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Oxidation of the 1,4-endoperoxides of 1,2,3,4-tetramethyl- or octamethylnaphthalene with m-chloroperbenzoic
acid gave the stable, crystalline epoxy endoperoxides 8 and 9. Epoxidation occurred predominantly syn to the per-
oxide bridge. The syn-epoxy peroxides underwent acid-catalyzed solvolytic rearrangement to the stable peroxy ac-
etals 14 and 24, respectively, but the anti-epoxy endoperoxide 8a was recovered under similar conditions. The rear-
rangement involves a 1,2-aryl migration. Catalytic hydrogenolysis of 14 gave cis-1-acetyl-1,2,3-trimethylindan-
2,3-diol (16), which was obtained independently from the acid-catalyzed methanolysis of the syn-epoxide of
1,2,3,4-tetramethylnaphthalene 1,4-endoxide (19). Deuterium labeling studies support the proposed mechanism
for these rearrangements (Scheme II). Thermolysis of the epoxy endoperoxide 8s occurs with O-O bond cleavage,
as established by trapping the intermediate diradical with good hydrogen donors (diglyme, benzhydrol) to give the
epoxydiol 10s, synthesized independently by hydrogenolysis of 8s. In the absence of trapping agent, thermolysis
of 8s occurs with loss of a methyl group to give the ketone 33.

Endoperoxides of polycyclic aromatic compounds have
been the subject of many investigations owing to their syn-
thetic usefulness! and their biological importance.2 Anthra-
cenes and higher polyarenes are well known to give endo-
peroxides with singlet oxygen,? but only a few naphthalene
endoperoxides have been similarly prepared.4-5- Electron-
donating groups on the 1 and 4 positions are necessary for the
reaction of naphthalenes with singlet oxygen.”

Naphthalene endoperoxides have an isolated 2,3 double
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bond which could be used for further functionalization of the
molecule, and it was our purpose in this work to explore that
possibility. Indeed, a similar double bond in oxepin endo-
peroxide 1 was found to undergo epoxidation and bromine
addition.8 More recently, the reduction of such strained
double bonds by diimide without reducing the peroxide bond
has been described.®
We were able to epoxidize the 1,4-endoperoxides of
1,2,3,4-tetramethylnaphthalene® and octamethylnaphthalene®
to give extremely stable!? epoxy peroxides 8 and 9. We wish

to report here on the synthesis and chemistry of these com-
pounds, and in particular on their acid-catalyzed solvolysis
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to give another class of surprisingly stable bicyclic perox-
ides.

Results and Discussion

Epoxy Endoperoxide of 1,2,3,4-Tetramethylnaphth-
alene. Oxidation of endoperoxide 6> with m-chloroperbenzoic
acid (m-CPBA) gave two isomeric epoxy endoperoxides in a
9:1 ratio.! These isomers were separated after recrystallization
from ether. The major isomer formed colorless rods, and the
minor isomer formed colorless cloudy plates which could be
separated mechanically (tweezers). Catalytic hydrogenolysis
of each isomer gave an epoxydiol. The NMR spectra of the
epoxy endoperoxides and diols were consistent with the
symmetry of their structures.!2 The peak assignments for the
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various methyl groups in 8 and 10 were made through deute-
rium labeling (vide infra).

The major isomer was assigned the syn configuration and
the minor isomer the anti configuration on the basis of the
chemical shifts of the methyl groups on the epoxide rings, and
on dipole moments.1? The upfield chemical shift of the ep-
oxide methyls in the syn isomer (6 1.18) compared with those
of the ascaridole epoxides 11!° can be attributed to the
shielding effect of the aromatic ring. A similar upfield shift
was observed in the dibenzobarrelene epoxide 12,14 The
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downfield shift of the benzylic methyls in 10a (6 1.75; syn to
the epoxide oxygen) relative to those in 10s (6 1.37; anti to the
epoxide oxygen) adds support to the assignment. Finally, the
dipole moments of the major (¢ = 4.2 + 0.1 D) and minor (x
= 1.7 £ 0.1 D) isomers confirm the assignment.
Acid-Catalyzed Solvolysis of 8s. When 8s was treated
with trifluoroacetic acid (TFA) in methylene chloride (0 °C,
20 min) in the presence of methanol or ethanol, a single
product, assigned structure 14, was obtained in quantitative
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b; R'c2H5
yield. Although the mass spectrum of 14 did not show an M*
peak (the highest m/e peak corresponded to M+ — H,0), el-
emental analysis and a positive test with HI in acetone sug-
gested that the peroxide group was still present.

The 1H NMR spectrum of 14a showed singlets for three of
the C-methyl groups (6 1.10, 1.38, 1.45), but the fourth C-
methyl group was a doublet at 6 0.75 (J = 1.4 Hz). This methyl
group was coupled (verified by decoupling) with the hydroxyl
proton which (at 180 MHz) appeared as a quartet at § 5.78 (J
= 1.4 Hz). This result is consistent with protonation and ring
opening at the epoxide oxygen and not the peroxide oxygen,
for if the latter had occurred one would expect to find a
(HOO)C(CH3)< moiety, with the hydroperoxy proton at lower
field than ¢ 5.78, and not coupled to the geminal methyl
group.!® The lower than usual chemical shift of the hydroxyl
proton in 14a and its coupling with the geminal methyl pro-
tons can be explained by its strong hydrogen bonding with an
oxygen of either the peroxide or methoxyl group (vo_p 3450
cm™!). The tH NMR spectrum of 14b was similar to that of
14a (except for ethoxy signals in place of the methoxy singlet
at 6 3.40).

