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Abstract- The cycloaddition reactions of 5H-bensocycloheptene with é~phenyl
,2,4-triazoline~1,5~dione (PTAD) and singlet axygen has been investigated.
H~NNR spectra established structures formally derived from the cyclohepta-
triene valence isomer by (2+4)-Diels-Alder cycloaddition. The formation of
these cycloheptatrisne adducts is discussed in terms of cycloheptatriene-

norcaradiene—equilibrium. The chemistry of the cycloheptatriene endoper-

oxide (6) was studied. Therwolysis of (6) gave & mixture of products; bis~
epoxide, epoxy-ketone, and hudroxy-enone. However, base-catalyzed rearrange-
ment of (6) gave diketone (l4) instead of the expected hydroxy-enone. This
observation is unprecedented. The formation-mechanisw of (14) is also dis-

cussed.
INTRODUCTION

Cycloheptatriene undergoes two dynamic processes, a) ring inversion and b) valence 1sonerization§
Both theoretical‘ and experinentals treatments of this equilibrium have continued to appear in the
literature up to the present day. The valence isomers cycloheptatriene and norcaradiene have been
detected by dynamic ]H-NNR spectroscopy in the cases of a few 7-substituted cycloheptatrienes. Un-
substituted norcaradiene has not been detected previouslys. Its existence is accepted from the cy-
loaddition reactions to cycloheptatriene (CHT), forming norcaradiene {NOR)-type adducts.

Recently, it has been shown that singlet oxygen is sufficiently reactive to intervene in the CHT-
NOR equilibrium via cycloadd1t10n7. The ratios of CHT-NOR endoperoxides qualitatively reflect the
distribution of valence isomers in the 7-substituted cycloheptatrienes on the other hand, a powerful
dienophile, N-phenyl triazoline-dione (PTAD) gives only norcaradiene adducts, irrespective of the
electronic nature of the substit,uents7. More recentlya, the cycloaddition reactions of PTAD with 7,7-
difluoro- and 7,7-dfalkoxy-1,3,5-cycloheptatrienes have been studied. Since, these substituents have
strong electron-withdrawing ability, they should shift the CHT-NOR equilibrium to the CHT-side. NOR-
and CHT-type adducts were observed, depending on the electronic nature of these substituents.

The formation of NOR-type adducts fn cycloaddition reactions has always been explained in terms of
the addition of dienophiles with norcaradiene unit which is in equilibrium with cycloheptatriene. A

possible alternative way for the formation of the NOR-adduct with PTAD is a homo-Diels-Alder addi-
tion to cycloheptatriene; this has not previously been considered {£q. 1}.

In order to obtain more insight into this problem, we decided to study first the addition of PTAD
and singlet oxygen to a cycloheptatriene which does not bear any substituent at C-7 and which cannot
equilibrate with its valence isomer. Therefore we chose for our studies SH-benzocycloheptene (3). In
the case of (3) one would not expect any homo-Diels-Alder adduct, since the resonance energy of the
benzene ring will be lost on formation of the norcaradiene adduct.
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\_q

HOMO-DIELS-ALDER ADOITION

RESULT AND DISCUSSION
REACTION OF S5H-BENZOCYCLOHEPTENE NITH PTAD

SH-Benzocycloheptene has been synthesized by reduction of the known brm'uobenzocycloht.-pttene9 (4)
with BulLi.

Qe - QO =
Br ——— ——
2) H20

(4) (3) (5) 0]

When a mixture of (3) and PTAD in CH2C12 was reacted at ambient temperature a sole (2+4) adduct
(5) was obtained in a yield of 55% after recrystallization from CHZClz/petrolew ether. The structure
of this adduct was deduced from its ‘H-MR spectrum. The methylene protons at C-4 show an AB-system
at 6 3.0-3.95 ppm. Both parts of this AB-system are further split by H-5. The olefinic protons ex-
hibit absorptions at & 6.8 (t) and 6.4 (t) ppm. Bridgehead protons are at § 5.25 ppm (KH-5) and
5.65 ppm with the expected splitting patterns. The aromatic protons appeared as two separate singlets
at § 7.3 ppm (4H) and 7.65 ppm (SH).

