone to ab-
sorb 99% of the light, a single dimeric product was obtained
after chromatography of the crude photolysate over alumina.
The TH NMR spectrum of the crystalline product showed four
equivalent methyl groups and four equivalent vinyl groups,
thus indicating the gross structure 2 for the dimer. The
stereochemistry was established as anti by reduction of the
dimer to anti-octamethyltricyclo[4.2.0.025]octadiene (6), a
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reaction which could be carried out either by hydrogenation
over a 5% Pd/C catalyst® or with lithium in ammonia-tetra-
hydrofuran—tert-butyl alcohol. The melting point (125 °C)
of the reduction product was in good agreement with that (127
°C) reported for the anti-octamethyltricyclooctadiene (6)102
but not with that (196 °C) of the syn isomer.1% The 'H NMR
spectrum of the reduction product in CDCl; showed two sin-
glets of equal area at § 0.91 and 1.56, in excellent agreement
with the spectrum of an authentic sample of 6,19 but different
from that of the syn compound (6 0.99 and 1.49), which we
prepared by the literature procedure! for comparison.

6

The structure of the photodimer (2) formed on sensitized
irradiation of 1 is of some theoretical interest, for despite the
steric hindrance afforded by the methyl groups attached to
the endocyclic double bond of 1, the gross structure of 2 is in
accord with the prediction based on analysis of the frontier
MO’s of 1. Usually, however, the products of sensitized pho-
todimerization reactions are rationalized by the principle of
formation of the most stable diradical intermediate.!' For
instance, in the sensitized photodimerization of dienes the
most stable diradical is that which results from bonding be-
tween the terminal atoms of the excited triplet and the ground
state diene. However, the formation of the same diradical is
predicted by frontier orbital analysis, since the HOMO and
LUMO of a diene have their largest coefficients at the terminal
atoms. Although frontier orbital analysis and the principle of
formation of the most stable diradical make the same pre-
diction regarding the intermediate initially created by the
sensitized photolysis of dienes (and, more generally, of linearly
conjugated polyenes), these two models differ in their pre-
diction of the diradical involved in the photosensitized di-
merization of 1. As noted above, frontier orbital analysis
predicts 7 to be the diradical intermediate in this reaction,
while the more stable diradical is 8.12 Thus, this reaction offers
a test of the two different models, and from the product (2)
actually obtained, it is apparent that the frontier MO model
is the one that provides the correct prediction.

While the frontier orbital model does correctly predict the
regiochemistry of the dimer (2) formed from 1, it fails to an-
ticipate the observed stereochemistry. Secondary orbital in-
teractions should give rise to formation of the syn rather than
the anti dimer, for maximum overlap of the lower and upper
of the two singly occupied MO’s in the excited molecule of 1
with, respectively, the HOMO and LUMO of the ground-state
molecule, should favor a geometry leading to dimer with syn
stereochemistry.8 Presumably steric effects are responsible
for formation of the anti dimer (2), and assuming that frontier
orbital analysis provides the correct explanation of the dimer’s
regiochemistry, one concludes that secondary orbital inter-
actions must be of lesser importance than such steric effects
in the transition state for the photosensitized dimerization
of 1,

Although the formation of 2 in this reaction was of theo-
retical interest for the reasons outlined above, the practical
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(b) At 380 °C to 1,2,5,6-Tetramethyl-3,4,7,8-tetramethylene-
tricyclo[3.3.0.026]octane (5). A sample of 2 was pyrolyzed as de-
scribed above, except that the temperature of the column was 380 °C.
The NMR spectrum of the residue after solvent evaporation showed,
in addition to a small amount of unresolved absorption in the aliphatic
region, 6 0.70 (s, 12 H), 4.83 (s, 4 H), 5.48 (s, 4 H).