The 13C NMR spectra of 14a and 14b were also consistent
with the assigned structures. The 13C peak assignments for
14a, shown on the structure, are based on deuterium labeling
and comparison with 14b. The unique quaternary carbon
signal at 6 108.2 supports the peroxy acetal structure.1®

To prove the structure, 14a was subjected to catalytic hy-
drogenolysis. Reaction with hydrogen (Pd/C) in ethanol was
complete in 30 min at room temperature and gave the acetyl-
indandiol 16 as the sole product (the presumed intermediate
hemiacetal 15 was not isolated). The alcohol and carbonyl
functionalities were clear from the infrared spectrum (vo_y
3440, vc—0 1700 ¢cm™!), and the 'H NMR spectrum showed
the acetyl methyl (4 2.03) and hydroxyl protons (6 2.90 and
4.88) as well as singlets at 6 1.07 (3 H) and 1.47 (6 H) for the
remaining methyl groups. Europium shift slopes are shown
on the structure. The 13C NMR spectrum of 16 showed the
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presence of four different methyl groups. The structure of 16
was confirmed by independent synthesis (vide infra).

Thermolysis of 14a (refluxing xylene) gave an unsaturated

diol assigned 17 in 22% yield. The infrared spectrum of 17
showed bands for the hydroxyl and terminal methylene
groups. The 1H NMR spectrum showed two methyl singlets
(6 1.35, 1.42), two methylene protons (6 5.27, 5.52), and a broad
singlet for the two hydroxyl protons (
6 2.53). Since the methylene protons are not equivalent, the
alternative structure with the methylene group at the central
carbon of the five-membered ring is eliminated. The formation
of 17 from 14a can be rationalized starting with O-O bond
cleavage, although a unique mechanism cannot be specified
at present.

The formation of peroxy acetal 14 from 8s can be rational-
ized by protonation of the epoxide oxygen and ring opening
with aryl participation to give 13. Stereospecific reaction of
13 with the nucleophile results in 14.17 Consistent with this
mechanism, the anti-epoxy endoperoxide 8a was recovered
unchanged on treatment with TFA under conditions identical
with those which caused rapid conversion of 8s to 14,1819 [t
is perhaps surprising that the peroxy acetal 14 survived the
acidic conditions of its preparation. Indeed, treatment of 14a
with TFA in ethanol did not bring about alkoxy group ex-
change or any other reaction.?°

1,2,3,4-Tetramethylnaphthalene 1,4-Endoxide Epoxide.
For comparison with 8s, the naphthalene 1,4-endoxide ep-
oxide 19 was prepared and solvolyzed in acid. Epoxidation of
naphthalene 1,4-endoxide 182! with m-CPBA gave the epoxy
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endoxide 19 as a single isomer. The syn stereochemistry is
assigned on the basis of the chemical shifts and europium shift
slopes of the methyl signals, which are nearly identical with
those of 8s and quite different from those of 8a.

When 19 was treated with TFA and methanol under the
same conditions as for 8s, it was converted in analogous
fashion to 16. If the methanol was omitted, the product was
instead the unsaturated keto alcohol 20, whose structure was
assigned from spectral data and mechanistic considerations.
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The formation of 16 or 20 from 19 can be rationalized by
protonation at the epoxide oxygen and ring opening with aryl
participation to give the bridged ion 21 which in the absence
of nucleophile loses a proton to give 20 or in the presence of
methanol is captured to give the acetal 22, Unlike the per-
oxyacetal 14, which is stable and easily isolated from the acidic
medium, 22 is much more strained and solvolyzes to 16 under
the reaction conditions (Scheme II).

Deuterium Labeling Studies. Deuterium labeling was
used to verify structural and NMR assignments and to be sure
that our mechanistic scheme for the acid-catalyzed solvolytic
rearrangements of 8s and 19 was correct. The preparation of
the labeled compounds is outlined in Scheme I (for details, see
the Experimental Section). The expected and observed la-
beling consequences are outlined in Scheme II.

Labeled tetramethylnaphthalene 4-d was converted via
singlet oxygen and m-CPBA to 8s-d, which according to
Scheme I should give 16 labeled at the C; and Co methyls. In
fact, the peaks at § 1.07 and 1.47 were diminished in intensity.
Since the peak at 6 1.47 represented two methyl groups with
accidental degeneracy, shift reagent was used and this es-
tablished that it was the peak with the higher slope that was
diminished in intensity. These results are consistent with the
label being at Cy (6 1.47, slope 1.6) and C (6 1.07).