The formation of CHT-type adduct (5) indicates that PTAD can add exclusively to a cycloheptatriene
unit in which the cycloheptatriene is not substituted at C-7. Whatever the addition mechanism,
leading to NOR-type adduct, can be,

§) cycloaddition of PTAD to norcaradiene, equilibrating with cycloheptatriene, or

ii) homo-Diels-Alder addition,

we were not able to detect any trace of NOR-type adduct. As mentioned before, the formation of NOR-
type adduct would cause loss of the benzene ring resonance energy. Therefore, we can conclude that
PTAD can add to cycloheptatriene systems which do not equilibrate with their valence isomer, nor-
caradienes. However, in the case of equilibrium there is a competition between cycloheptatriene and
norcaradiene units to react with PTAD. Since the diene unit fn NOR has a planar structure, PTAD can
add more easily to NOR than to the twisted diene unit in CHT.

REACTION OF S5H-BENZOCYCLOHEPTENE NITH SINGLET OXYGEN

The manifold aspects related to the photo-oxygenation of carbocyclic polyenes have been extensi-
vely investigatedm. Then the reactions of singlet oxygen with cyclic polyenes might be expected to
give the cycloaddition process”. For example, unsubstituted cycloheptatriene produces four types of
adducts with singlet oxygenlz.

The photo-oxygenation of SH-benzocycloheptene (3) was carried out by bubbling of oxygen in carbon
tetrachloride while irradiating by a 150 Watt projector lamp in the presence of tetraphenylporphin
as sensitizer. After 13 h of irradiation, ‘u-m monitoring indicated complete consumption of (3).
]H-NMR spectrum of the crude material showed that the endoperoxide was formed, besides aromatic
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+ CHO
CHO
(7
(€q.3)
+ +
HO
{8} {9)

aldehydes. Careful silica gel chromatography of this mixtyre at 25°¢, eluting with CHC13/petroleun
ether {2:1), permitted the separation of naphthalene, a-naphthaldehyde, endoperoxide {6) and diaide-
hyde (7}, respectively. Raphthalene and a-naphthaldehyde were characterized by comparison with authen-
tic samples. Careful 'H-NMR studies of the reaction mixture before column chromatography indicated

the absence of a-naphthaldehyde, showing that it was formed during chromatography.

The structure of (6) was established on the basis of analytical and spectral data. The 1H-Nm spec-
trum pattern of (6) was very similar to that of (5). The methylene protons gave rise to an AB-system
at & 2.8-3.8 ppm, further split by the adjacent bridgehead proton H-4. A doublet 2t & 5.1 ppm was
assigned to the bridgehead proton H-1 and a multiplet at & 4,75 to H-4. Double resonance experiment
were needed to assign the olefinic protons. Irradiation at the bridgehead proton H-1 caused a col-
lapse of the triplet at § 6.65 into a doublet. Therefore, the triplet at & 6.65 was assigned to H-2
and the triplet at § 6,35 to H-3. The aromatic protons gave a multiplet at § 6.85-7.50 ppm.

For additional structural proof we relied on chemical transformation, the Cobalt-meso-tetraphenyl-
porphyrin (CoTPPJ-catalyzed rearrangementn. as illustrated in Eq. 4. Recently, we showed the appli-
cation of the CoTPP-catalyzed rearrangement to systems with strained or perturbed diene moieties which
can form bis-epoxides in high yiewm‘ We submitted the endoperoxide (6) to a CoTPP-catalyzed rear-

rangement and obtained the desired epoxide (11) in quantitative yield.

0 CoTPP
SO
(6)

()

Dialdehyde (7) could not be {solated pure; it was always contaminated with a-naphthaldehyde, and
was always partly condensed to the naphthaldehyde during chromatography. The characteristic ]H-MR
data of (7) could be discerned in the spectrum of the mixture. The aldehyde protons gave two peaks
at & 9.1 (t) and 9.3 (d) ppm and the methylene protons appeared at § 3.75 as a doublet. The forma-
tion of (7) can be explained by ring cleavage of the dioxetane {10) which can originate from {242)
cycloaddition of singlet oxygen to SH-benzocycloheptene.

The photo-oxygenation of cycloheptatriene was also resulted in the formation of 5% tx;-nzaldeh_\,u:le‘2

»

Recent low-temperature studies's have revealed that a 1,2-dioxetane is precursor to the benzaldehyde.