(c) At 300 °C to a Mixture of 3 and 5. A sample of 2 was pyrolyzed
at 300 °C as described above. The NMR of the crude pyrolysate
showed it to consist of an approximately 1:1 mixture of 3 and 5. The
products were separated by preparative GLC on a 0.375 in. X 10 ft
column of 20% Carbowax 20 M on Chromosorb W. At 170 °C and a
flow rate of 180 mL/min two peaks appeared with retention times of
10 and 17 min. These were collected and their NMR spectra were
recorded. From the spectra the crystalline material with the shorter
retention time was identified as 5 and the oily compound with the
longer retention time as 3. (Compound 5 appeared to polymerize at
about 100 °C, so a melting point could not be determined). The UV
spectrum (hexane) of 3 showed a single broad absorption with Amax
240 nm (log € 4.1), while that of 5 showed fine structure with Apax 241
nm (log € 4.0), 248 nm (log € 4.1), and 259 nm (log ¢ 3.9). Exact masses
caled for CigHag. 212.1565. Found: 212.1586 for 3 and 212.1630 for
5.

(d) By Injection into a GLC Instrument. Pure samples of 3 or
5 could be obtained by injection of 2 into a GLC instrument. At a
column temperature of 160 °C 3 was the product collected. However,
at 210 °C 5 was the principal product. The Carbowax column de-
scribed above was used for preparing 3 in this way, while the SE-30
column was used for 5.

Pyrolysis of 3 to 5. A sample of 3, prepared by pyrolysis of 2 at 240
°C, was repyrolyzed in the flow system at 380 °C. The product was
identified by NMR as 5.

Photolysis of 3 to 5. (a) Direct. To a quartz NMR tube was added
a solution of 20 uL of 3 in 0.5 mL of hexane. After degassing for 0.75
h, as described above, the solution was irradiated with a 450-W Ha-
novia high-pressure lamp for 0.5 h. Evaporation of the solvent left a
slightly off-white crystalline solid, which was identified by NMR as
5

(b) Sensitized. To a Pyrex NMR tube was added a solution of 20
uL of 3 and 5 mg of benzophenone in 0.5 mL of benzene. After de-
gassing for 1 h, the solution was irradiated through a Pyrex filter with
a 450-W Hanovia high-pressure lamp. After 0.5 h the NMR spectrum
showed clean and total conversion to 5.

Reduction of 5 with Lithium in Ammonia-
Tetrahydrofuran-tert-Butyl Alecohol. The reduction of 26 mg of
5 was carried out essentially as described above for 2, except that the
reaction was quenched by adding saturated ammonium chloride so-
lution until the blue color was discharged before allowing the reaction
mixture to warm. The product isolated was a colorless oil whose NMR
spectrum (CDCl;) showed a well resolved but complex series of sharp
absorptions § 0.8-1.2, a broad singlet with some fine structure 6 1.6,
and a broad unresolved absorption § 2.2-2.6. Integration gave the
relative areas as 6:6:1. The mass spectrum of the product showed the
molecular ion at M*/e 218, confirming the addition of three moles of
hydrogen. Analytical GLC on a 0.25 in. X 10 ft column of 5% Carbowax
20 M at 100 °C and a flow rate of 60 mL/min showed three peaks with
retention times 10.5, 13.6, and 15.7 min and relative areas of ap-
proximately 1:2:1.

Reduction of Octamethylsemibullvalene (10). A 40-mg sample
of 10?72 prepared by the literature procedure38 was reduced under the
same conditions as 5. The NMR and the mass spectrum of the product
and its GLC trace were all superimposable upon those obtained from
the product of the reduction of 5.
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however, was only the first of several apparently anomalous
aspects of the chemistry of 5 that we encountered.?