Tetramethyvlfuran labeled at the Cy and C; methyls was
converted to 19-d, which with TFA and methanol gave 16 with
the label at the C; methyl (6 1.47, slope 1.0) and acetyl methyl
(6 2.03). Thus, the label results are entirely consistent with the
mechanisms put forth in Scheme I1.22

Epoxyoctamethylnaphthalene Endoperoxide. Octa-
methylnaphthalene 1,4-endoperoxide® was oxidized with
m-CPBA to give the epoxy endoperoxide 9. Only a single
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isomer, assigned the syn geometry, was isolated. The chemical
shifts of the epoxide methyl groups in 9 (compare with 8s) and
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of the benzylic methyls in 23 (compare with 10s) favor this
assignment. Consistent with this stereochemistry, 9 under-
went quantitative, rapid solvolytic rearrangement to the
peroxy acetal 24 on treatment with TFA in methanol/meth-

(/;E;-’%
9

ylene chloride. The compound liberated iodine instanta-
neously from HI in acetone, showed a parent peak at m/e 320
in its mass spectrum, and had a TH NMR spectrum compa-
rable with that of 14a except for the aromatic methyl sub-
stituents.

It is worth noting that in each epoxidation described here
(i.e., 6, 7, and 18) the predominant or exclusive product was
the syn isomer (corresponding to exo if the oxygen bridge is
replaced by a carbon bridge). This result may be rationalized
as an effect of the oxygen bridge. It'is known that the direction
of epoxidation can be controlled by coordination of the oxi-
dizing agent with an oxygen atom already present in the
substrate.? In the present case, coordination with the per-
oxide bridge in 6 or 7 or the endoxide bridge in 18 could ac-
count for the observed syn orientation.

Alternatively, a steric factor may be involved, particularly
with 18. It is well known that most reagents attack bicyclic
[2.2.1] systems from the exo face, thus avoiding the crow-
dedness of the endo face.2* For example, epoxidation of ben-
zonorbornadiene (25) gave only the exo-oxide 26.25 The [2.2.2]

MeOH -CH.LL,

@b —
@b

alkene dlhydrobenzobarrelene (27), on the other hand, gave
equal amounts of 28 and 29.26 However, the steric crowdedness
of the endo face of 6 and 7 may be more significant than usual
for [2.2.2] bicyclic systems because of the peroxide bridge. The
0O-0 bond length, which is shorter than a C~C single bond,
tends to expand the O-C-C bond angle and contract the
Cy-C1~Csg, bond angle. Consequently, either the steric factor

or coordination with the oxygen bridge (or both) may ratio-
nalize the syn epoxidation of 6, 7, and 18.
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Thermolysis of Epoxy Endoperoxide 8. The thermal
rearrangement of ascaridol (30) to the diepoxide 31 has been

\
\
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30 31
known for many years;2” the mechanism involves rate-deter-
mining homolytic O-O bond cleavage followed by rapid ad-
dition of the oxygens to the double bond.?® For anthracene
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endoperoxides, two types of thermal reactions are known, 0-O
bond cleavage may give a diepoxide, which can be trapped,2®
or C-0 bond cleavage may occur, with the extrusion of singlet

S0 —

oxygen and reformation of anthracene.?® Naphthalene en-
doperoxides, on the other hand, only extrude oxygen, the re-
arrangement to diepoxides so far being unkown,3!

It was of interest to investigate the thermolysis of epoxy-
naphthalene endoperoxides such as 8 or 9, for oxygen extru-
sion could provide a useful benzoxepin synthesis. In fact,
however, decomposition of 8s in refluxing o-dichlorobenzene
gave instead of an oxepin a ketone assigned structure 33.32 The

diglyme or
-0, Ph, CHOH m-CPBA
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compound showed infrared peaks for the hydroxyl, conjugated
carbonyl, and epoxide functions and had an 1H NMR spec-
trum with three methyl singlets and a broad singlet for the
hydroxyl proton. The structure and the stereochemical rela-
tionship between the epoxide ring and the hydroxyl group (cis)
were confirmed by independent synthesis.

2,3-Dimethyl-1,4-naphthoquinone (34) and methyllithium
afforded the keto alcohol 35 which was oxidized with m-CPBA
to give a product identical with 33 obtained from 8s. The ep-
oxidation of 35 should be controlled by and occur cis to the
hydroxyl function,23-33

Although the precise mechanism for the formation of 33 is
not clear, the diradical 32 seemed to be one plausible inter-
mediate. Indeed, when the thermolysis was carried out in the
presence of a good hydrogen donor (diglyme solvent), the diol
10s was obtained in quantitative yield. Also, if the thermolysis
was carried out in o-dichlorobenzene to which benzhydrol was
added, the products were 10s and benzophenone. Thus, 8s
seems to decompose thermally by O-O, not C-O, bond
cleavage. Trapping of 32 is one of the few examples of diradical
trapping by external chemical means.3¢

Experimental Section33

Epoxidation of 1,2,3,4-Tetramethyl-1,4-epidioxy-1,4-dihy-
dronaphthalene (6). A methylene chloride solution (50 mL) of 85%
m-chloroperbenzoic acid (m-CPBA, 4.4 g) was added dropwise at 0
°C to a solution of 6° (3.97 g, 18.4 mmol) in 20 mL of CH,Cls. The
mixture was stirred at 0 °C for 18 h, during which time m-chloro-
benzoic acid precipitated from solution. The solid was removed by
suction filtration, and the filtrate was washed with aqueous sodium
sulfite. It was then washed with aqueous NayCOj3 and water and dried
(MgSOy). The solvent was removed under vacuum at room temper-
ature to give colorless solids which showed NMR peaks due to the syn
(8s, 90%) and anti (8a, 10%) isomers of 1,2,3,4-tetramethyl-2,3-
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epoxy-1,4-epidioxy-1,2,3,4-tetrahydronaphthalene. The solids were
recrystallized from ether in a crystallizing dish covered by Parafilm.
Colorless cloudy plates (8s; 3.42 g, 80%) and colorless rods (8a; 0.28
g, 7%) obtained after slow evaporation of the ether were separated
mechanically.