1

0 —= Ay —= AC
HO
": (£q.5)

(3) (10) CHO

(7
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Since the methylene protons in (7) are activated by a carbony! group and benzene ring, {7) can
easily undergo condensation reactions. Treatment of (7) with triethylanine or stirring with 5i02 in
cnzmz at room temperature formed a-naphthaldehyde exclusively.

CHO
-_— NEt3 or 0
CHO —___ (Eg.6)
cHo %
22 (9)

The origin of naphthalene formed during photo-oxygenation of (3} is obscure. A similar observa-
tion was also made in the cycloheptatriene system. Photo-oxygenation of cycloheptatriene forwed, be-
sides the endoperoxides, benzene in a yield of 5!12. The mechanism of its formation was not clarified.

As mentioned before, singlet oxygen can intervene in the cycloheptatriene-norcaradiene equilib-~
rium and trap a norcaradiene concentration too small to detect even by dynamic 1M~M. Photo-oxyge-
nation of SH-benzocycloheptene provided only the cycloheptatriene adduct. Our results indicate that
the norcaradiene isomer is not in equilibrium with the SH-benzocycloheptene. PTAD also gave only the
cycloheptatriene adduct. Thus we observe for the first time non-divergent cycloaddition behaviour
between PTAD and singlet oxygen. When an equilibrium between cycloheptatriene and norcaradiene does
not arise, the two dienophiles, PTAD and singlet oxygen, react in a similar manner.

THERMOLYSIS OF ENDOPBROXIDE (6)

One of the commen reactions of unsaturated [n.2.2]bicyclic endoperoxides is the thermal cleavage
of the weak oxygen-oxygen bond followed by addition of the oxygen radicals to the adjacent double
bond to give bis-epoxides with syn-configuration. However, this reaction can form also some side
products. One of these is the formation of epoxy-ketonesw. Thermolysis of endoperoxides from strained
or perturbed diene moiety is always accompanied by side reactions. Such side reactions have been ob-
served recently in cycloheptatriene systems ',

The thermolysis of (6) should be interesting in view of these side reactions. Therefore, we sub-
mitted endoperoxide (6) to thermolysis in a sealed tube. The thermal stability of endoperoxide (6)
is quite high and heating at 210°C in toluene for 1 h was needed in order to destroy it completely.
The major product of the thermolysis was the expected bis-epoxide (50%). The structure was estab-
Tished by comparison of the physical data of {11) which was formed by CoTPP-catalyzed rearrangement
of (6). Bis-epoxide (11) was isolated and purified by silica gel column chromatography.

() (12) (13) OH

Significant was the observation that the crude thermolysate mixture showed also the presence of (12}
and (13). Attempt to isolate (12) by column chromatography failed. Presumably the silica gel catalyzes
the isomerization of (12) to (13), since (12) possesses a B-y-epoxy-ketone mofety.

Q
Si(‘z or A
e U @)
(12) (13)  OH

Control experiments revelead that the bis-epoxide (11) was stable under the thermolysis conditions,
indicating that {12) and (13) are not secondary products arising from bis-epoxide {11). However, ther-
molysis of epoxy-ketone (12) under the same reaction conditions showed that the isomerization of (12)
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to (13) occurs. Therefore, we can conclude that hydroxy-enone (13) is a secondary product from (12).
8-y-Epoxy-ketones are also sensitive to bases. Treatment of (12) with triethylamine furnished (13)
in quantitative yield.
18
3

Base-catalyzed decomposition of peroxides and hydroperoxides exemplify a general type of elimina-
tion reaction which may be expected for compounds in which an anion or group X (capable of giving a
relatively stable anfon X~) is attached to oxygen. The application of this reaction to bicyclic endo-
peroxides resulted in the formation of hydroxy-ketone which can further be converted into interesting
compounds 1ike diketones, dienones, etc. The triethylamine-catalyzed reaarrangement has successfully

been applied to many systems]g.