The rearrangement of tricyclo[3.8.0.0%6]octa-3,7-diene to
semibullvalene suggested a chemical method for proving the
structure of 5. Conversion of the exocyclic methylene groups
of 5 into endocyclic double bonds should trigger rearrange-
ment to a derivative of semibullvalene. Therefore, we inves-
tigated the reduction of 5. Hydrogenation of 5 over a Pd/C
catalyst, unlike the case in the reduction of 2, proceeded 1,2
instead of 1,4. Consequently, 5 was reduced using lithium in
a mixture of tetrahydrofuran, ammonia, and tert-butyl alcohol
at —30 °C. The material isolated was not, however, octa-
methylsemibullvalene (10) but a mixture of octamethylbicy-
clo[3.3.0Joctadienes, apparently resulting from a further
two-electron reduction of 10. This result might have been
anticipated, since Schréder has reported the analogous re-
duction of bullvalene under similar conditions.2! Indeed, when
octamethylsemibullvalene (10) was itself subjected to the
conditions of the reaction, the crude product mixture showed
the identical "H NMR spectrum and GLC trace as the mixture
of products obtained from reduction of 5. It seems plausible,
therefore, that under the reaction conditions 5 is, in fact, re-
duced to octamethyltricyclo[3.3.0.028]octa-3,7-diene (9),
which rearranges to 10, and that 10 then undergoes a further
two-electron reduction to give the observed products. If this
is actually the course taken by the reaction,?3 it indicates that
9 rearranges at a somewhat lower temperature (—30 °C) than
the parent tricyclo[3.3.0.026]octa-3,7-diene, which apparently
can be distilled at 0 °C.3°

Another obvious method for converting the exocyclic
methylenes of 5 into endocyclic double bonds is a Diels—Alder
cycloaddition reaction. Besides providing further chemical
proof of the structure of 5, such a reaction labels the positions
of the endocyclic double bonds present in the tricycloocta-
diene that is expected to be formed initially. This labeling
allowed a test of a proposed explanation for the rapid rear-
rangement of tricyclo[3.3.0.028]octa-3,7-dienes, involving a
symmetry-allowed .2, + ,2, pathway from them to semi-
bullvalenes.3¢ The results of our studies of the cycloaddition
reactions of 5 and the conclusions drawn from them are con-
tained in the accompanying paper.5

Experimental Section

1,2-Dimethyl-3,4-dimethylenecyclobutene (1).35 To a 100-mL
round bottom flask equipped with a magnetic stirrer and reflux
condenser was added 17.9 g of 3,4-dichlorotetramethylcyclobutene36
and 38 g of quinoline. The mixture was heated at 120 °C under ni-
trogen for 0.5 h until two layers separated. Upon cooling, the lower
layer solidified. The upper layer was decanted, water was added to
the lower layer, and the resulting solution was extracted with hexane.
The hexane extracts and the upper layer were combined and distilled
under aspirator pressure. A colorless liquid, boiling at 35-40 °C, was
collected and amounted to 6.2 g (60% yield). its NMR spectrum
(CDCl3) showed: 5 1.85 (s, 6 H), 4.44 (s, 2 H), 4.53 (s, 2 H); UV (hexane)
Amax 245 nm (log ¢ 3.8). Exact mass caled for CgHjo: 106.0783. Found:
106.0800.

anti-1,2,5,6-Tetramethyl-3,4,7,8-tetramethylenetricyclo[4.-
2.0.025)octane (2). In 60 mL of benzene was dissolved 0.8 g of ben-
zophenone, and the solution was degassed in a photolysis well by
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bubbling nitrogen slowly through it for 2 h. After addition of 2.0 g of
1, degassing was continued for another 0.5 h. The solution was pho-
tolyzed through a Pyrex filter with a 450-W Hanovia high-pressure
lamp for 4 h. Although monitoring the reaction by NMR showed some
starting material was still present, longer irradiation led to loss of
product and lower overall yields. Upon termination of the photolysis,
the solvent was removed under reduced pressure and the residue
chromatographed over 30 g of neutral alumina, using pentane to elute
the column. The product was collected in the first 50-75 mL. Evap-
oration of the solvent gave 0.9 g of off-white cyrstalline material; NMR
(CDCl3) 6 1.05 (s, 12 H), 4.70 (s, 4 H), 5.27 (4 H); UV (hexane) Amax
243 nm (log ¢ 4.1). If the product was not stored under nitrogen at —78
°C, it decomposed, apparently to a polymer.3” Polymerization also
occurred rapidly when the crystals were heated to about 100 °C, so
a melting point could not be obtained. Exact mass caled for C1gHoo:
212.1565. Found: 212.1558.