For 8s: mp 154-156 °C; IR (Nujol) 1125 {m), 1100 (s), 1070 (m), 865
(s) em~1; 1H NMR (CDCl3) 6 1.18 (s, 6 H), 1.67 (s, 6 H), 7.23 (s, 4 H);
13C NMR (CDCl3) 11.7, 14.2, 66.3, 79.7, 122.0, 128.3, and 140.0 ppm
from Me,Si; for europium shift data, see structure; mass spectrum,
m/e (rel. intensity) 232 (1), 216 (1), 200 (8), 173 (100).

Anal. Caled for C14H;403: C, 72.39; H, 6.94. Found: C, 72.48; H,
6.94.

For 8a: mp 174-177 °C; IR (Nujol) 1120 (s), 1075 (m), 1065 (s), 1050
(m), 870 (m), 845 (m) cm~1; 1H NMR (CDCl3) 6 1.48 (s,6 H), 1.73 (s,
6 H), 7.0-7.4 (m, 4 H); 13C NMR (CDCl3) 11.1, 15.4, 56.5, 82.7, 120.8,
128.3, and 136.0 ppm from Me,Si; for europium shift data, see
structure; mass spectrum, m/e (rel. intensity) 232 (0.5), 216 (2), 200
(22), 173 (100).

Anal. Caled for C14H503: C, 72.39; H, 6.94. Found: C, 72.34; H,
6.91.

Epoxidation of 1,2,3,4,5,6,7,8-Octamethyl-1,4-epidioxy-1,4-
dihydronaphthalene (7). A methylene chloride solution (15 mL) of
85% m-CPBA (897 mg) was added dropwise at 0 °C to a solution of
7 in 10 mL of CHyCly. The mixture was stirred at 0 °C for 24 h.
Workup in the manner described for the preparation of 8 gave a col-
orless solid which was nearly pure. Recrystallization from ether/CHCl3
gave pure 1,2,3,4,5,6,7,8-octamethyl-2,3-epoxy-1,4-epidioxy-
1,2,3,4-tetrahydronaphthalene (9): mp 200-201 °C; IR (Nujol) 1120
(s), 1100 (s), 1080 (s) ecm~1; 1TH NMR (CDClg) 6 1.25 (s, 6 H), 1.83 (s,
6 H), 2.22 (s, 6 H), 2.37 (s, 6 H); UV (cyclohexane) Ayax 275 nm (e 420),
225 (6840); mass spectrum, m/e (rel. intensity) 288 (6}, 256 (4), 202
(100).

Anal. Caled for CigHg4O4: C, 74.97; H, 8.39. Found: C, 74.89; H,
8.32.

Catalytic Hydrogenolysis of 8 and 9. Medium-pressure catalytic
hydrogenolysis (20-30 psi of Hy) of 8s, 8a, and 9 in ethanol with pal-
ladium on charcoal (10%, Matheson Coleman and Bell) at room
temperature gave the corresponding diols 10s, 10a, and 23 in 65, 62,
and 82% yields, respectively.

For 10s: mp 162-163.5 °C; IR (Nujol) 3450 (s), 3400 (s), 3320 (s),
1100 (s), 1090 (s} cm~1; '"H NMR (CDCls) 6 1.37 (s, 6 H), 1.57 (s, 6 H),
2.27 (brs, 2 H), 7.0-7.3 (m, 2 H), 7.3-7.6 (m, 2 H): mass spectrum, m/e
(rel. intensity) 234 (4), 200 (8), 173 (100).

Anal. Caled for C14H;503: C, 71.77; H, 7.74. Found: C, 71.73; H,
7.76.

For 10a: mp 161-162.5 °C; IR (Nujol) 3200 (s), 1100 (s), 1065 (s)
cm~l; TH NMR (CDCly) 6 1.57 (s, 6 H), 1.75 (s, 6 H), 2.60 (s, 2 H),
7.1-7.6 (m, 4 H).

Anal. Caled for C14H1305: C, 71.77;
7.75.

For 23: mp 198-200 °C; IR (Nujol) 3590 (s), 3450 (s), 1325 (s), 1085
(s),1065 (s) cm~1; TH NMR (CDCls) 6 1.45 (s, 6 H), 1.50 (s, 6 H), 2.18
(s, 8 H, CH; and OH), 2.42 (s, 6 H); mass spectrum, m/e (rel. intensity)
290 (10), 273 (3), 257 (6), 230 (24), 229 (100).