(6) (14)

REACTION OF ENDOPBROXIDE (6) WNITH NEBt

Therefore, we studied the triethylamine-catalyzed reaction of the endoperoxide (6} at 0%C. Sur-
prisingly, we isolated the saturated diketone (14) instead of the expected hydroxy-ketone (13). Di-
ketone (14) was characterized by its spectral data. The ]H-NMR spectrum consisted of a singlet at
§ 3.9 ppm (H-55'), and an AA'BB'-system at & 2.5-3.3 ppm (H-22', H-33'). Three of the aromatic pro-
tons absorbed at § 7.0-7.6 ppm, the fourth at & 7.75-8.05 ppm. The low-field aromatic proton reso-
nance is the result of the shielding effect of the carbonyl function. This indicates also the loca-
tion of the carbony) group. The IR spectrum with two carbony) absorptions at 1715 and 1690 cn'] is
in agreement with the proposed structurg. To the best of our knowledge this base-catalvzed reaction

is unprecedentedzo.

To explain the mechanism of this interesting transformation, it would be reasonable to assume that
the first step is the formation of hydroxy-enone (12) which can undergo further isomerization (Eq. 9).

9
NET NEt
Eil[l“‘!%, __;;2__.. iill]'llli’ ._;;3__.. (£4.9)
(6) (13) OH (14) 0

Hydroxy-enone (13) was isolated by thermolysis of (6) as a side product, so that we had the possi-
>ility to check the above mentioned mechanism. The hydroxy-enone was treated under the same reaction
conditions with NEt3. No reaction was detected. Therefore, the formation of (13) as an intermcdiate
«as eliminated. The base-catalyzed reaction carried out in an NMR tube. Monitoring of the reaction

D - o), — OB
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Pigure 1. lﬂ-lﬂl spectra from the triethylamine-
catalyzed reaction of endoperoxide (6).

a) Endoperoxide/Triethylamine after 5 min. b) 100
min. ¢) 150 min. d) 240 wian.

4) Resonances of the endoperoxides (6)

o) Resonances of the intermediate

x) Resonances of the diketone (14)

with TH-MMR indicated that the diketone (14) was
not a primary product. As one can see from the ]H-
NMR spectra (Figure 1) at first an intermediate
product was formed. From the spectra (spectrum c)
we could extract some characteristic ’u-vm data
from the intermediate. As can be seen in Figure lc,
the endoperoxide resonances disappeared. We obser-
ved peaks arising from the intermediate at & 3.5-4.2
ppm, an AB-system (methylene protons), at & 4.7-4.9
bridgehead and alcoholic protons and at ¢ 5.7-5.9
ppn, olefinic protons. Interesting feature of the
AB-System is the coupling constant J ea~ 16.0 Hz.
This coupling has dropped from 18 Hz in the endo-
peroxide which indicates the existence of ring
strain or ring contraction. In the light of these
parameters we suggest structure (15) for the inter-
medfate, and a mechanism for the rearrangement as
outlined on Scheme 1. Probably, the intermediate
(15) can be transformed to a dienolate ion in which
the removal of the bridgehead hydrogen and the ring-
opening take place in a concerted reaction.

The effect of the solvent on the mode of this re-
action has been also investigated. The polarity of
the solvent did not change the reaction.

Independently, diketone (14) was also obtained
by reaction of hydroxy-enone (13) with a catalytic
amount of p-toluenesulfonic acid.’

We attempted to generate 2,3-benzotropone in a
simple way. To our surprise, we isolated diketone
in quantitative yield.

The reaction mechanism is depicted in Scheme 1I. The intermediate bis-enol (16) can tautomerize
cleanly into diketone (14).

<OH OH
p-To1SOH
-— +
n3) OH OH OH  scheme 11
p-To1SO3H

-1t

— O

oy

(14)



Cycloaddition reactions of SH-benzocycloheptene 1467

A similar observation has been made by Isler et al.zl who reported isomerization of the hydroxy-

isophorone to the dione by refluxing a solution of hydroxyisphorone with a catalytic amount of TosOH
in benzene.

EXPERIMENTAL SECTION

General Methods. Unless otherwise noted, material were obtained from coemercial suppliers and were
used without further purification. E£ther, tetrahydrofuran and benzene were distilled from sodium (po-
tassium-benzophenone) immediately prior to use. Methylene chloride, triethylamine were distilled from
calcium hydride prior to use. Boiling points and melting points are uncorrected.

1 Infrared spectra (IR) were determined with Perkin Elmer 377 infrared recording spectrophotometer.
H-NMR spectra were recorded with EM 360 Varian spectrometer. Mass spectra were recorded at the Uni-
versity of Florida.