Reduction of 2 to anti-Octamethyltricyclo[4.2.0.025]octa-
3,7-diene (6). (a) Catalytically. A solution of 93 mg of 2 in 3 mL of
ethyl acetate was hydrogenated at room temperature and atmospheric
pressure over 14 mg of a 5% palladium on carbon catalyst. During the
course of 0.75 h 2 mol equiv of hydrogen were taken up. Filtration and
evaporation of the solvent left 90 mg of colorless crystalline material.
The product, after purification by recrystallization from methanol
and/or sublimation, had an NMR spectrum (CDCl3) that consisted
of two singlets of equal area at § 0.91 and 1.56 (1it.19¢§ 0.89 and 1.54).
Material of the highest melting point was obtained by purifying the
crude product by preparative GLC at 180 °C on 2 0.375in. X 10 ft
column of 20% SE-30 on Chromosorb W. Only one major peak was
observed with a retention time of 8.5 min at a flow rate of 180 mL/min.
The crystals that were collected melted very sharply at 125 °C (lit.102
127 °C).

(b) With Lithium, To a 250-mL flask, equipped with an actone~
dry ice condenser and a magnetic stirrer, was added 100 mg of lithium
pieces under a nitrogen atmosphere. The flask was cooled in an ace-
tone—dry ice bath and 50 mL of ammonia was distilled through a KOH
trap and condensed in the reaction flask. Then 25 mL of tetrahy-
drofuran (distilled from lithium aluminum hvdride) and 10 mL of
tert-butyl alcohol (distilled from sodium) were added by syringe.
Finally, 55 mg of 2 in 2 mL of tetrahydrofuran was added by syringe
to the refluxing, stirred, blue solution. After 2 h the cold bath was
removed and after another 0.5 h the reaction was quenched by adding
a saturated aqueous solution of ammonium chloride until the blue
color was discharged. Water and ether were added to the flask, which
was allowed to stand at room temperature and then at 60 °C for 1 h
to complete the removal of the ammonia. Further ether was added,
the two layers were separated, the aqueous phase was extracted with
more ether, and the organic layers were combined, washed with water
and brine, and dried over magnesium sulfate. Removal of the solvent
on a rotary evaporator left an oily solid, which was recrystallized from
methanol and sublimed at 5 X 1073 Torr at a bath temperature of 75
°C. The NMR spectrum of this material was identical with that pre-
pared by catalytic reduction of 2.

Photolysis of 2. (a) Direct. To a quartz NMR tube was added a
solution of 20 mg of 2 in 0.5 mL of cyclohexane. The solution was de-
gassed for 0.75 h by bubbling nitrogen slowly through it via a syringe
needle that penetrated the septum with which the tube was capped.
A shorter needle provided an outlet for the nitrogen. The needles were
withdrawn and the NMR tube was irradiated with a 450-W Hanovia
high-pressure lamp. After 1.5 h an NMR spectrum of the contents of
the tube showed roughly 50% reversion of 2 to 1,2-dimethyl-3,4-
dimethylenecyclobutene (1).

(b) Sensitized. To a Pyrex NMR tube was added a solution of 50
mg of 2 and 5 mg of benzophenone in 0.75 mL of benzene. After de-
gassing, as described above, the tube was irradiated through a Pyrex
filter with a 450-W Hanovia high-pressure lamp. A steady decrease
in the concentration of 2 was observed by NMR with an attendant
increase of a broad unresolved absorption in the aliphatic region. No
trace of 1 was detectable. The disappearance of 2 was nearly complete
after 1.5 h of irradiation.