Anal. Caled for CigHoeO3: C, 74.44; H, 9.03. Found: C, 74.08; H,
8.80.

4-Methoxy-1,4,5,8-tetramethyl-6,7-benzo-2,3-dioxabicyclo-
[3.2.1]oct-6-en-8-01 (14a). To a solution of 8s (300 mg) in a mixed
solvent of CHsCls (15 mL) and MeOH (3 mL) was added 6 mL of
trifluorcacetic acid (TFA) dropwise over 5 min at 0 °C with stirring.
After additional stirring for 15 min at 0 °C, the reaction mixture was
poured into aqueous NasCOj slowly with vigorous stirring. The or-
ganic layer was separated, washed, and dried (MgSQ,). Evaporation
of the solvent under vacuum left a colorless solid which showed NMR
peaks due only to 14a. No further purification than rinsing with pe-
troleum ether was necessary: mp 98-100 °C; IR (Nujol) 3450 (s), 1035
(s) em~% TH NMR (CDCly) 6 0.75 (d, 3 H, J = 1.4 Hz, Cg methyl), 1.10
(s, 3 H, C4 methyl), 1.38 (s, 3 H, Cs methyl), 1.45 (s, 3 H, C; methyl),
3.40 (s, 3 H, methoxyl), 5.78 (br s, 1 H, hydroxyl), 6.7-7.3 {m, 4 H,
arom); with a Bruker WH-180 spectrometer, the broad singlet at 5 5.78
was resolved to a quartet with J = 1.4 Hz; irradiation of the doublet
at 6 0.75 changed this quartet to a singlet; 13C NMR (CDCls) 10.5, 12.1,
16.8,19.9, 49.5, 52.0, 82.8, 89.7, 109.2, 122.2, 123.0, 127.9, 128.7, 141.1,
and 146.8 ppm from MeySi; UV (MeOH) Apay 272 nm (e 400), 265
(420), 258 (340), 252 (200); mass spectrum, m/e (rel. intensity) 246
(1.5, M* — H,0), 133 (100).

Anal. Caled for C15H3004: C, 68.16; H, 7.63. Found: C, 68.27; H,
7.40.

4-Ethoxy-1,4,5,8-tetramethyl-6,7-benzo-2,3-dioxabicyclo-
[3.2.1]oct-6-en-8-0l (14b). To a solution of 8s (250 mg) in a mixed

, 7.74. Found: C, 71.68; H,
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solvent of CHoCls (10 mL) and EtOH (2 mL) was added 3 mL of TFA
dropwise over 5 min at 0 °C with stirring. Stirring was continued for
15 min at 0 °C. Workup in the manner described for 14a gave a col-
orless oil which was nearly pure 14b (300 mg). The colorless oil was
chromatographed on silica gel with CHClj; as the eluent to give pure
14h: IR (Neat) 3460 (s), 1045 (s) cm™!; 1H NMR (CDCl3) 6 0.75 (d, 3
H.J = 1.4 Hz), 1.10 (s, 3 H), 1.28 and 1.38 (t and s, respectively, 6 H),
1.45 (s, 6 H), 3.2-4.1 (m, 2 H), 6.07 (br 5, 1 H), 6.9-7.4 (m, 4 H); 13C
NMR (CDCLs) 10.5 (q), 12.1 (g), 15.3 (q), 17.4 (@), 19.9 (q), 52.0 (s),
58.0 (t), 82.9 (s), 89.7 (s), 109.0 (s), 122.2 (d), 123.0 (d), 127.9(d), 128.7
(d), 141.3 (s), and 146.9 (s) ppm from Me4Si; mass spectrum, m/e (rel.
intensity) 260 (0.5, M¥ — H,0), 190 (13), 172 (75), 84 (100).

Addition of a small quantity of 14a or 14b to a solution of hydriodic
acid in acetone liberated iodine.

1-Acetyl-1,2,3-trimethylindan-2,3-diol (16). Medium-pressure
catalytic hydrogenolysis (24 psi of Hg) of 14a (200 mg) in ethanol with
palladium on charcoal (10%, Matheson Coleman and Bell) at room
temperature for 30 min gave 16 {110 mg, 62%): mp 106-107 °C (pe-
troleum ether); IR (Nujol) 3440 (s), 3290 (s), 1700 (s) cm~%; 'H NMR
{CDCly) 6 1.07 (5, 3 H), 1.47 (s, 6 H), 2.03 (s, 3 H), 2.90 (s, 1 H), 4.88
(s, 1 H), 7.0-7.4 (m, 4 H); for europium shift data, see the structure;
13C NMR (CDCly) 18.8.20.3, 20.9, 29.4, 61.0, 80.4, 86.4, 123.7, 124.4,
128.2,129.0, 144.2, and 144.9 ppm from Me4Si; mass spectrum, m/e
(rel. intensity) 261 (2, M+ — H,0), 200 (6), 191 (3), 181 (2), 174 (51),
173 (100).