22)

To a solution of 7.5 g (34 mmole) of 7-bromo-SH-benzocycloheptene (4) in 100 m1 of freshly distilled
THF was added at -70°C under nitrogen atmosphere a solution of 38 ml buthyllithium (50 mmole) in hexane
over 45 min. The reaction was allowed to come to -209C over 1 h with stirring, and then recooled to -70°
C at which point 1o m) of H,0 was added slowly. After allowing the reaction to come to room temperature
a part of THF was removed ufider reduced pressure. To resulting mixture was added 100 m] of H,0 and 100
m) of petroleum ether. The layers were separated, the aqueous layer reextracted two times wi%h 50 m1 of
petroleum ether and the combined or?anic layers washed with water and dried over Na,S0,. After removal
of solvent under redgced pressure (15 mm Hg, 300C) the oily residue was distilled a% 26 mm Hg. The frac-
tion between 115-120°C afforded 3.5 g (7213 colorless liquid.

Cycloaddition of PTAD to_the Sh-Benzocycloheptene (3)22)

To a stirred solution of 142 mg (1 mmol) of 5H-benzocycloheptene in 20 mi of CH C12 was added at room
temperature in small portions 175 (1 mmol) of the PTAC over a period of ca. 30 ﬁin . After stirring
at room temperature for 6 h, the solvent was rotoevaporated and the solid residue was purified by prepa-
rative TLC (silica gel) using CHC1./petroleum ether (1:1). Crystallization from CH C12/petroleum ether
gave white crystals (55%) : mp: 19;-198°C ; MS (70 eY), m/e 317 (63.6 %), 198 (7.1), “y177 (7.5), 155
{11.5), 143 (12.6), 142 (100), 141 (75.4), 129 (11.6), 128 (15.4), 119 (21.9), 1S (22.2), 91 (10.8), 77
(5.6). Anal. C]9H]502N3 (317.33) Calcd.: 71.91 C, 4.76 Hy Found : C, 72.08; H, 4.68.

23)

To a magnetically stirred solution of 1.5 g (10.5 mmol) of SH-benzocycloheptene (3) in 150 mL of CCI4
vas given ca. 50 mg of tetraphenyliporphyrine (TPP% as sensitizer. The solution was irradiatéd with 2
projector lamp (150 Watt) at room temperature while passing ﬁontinuously a slow stream of dry oxygen
gas. The progress of the photo-oxygenation was monitored by 'H-NMR unti) essentially complete consump-
tion of the ssarting material. After 13 h the reaction was completed. The solvent was rotoevaporated
(15 mm Hg, 25°C) and the residue was chromatoqraphed on silica gel (50 g) at 250C, eluting with CHCI3/
petroleum ether (2:1).

1. Fraction : 40 mg (3%) naphthalene

2. Fraction : 197 mg (12%) a-naphthaldehyde

3. Fraction : ca. 1.0 mixture of endoperoxide (6) and a-naphthaldehyde

4. Fraction : 380 mq mixture of a-naphthaldehyde and dialdehyde (4:1).

Third fraction was rechromatographed on ca. 30 g silica gel eluting with CHCl./petroleum ether. After
separation of a-naphthaldehyde as a first fraction, endoperoxide {6) was col?ected and the solvent was
removed by rotoevaporation (15 mm Hg, 25°C) to give 720 mg (39%) of (6). Crystallization from CH,C1,/
petroleum ether gave colourless crystals (560 mg, 30%) : mp : 94-95°C, MS (70 e¥), m/e 174 (2.813. ?46
(16.9), 145 (100), 131(21.0), 129 (24.8), 128 (43.2), 127 (35.3), 117 (39.0), 116 (59.8), 115 (95.4),
104 (23.4). Anal. C11H1002 (174.19). Calcd.: C 75.48, H 5.79. Found : C 75.34, H 5.88.