Pyrolysis of 2. (a) At 240 °C to 1,2,5,6-Tetramethyl-3,4,7,8-
tetramethylenecycloocta-1,5-diene (3). Using the flow system
apparatus described previously,? 50 mg of 2, dissolved in 0.5 mL of
hexane, was added dropwise to the pyrolysis column, which was
preheated to 240 °C. The nitrogen flow rate through the column was
adjusted so that the residence time of the pyrolysate in the column
was about 3 s. After the addition was complete, the column was
washed with an additional 1.5 mL of hexane. The hexane solution was
removed from the trap and evaporated. The NMR spectrum (CDCl3)
of the residue showed it to be pure 3;6 1.80 (s, 12 H), 4.80(d,4 H, J
=1.5Hz),5.10(d, 4 H, J = 1.5 Hz).
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import of this result was that a convenient symthesis of 3 from
1 now seemed assured. Thermolysis of tricyclo[4.2.0.02:5]oc-
tane leads to 1,5-cyclooctadiene,'4 and by analogy there was
little doubt that 2 would open to 3. Indeed, on pyrolysisin a
flow system at 240 °C the two required bonds were broken and
2 underwent smooth conversion to 3. However, in contrast to
the thermal reaction, direct photolysis of 2 led to cleavage of
the two other allylic C-C bonds and the regeneration of 1.15

The different courses taken by the thermal and photo-
chemical reactions of 2 are readily understood. In the thermal
reaction it is the most strained and, consequently, the weakest
allylic C-C bonds in 2 that are cleaved. However, in the pho-
tochemical reaction the allylic bonds that are broken are those
whose orientation causes them to mix strongly with = orbitals
of the diene moieties. The analogous ¢ bonds in both isomers
of tricyclo[4.2.0.025]octa-3,7-diene interact strongly with the
= bonds, as revealed by the photoelectron spectra of these
compounds.’® The ¢-= interaction is sufficiently large that
the “through-bond” mediated mixing between the double
bonds is stronger than that “through space,” even in the syn
isomer.16 It is to be expected, therefore, that considerable o—=
mixing also exists in 2. Specifically, the out-of-phase combi-
nation of localized bonding ¢ orbitals!? mixes strongly with
the symmetric (with respect to the Cs axis present in 2) com-
bination of diene HOMO’s, and the in-phase combination of
antibonding o orbitals mixes with the antisymmetric combi-
nation of the diene LUMO’s. The MO’s that result from the
mixing are, respectively, the HOMO and the LUMO of 2, each
of which contains a substantial contribution from the ap-
propriate combination of localized ¢ MO’s. Although the ex-
citation of an electron from the HOMO to the LUMO of 2
represents a forbidden electronic transition,!8 the resulting
excited singlet state is the one of lowest energy.!® Therefore,
it is not unlikely that, following an allowed transition, 2 would
undergo electronic relaxation to this singlet state. Population
of this state is tantamount to excitation of an electron from
an MO with appreciable bonding ¢ character to one with ap-
preciable antibonding o character. Not only are the two ring
bonds in 2 thus weakened, but also, the excitation, if viewed
in the extreme as involving predominantly these localized o
bonds, leaves populated just those orbitals required for a
concerted and photochemically allowed ,25 + ,2, retrograde
cycloaddition.2¢

The photochemical cleavage of 2 to 1, while of interest,
especially as it contrasts with the thermal transformation of
2 to 3, was certainly not synthetically useful and we did not
investigate it further. Instead, we turned to the examination
of the photochemistry of 3 in the hope that we could obtain
4 from 3 by direct irradiation. The desired closure is, of course,
of the familiar butadiene — cyclobutene type, and precedent
for the occurrence of this reaction in a molecule with some
resemblance to 3 can be found in the photochemical trans-
formation of 7,8-dimethylenecyclooctatriene to 1,2-ethano-
cyclooctatetraene.?2 On direct irradiation 1,2,5,6-tetrameth-
vlenecyclooctane also undergoes cyclobutene ring closure;
however, transannular bond formation to give 2,6-dimethy-
lene[3.3.2]propellane is competitive.? Transannular bond
formation in 3, particularly upon sensitization, which sup-
presses cyclobutene ring closure in tetramethylenecyclooc-
tane,? therefore also seemed a likely photochemical event.
Finally, photoinduced reaction of 3 at its internal double
bonds too had precedent, not only in the photochemistry of
1,5-cyclooctadiene itself,23 but also in that of 1,2:5,6-diben-
zocyclooctatetraenes?t and halogenated derivatives of di-
methylenecyclooctatriene.22