Anal. Caled for C4H;505: C, 71.77; H, 7.74. Found: C, 71.80; H,
7.1,

I-Methylene-2,3-dimethylindan-2,3-diol (17). 14a (400 mg) was
heated in 0-xylene at reflux for 10 h. Evaporation of the solvent under
vacuum left a light brown residue which was purified by GLC (10%
SE 30, 165 °C) to give a colorless solid. The solid was recrystallized
from petroleum ether to give pure 17 (65 mg, 22%): mp 96-97°C; IR
(Nujol) 3430 (s), 3320 (s), 1790 (m), 1660 (m), 900 (s) ecm™!; 'H NMR
(CDCly) 6 1.35 (s, 3 H), 1.42 (s, 3 H), 2.53 (hrs, 2 H), 5.27 (s, 1 H), 5.52
(3,1 H), 7.0-7.6 (m, 4 H); mass spectrum, m/e (rel. intensity) 190 (21},
175 (54), 172 (5%), 156 (36), 129 (100).

Anal. Caled for C15H 1404 C, 75.76; H, 7.42. Found: C, 75.88; H,
7.44.

1,2,3,4-Tetramethyl-1,4-endoxy-1,4-dihydronaphthalene (18).
A mixture of 3,4-dimethyl-2,5-hexanedione?! (12.4 g), p-toluenesul-
fonic acid (catalytic amount), and benzene (80 mL) was heated under
reflux for 6 h, during which time the water produced was removed
azeotropically. The volatile solvent was removed upder vacuum, and
the brown oily residue was distilled under reduced pressure as de-
scribed in the literature?! to give pure 2,3,4,5-tetramethylfuran (9.5
£, T7%).

A mixture of tetramethylfuran (3.0 g), benzenediazonium-2-car-
boxvlate hydrochloride (5.3 g), propylene oxide (36 mL) and 1,2-
dichloroethane {100 mL) was heated gradually until gas evolution
commenced. The mixture was then heated under reflux for 2 h. The
volatile solvents were removed under vacuum, and the residue was
dissolved in ether, washad with dilute aqueous NaOH and water, and
dried (MgSQy). The brown oil which remained after removal of the
ether was chromatographed on silica gel with CHCl; as an eluent to
give pure 18 (2.8 g, 57%).2!

1,2,3,4-Tetramethyl-1,4:2,3-diepoxy-1,2,3,4-tetrahydronaph-
thalene (19). A solution of 85% m-CPBA (487 mg) in 13 mL of CHyCls
was added dropwise to a solution of 18 (400 mg) in 2 mL of CH2Cls
with stirring at 0 °C. Stirring was continued for 5 h, during which time
m-chlorobenzoic acid precipitated from solution. The solid was re-
moved by suction filtration, and the filtrate was washed with aqueous
Na,S0;, and water and dried (MgSOy). The solvent was removed
under vacuum at, room temperature to give a colorless oily solid (420
mg) which showed NMR peaks due only to 19. It was used for further
reactions without purification: IR (Nujol) 1160 (s), 1130 (s), 1085 (s),
1070 (s) em~1; 'H NMR (CDCly) 61.17 (s, 6 H, Cg 3 methyls), 1.68 (s,
6 H, C; 4 methyls), 7.03 (5,4 H); 13C NMR (CDCly) 9.1, 11.8, 68.5, 84.8,
119.7, 126.6, and 149.5 ppm from Me,Si. For europium shift data, see
structure.

Reaction of 19 with TFA in CH,Cl,/MeOH. TFA (1.4 mL) was
added dropwise to a solution of 19 (200 mg) in a mixed solvent of
methylene chloride (30 mL) and methanol (1.4 mL) with stirring at
0 °C. The mixture was stirred at 0 °C for an additional 1.5 h. After
workup as in the preparation of 14, the solvent was removed under
vacuum to give a yellow oil which was chromatographed on silica gel
with CHCl; as the eluent to give pure 16 (80 mg, 37%), identical with
material from 14a.

1-Methylene-3-acetyl-2,3-dimethylindan-2-ol (20). TFA (1.4
mL) was added dropwise to a solution of 19 (200 mg) in 30 mL of
methylene chloride with stirring at 0 °C. After additional stirring for
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1.5 h and workup as for 14, the solvent was evaporated under vacuum
to give a yellow oil whose NMR spectrum showed peaks due to 20 and
some small impurities. The yellow oil was chromatographed on silica
gel with CHC]; as eluent to give pure 20 as colorless needles (30%):
mp 87-90 °C; IR (Nujol) 3400 (s), 1790 (m), 1700 (s), 1650 (m), 900
(s) em~!; 1H NMR (CDCl3) 6 1.28 (s, 3 H), 1.48 (s, 3 H), 1.82 (s, 3 H),
3.25 (s, 1 H), 5.22 (s, 1 H), 5.45 (s, 1 H), 7.0-7.6 (m, 4 H); mass spec-
trum, m/e (rel. intensity) 216 (5), 200 (3), 198 (4), 184 (4), 183 (4), 173
(90), 156 (100).

Anal, Caled for C14H504: C, 77.75; H, 7.46. Found: C, 77.68; H,
7.35.

When 19 (420 mg) was allowed to stand in a flask for 10 days, it
decomposed to a brown oil. Chromatography of this oil on silica gel
with CHCl; as the eluent gave 20 (178 mg, 42%).