To a magnetically stirred solution of 100 mg (0.575 mmol) of endoperoxide (6) in 10 mL of CHZCI
was added a solution of 5 mg cobalt-meso-tetraphenylporphyrine in 3 mL of CH,C1, at 10°C. After 2
comlete addition (20 min.) the mixture was stirred for 1 h at room temeratu;e.zThe solvent was roto-
evaporated (15 mm Hg, 309C). The residue was passed through 5 g silica gel, eluting with CHC},/petro-
leum ether (2:1). Rotoevaporation of the solvent gave the bis-epoxide (11) in quantitative yigld
(100 mg). Crystallization from CH Clz/petroleum ether gave colourless crystals. mp : 94-950C. Anal.
C11t0%2 (174.19) Calcd. : C 75.48, “H 5.79. Found : C 75.68, H 5.91.

To a magnetically stirred solution of 150 mg dialdehyde (7) and a-naphthaldehyde (isolated as last
fraction from the photo-oxygenation reaction of (3)) mixture in 15 mL of CH,C), was added a solution
of 20 mg NEt inls mL of CH,C1,. The mixture was stirred for 30 min. at rooa tgaperature. The solvent
was evaporatid. 'H-NMR spec%ruﬁ of the oily residue showed the complete formation of a-naphthaldehyde
as sole product in quantitative yield.
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Reaction_of Dialdehyde (7) with $i0,

To a magnetically stirred solution of 200 mg dialdehyde (7) and a-naphthaldehyde mixture in 50 mL
of CH,C1, was given 10 g silica gel. The mixture was stirred for 6 h at room temperature. Silica gel
was fgltgred and the solvent was rotoevaporated. a-Naphthaldehyde was formed again in quantitative
yield.

A solution of 250 mg (1.43 mmol) endoperoxide 86) in 5 mL of toluene was placed into a constricted
test tube, sealed under vacuum, and heated at 210°C for]l h. After cooling to room temperature the
solvent was rotoevaporated and the residue analyzed by 'H-NMR to assure complete transformation of
endoperoxide (6). The thermolysate was submitted to silica gel (20 g) chromatography. Eluting with
CHC1, afforded as first eluate the bisepoxide {11) in 50% yield. As second eluate, 2 mixture of epoxy-
ketoae (12) and hydroxy-enone {13) was isolated in 40% yield. Rechromatography of this eluate on
silica gel, eluting with CHC13/petroleum ether (1:1) gave as a so1e_?ro¢fuct. hydroxy-enone (13&.
Colourless liquid; IR (CHC1.)” 3600-3500, 3000, 1640, 1380, 1100 cm '. 'H-NMR (COC),) & 2.5-3.0 (br.
S, 0H)5 3.0-3.7 (AB-System,”2H), 4.3-4.7 (m, 1H), 6.0-6.8 (AB-System, 2H), 7.0-7.5 (m, 3H), 7.6-7.8
(m, TH).

NEt,-Catalyzed Reaction of Endoperoxide (6)°>

To a magnctically stirred solution of 100 mg (0.575 mmol) of endoperoxide (6) in 5 mL of methanol
(or CH,C1,) was added a solution of 20 mg (0.2 mmol) of NEt, in 1 mL of methanol. The mixture was
stirr ag room temperature for 4 h. The reaction was mnitgred by TLC. The solvent was rotoevaporated
to leave a colourless 1iquid. The product was passed through a short silica ge) column, eluting with
CH,C1,. The solvent was rotoevaporated. Pure diketone §14) was obtained in quantitative yield. Colour-
leSs ?iquid: MS (70 eV) m/e 174 (100%), 146, (52.2;, 145 (41.2), 131 (62.2), 119 (70.3), 118 (63.7),

91 (48.5), 90 (83.3), 88 (48.7). Anal. C”Hwo2 (174.19). Calcd.: C 75.84, H 5.79. Found C 74.92, H 5.68.

To a magnetically stirred solution of ca. 50 mg (0.29 mmol) hydroxy-enone (13) in 20 mL of CH C12
was given 50 mg of NEt.. The mixture was stirred at room temperature for 8 h. The solvent was ro%o-
evaporated and the res?due analyzed by 'H-NMR. The hydroxy-enone was unchanged.

.......................................

A mixture of 40 mg (0.23 mmol) of (13) and 5 mg (0.03 mmol) of p-toluenesulfonic acid in 5 mL of
dry benzene was refluxed for 2 h. The organic layer was washed with water and dried over MgSO,. After
evaporation of the solvent and passing through a short silica gel column, diketone (14) was isélated
in quantitative yield.
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