When the irradiation of 3, either direct or sensitized, was
actually carried out, the last of these pathways was the one
followed. The only isolable product showed three TH NMR
signals at (CDCl3) 6 0.70, 4.83, and 5.48 in the ratio 3:1:1, thus
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indicating that the molecule possessed four equivalent methyl
and four equivalent methylene groups. The chemical shift of
the methyl groups indicated that they were attached to sat-
urated carbons, leading to the conclusion that the photo-
product was tricyclic. Thus, 5 and the syn isomer of 2 both
provided reasonable structural assignments for the photo-
product. However, photochemical analogy?®2¢ favored the
former assignment, as did the occurrence of the methyl reso-
nances in the photoproduct 0.35 ppm farther upfield than
those in 2, since magnetic shielding of equatorial methyl
groups on puckered cyclobutane rings is a commonly observed
phenomenon.25 Further consideration of the syn isomer of 2
as the photoproduct was terminated by the discovery that,
upon pyrolysis in a flow system at 380 °C or higher with a
contact time of about 3 s, both 2 and 3 were converted to a
single compound with the same '!H NMR spectrum as the
photoproduct.

Although the finding that the photoproduct was also formed
by pyrolysis of 3 eliminated on thermodynamic grounds the
syn isomer of 2 as the molecule obtained from these reactions,
the formation of 5 from 3 in the thermal rearrangement was,
to say the least, surprising. The rearrangement of 3 to 5, both
photochemically and thermally, can be most easily rational-
ized, at least in a formal sense, in terms of the intermediacy
of a biradical, as shown in Scheme II. A similar biradical in-
termediate has been suggested in the photochemical inter-
conversion of cyclooctatetraene and semibullvalene?® and in
the thermal equilibration of substituted derivatives of these
molecules.27-22 The same biradical has also been postulated
in the extraordinarily facile thermal transformation of bicy-
clo[3.3.0.026]octa-3,7-diene to semibullvalene.3%3! These
transformations are shown in Scheme III. The biradicals in
the two schemes differ in that the double bonds that stabilize
the biradical in Scheme III are endocyclic, so the formal shift
of a double bond, necessary for the conversion of cycloocta-
tetraene and tricyclo[3.3.0.026]octa-3,7-diene into semibull-
valene, can occur. In contrast, in the diradical in Scheme 11
the stabilizing double bonds are exocyclic and so, unlike the
case in Scheme III, the exit to a semibullvalene derivative is
blocked. A system similar to that portrayed in Scheme II has
been investigated by Stiles and Burckhardt,2¢ who explained
the thermal and photochemical rearrangements of 1,2:5,6-
dibenzocyclooctatetraenes by the intermediacy of tricyclic
isomers analogous to 5. However, Stiles and Burckhardt did
not actually isolate the tricyclic isomers, a fact which is per-
haps not surprising in view of the instability of tricy-
clo[3.3.0.028]octa-3,7-diene itself.3® Thus, it seemed very
strange, indeed, that we obtained 5 from pyrolysis of 3 at
temperatures well above that at which tricyclo{3.3.0.02€]-
octane undergoes cleavage to 1,5-cyclooctadiene.32 This,

Scheme 111
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University, Camrbidge, Mass., 197 1; and our product was indistinguishable
from a sample prepared by him.
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J. Org. Chem., Vol. 43, No. 3, 1978 491

polymeric material, unless it is stored at low temperature under an inert
atmosphers.

(38) R. Criegee, W. D. Wirth, W. Engel, and H.-A. Brune, Chem. Ber., 98, 2230
(1963).

Cycloaddition Reactions of
1,2,5,6-Tetramethyl-3,4,7,8-tetramethylenetricyclo[3.3.0.02-6Joctane.
Evidence for Chemical Consequences of Orbital Interactions

in Molecules Containing Unsaturatively 1,3-Bridged

Cyclobutane Rings

Weston Thatcher Borden,*12 Avram Gold, and William L. Jorgensen!?