Deuterium Labeling Experiments. A. 1,4-Dimethyl-2,3-di-
methyl-dz-naphthalene 4-d was prepared as follows. A mixture of
2,4,5,6,6-pentamethyl-3-methyl-ds-cyclohexa-2,4-dienone3® (6.01
g), benzenediazonium-2-carboxylate hydrochloride (6.5 g), propylene
oxide (10 mL), and 1,2-dichloroethane (85 mL) was heated gradually
until gas evolution commenced. After the solution became clear, the
reaction mixture was heated under reflux for 1 h. The volatile solvents
were removed under vacuum. The oily residue was dissolved in ether,
washed with dilute aqueous NaOH and water, and dried (MgSOy).
The light brown residue which remained after the solvent evaporated
was recrystallized from methanol to give 1,3,4,7,7-pentamethyl-2-
methyl-d3-5,6-benzobicyclo[2.2.2]octa-2,5-dien-8-one (5.23 g). This
ketone (2.5 g) was reduced with lithium aluminum hydride in ether
at room temperature in the usual manner to give the corresponding
alcohol (2.3 g). This alcohol, without purification, was heated in o-
xylene under reflux for 51 h. Evaporation of the solvent to dryness
gave a colorless solid which was recrystallized from petroleum ether
to give pure 4-d, which showed two methyl singlets at 6 2.37 and 2.57
with relative intensities of 0.6:1.0.

Starting with 4-d and using the same methods as described above,
8-d, 10-d, 14a-d, and 16-d were prepared. For 8s-d, the 'H NMR
peak at 6 1.18 was reduced in area. For 8a-d, the singlet at 6 1.48 was
reduced in area. For both 10s-d and 10a-d, the singlet at 6 1.57 was
reduced in area. For 14a-d, the doublet at § 0.75 and the singlet at §
1.38 were reduced in their intensities. The **C NMR peaks at 10.5,
19.9, 52.0, and 82.8 ppm showed diminished intensities. For 16-d, the
singlets at 6 1.07 and 1.47 had reduced intensities.

B. 19-d was prepared as follows. A mixture of 3,4-dimethylhex-
ane-2,5-dione (14.1 g), sodium carbonate (4.5 g), ethanol-d (31 mL),
and DyO (60 mL) was stirred at room temperature for 18 h. The
mixture was poured into 250 mL of methylene chloride and washed
with aqueous NaCl. Any residual base was removed with solid CO,.
After drying (MgSQy), the solvent was evaporated under vacuum to
give the deuterated diketone as an oil (12.35 g). The diketone was
converted to deuterated tetramethylfuran by catalysis with p-tolu-
enesulfonic acid as described for the nondeuterated compound since
the reported ZnCly; method?! resulted in deuterium loss. The 2,5-
dideuteriomethyl-3,4-dimethylfuran was converted to 18-d and 19-d
by the same method used for the unlabeled material. The 'H NMR
spectrum of 19-d showed that the peak at § 1.68 (C; 4 methyls) was
reduced in area by about 50%.

Starting with 19-d, 16-d was prepared as with the unlabeled ma-
terial. The 'H NMR spectrum of 16-d showed reduced intensity of
signals at 6 1.47 and 2.03. Of the methyls which are accidentally de-
generate at 6 1.47, the one which moves least with europium shift re-
agent was decreased in intensity.

4-Methoxy-1,4,5,8-tetramethyl-6,7-(3',4',5",6'-tetramethyl-
benzo)-2,3-dioxabicyclo[3.2.1]oct-6-en-8-0l (24). The reaction of
9 (150 mg) with TFA (2 mL) in the same manner as described for the
preparation of 14 afforded 24 quantitatively as a colorless oil: IR (neat)
3470 (s), 1120 (s) cm~1; "TH NMR (CDCl3) 6 0.77 (d, 3 H,J = 1.4 Hz),
1.12 (s,3 H), 1.57 (s, 6 H), 2.17 (5,6 H), 2.27 (s, 3 H), 2.31 (5,3 H), 3.35
(s, 3H), 5.53 (br s, 1 H); mass spectrum, m/e (rel. intensity) 320 (<1),
203 (100).

2,3,4-Trimethyl-2,3-epoxy-4-hydroxy-1,2,3,5-tetrahydrona-

phthalenone (33). Compound 8s (100 mg) was heated in o-dichlo-
robenzene (20 mL) under reflux for 2 h. The solvent was removed
under vacuum to give a brown oily residue whose NMR spectrum
showed peaks due to the starting material and to 33. Separation and
purification by chromatography on silica gel with CHCl; as the eluent
gave three fractions. The first fraction was starting material (27 mg).
From the second fraction, 33 was obtained (18 mg): mp 113-114 °C;
IR (Nujol} 3565 (s}, 3460 (s), 1680 (s), 1100 (s), 1080 (s) cn~}; 'H NMR
(CDCly) 6 1.38 (s, 3 H), 1.60 (s, 3 H), 1.87 (3, 3 H), 2.47 (br s, 1 H),
7.0-7.8 (m, 4 H); mass spectrum, m/e (rel. intensity) 218 (1), 175
(100).