Departments of Chemistry, Harvard University, Cambridge, Massachusetts 02138,
University of Washington, Seattle, Washington 98195, and
Purdue University, West Lafayette, Indiana 47907

Received May 20, 1977

The title compound (1) reacts with tetracyanoethylene and N-phenyltriazolinedione to give rearranged adducts.
Bond reorganization occurs after the first cycloaddition, and the structures of the products rule out a ;25 + ,2,
mechanism for rearrangement. With the latter dienophile an unrearranged monoadduct (7b) has been observed
by NMR at low temperatures, and the activation parameters for its rearrangement to 8b have been obtained. The
energy of activation is consistent with that expected for a forbidden ,2; + .25 process. The instability of molecules
containing cyclobutane rings 1,3-bridged by ethylene, the contrasting thermal stability of 1, and the reluctance of
1 to undergo Diels-Alder cycloaddition reactions are all rationalized by analysis of the interactions between the ¢
orbitals of the cyclobutane ring and the = orbitals of the unsaturated bridging groups. Calculations are reported
that support this interpretation of the experimental results.

In the accompanying paper? we reported the transfor-
mation of 1,2,5,6-tetramethyl-3,4,7,8-tetramethylenetri-
cycloocta-1,5-diene into 1,2,5,6-tetramethyl-3,4,7,8-tetra-
methylenetricyclo[3.3.0.028]octane (1), either by direct or
sensitized photolysis or by pyrolysis. That 1 is formed in the
thermal reaction is really most surprising, since tricy-
clo[3.3.0.0%6]octa-3,7-diene (2) is a very unstable compound,
undergoing rapid rearrangement to semibullvalene (3) at room
temperature.3 Indeed, the thermal rearrangement of 2 to 3 is
so facile for a reaction that either involves a diradical inter-
mediate? or proceeds by a forbidden but concerted .2, + .2,
mechanism?* that a novel, symmetry allowed, ,25 + ,2, path-
way was proposed for this transformation.?

The availability of 1 appeared to afford an excellent op-
portunity to test whether a .25 + ,2, pathway was, in fact,
involved in the rearrangement of 2 to 3. Diels—Alder cy-
cloadditions of 2 mol of a dienophile to 1 would provide 4, a
derivative of 2 in which the positions of the double bonds are
labeled by the six-membered rings. Rearrangement of 4 by a
forbidden ,2; + .25 pathway, whether concerted or involving
a diradical as a discrete intermediate, requires the formal shift
of a double bond and leads to 5. In contrast, since the = bonds
are not involved in the ,2; + ,2, mechanism, the labeling of
the double bonds is different in the semibullvalene (6) that
is the expected product if this pathway is utilized. Therefore,
we undertook an investigation of the cycloaddition reactions
of 1 in order to determine whether the semibullvalene formed
had structure 5 or 6.6

Results

To our surprise, compound 1 proved to be a most unreactive
diene. Using such dienophiles as dimethyl acetylenedicar-
boxylate, dicyanoacetylene, and diethyl azodicarboxylate, we
were Unable to obtain an adduct of 1. Although 1 did react with
tetracyanoethylene (TCNE) to give a bis adduct, even with
this potent dienophile reaction was surprisingly slow, re-
quiring 2.5 h in refluxing tetrahydrofuran for completion. For

X
X
5

comparison, the reaction of TCNE with 1,2-dimethylenecy-
clobutane in THF is instantaneous at room temperature.

The 'H NMR spectrum of the TCNE bis adduct of 1 was
entirely consistent with the formulation of its structure as 5
(X = C(CN),). Since 5 and 6 are both semibullvalenes, it was
to be expected that both molecules would be rapidly fluxional
at all but very low temperatures.” Whereas Cope rearrange-
ment of 6 is not a degenerate process, the corresponding re-
arrangement of 5 is. Thus, on the NMR time scale 5, because
of its fluxionality, acquires an effective Cs axis of symmetry,
while 6 maintains only the plane of symmetry present in either
of the nonequivalent divinyleyclopropane structures that can
be written for it. Compounds 5 and 6 can, therefore, be most
easily differentiated by the fact that the former should show
only two types of methyl groups in its NMR spectrum, while
the latter would be expected to exhibit three. At 100 MHz in
acetone-dg the 'H NMR spectrum of the TCNE bis adduct
of 1 showed only two methyl resonances, thus leading to the
assignment of its structure as 5.2b
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