2,3-Epoxynaphthalene 1,4-Endoperoxides

Anal. Caled for C13H1403: C,71.54; H, 6.47. Found: C, 71.42; H,
6.44.

Trapping of Diradical 32. A. 8s (355 mg) in 8 mL of diglyme was
heated at reflux under nitrogen for 2 h. The 1H NMR spectrum of the
diglyme solution after heating showed peaks due only to 10s, Evap-
oration of the solvent left an oily brown residue to which 3 mL of pe-
troleum ether was added. On standing overnight in a refrigerator,
colorless crystals deposited which were recrystallized from petroleum
ether to give pure 10s (220 mg, 61%).

B. A mixture of 8s (100 mg) and benzhydrol (80 mg) was heated in
10 mL of o-dichlorobenzene at reflux for 7 h. The brown oil which was
obtained after removal of the solvent under vacuum was chromato-
graphed on silica gel with CHClj as the eluent. The first fraction gave
a small amount of starting material. From the second fraction, ben-
zophenone (17 mg) was obtained and identified by its IR spectrum.
From the third fraction, 10s (30 mg) was obtained, identical with the
product from hydrogenolysis of 8s.

2,3,4-Trimethyl-4-hydroxy-1,4-dihydronaphthalenone (35).
To asolution of 2,3-dimethyl-1,4-naphthoquinone3” (558 mg) in dry
ether (100 mL) was added dropwise at ~78 °C under nitrogen 2.0 mL
of commercial 1.77 M methyllithium (ether). The mixture was stirred
for 15 min and then warmed to room temperature. After additional
stirring for 1 h, water (20 mL) was added with vigorous stirring. The
separated aqueous layer was extracted with ether, and the combined
ether layers were washed with dilute hydrochloric acid and saturated
sodium chloride solution and dried (MgSQOy). Removal of the ether
under vacuum gave a pale yellow solid which was rinsed with petro-
leum ether to give colorless 35 (400 mg, 67%): mp 163-164 °C; IR
(Nujol) 3420 (s), 1635 (s) cm™!; 'H NMR (CDCl;) 6 1.55 (s, 3 H, Cy4
methyl), 1.87 (s, 1 H, OH), 1.92 (br s, 3 H, Co methyl), 2.13 (brs, 3 H,
C3 methyl), 7.2-8.0 (m, 4 H, arom); mass spectrum, m/e (rel. intensity)
202 (32}, 187 (100).

Anal. Caled for Cy3H404: C, 77.20; H, 6.98. Found: C, 76.79; H,
6.36.

Treatment of 35 with excess sodium methoxide in methanol-d for
1 h at room temperature3® gave labeled 35 lacking the signal at &
2.13.

Epoxidation of 35. To a solution of 35 (202 mg) in methylene
chloride (10 mL) was added 300 mg of 85% m-CPBA in 10 mL of the
same solvent. The mixture was stirred for 7 h at room temperature,
washed with aqueous sodium sulfite (2X), aqueous sodium carbonate
(4X), and saturated sodium chloride (2X), and dried (MgSO,). Re-
moval of the solvent under vacuum gave a colorless residue which,
after rinsing with petroleum ether (30-60 °C), gave 180 mg (83%) of
pure 33 (IR, NMR, melting point, and mixture melting point were
identical with the thermolysis product of 8s). Starting with labeled
35 (vide supra), the resulting labeled 33 lacked the signal at 6 1.67 in
its NMR spectrum.
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Molecular geometries, dipole moments, and isomerization energies were obtained by direct optimization of the
(MINDO/3) energy surface of pyrrole, 2-methylpyrrole, 3-hydroxypyrrole, 2-methylene-A%-pyrrolin-3-one, and
various other substituted pyrroles and pyrrolenines. The most common tautomeric structures as well as some pro-
tonated molecules were investigated too. Solvent effects on tautomerization equilibria are discussed by means of

the calculated polarities of the structures studied.

Prototropic equilibria of hydroxypyridines have been
studied extensively by theoretical,! spectroscopic, and ki-
netic3 methods. 3-Hydroxypyridine (eq 1) is of special interest
since the equilibrium constant K ¢ favors most investigations
in aqueous sclutions (Kac ~ 1, H,O solvent, T = 25 °C).
Structures of type B are characterized by high energies in the
pyridine series and hence do not contribute appreciably to
equilibrium mixtures. Additionally, 3-hydroxypyridine is also
of interest in biochemistry as it represents an essential
structural unit of vitamin Bg compounds.

/ / oH /
T’ | pPa— l (1)

Nn Xn N

B A c

The analogous compound of the pyrrole series, 3-hydrox-
ypyrrole (eq 2), in principle is subjected to the same kind of
tautomerization equilibria. In contrast to the pyridines,
structures of tvpe C are highly disfavored energetically in the
pyrrole series. Therefore, tautomerization equilibria of the
type A = B are often discussed in the literature.*
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In connection with our investigations on prodigiosins,> we
became interested in the methoxypyrrole derivative (eq 4) for
reasons of pharmacological activity compared to the native
biological compound, metacycloprodigiosin. Therefore, we
had to look for synthetic methods which could lead to such

OCH3 OCH3

(3,4)

Metacycloprodigiosin
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