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Azulenequinones have been attracting great interest in recent years. After a brief introduction concerning an earlier
study of azulenequinones we review recently developed areas of azulenequinone chemistry, which became possible by the
discovery of a facile one-pot synthesis of azulenequinones, or their bromo derivatives, by means of the bromine oxidation
of various azulene derivatives in an aqueous solvent. Various functionalized, and some annulated, azulenes are used as
substrates to determine the scope and limitations of this method. The bromoazulenequinones can be used as synthons,
from which various azulenequinones can be derived by nucleophilic displacement. In a hope to encourage other chemists
to develop new azulenequinone chemistry, we herein describe the process of the discovery, starting from the original
motivation. In addition, we touch on remarkable and mysterious products whose structures remain undetermined and our
speculation concerning their reaction paths. Some physical and chemical properties of azulenequinones, together with
those of azulenequinone methides and diazoazulenequinones, are also described. This is the first complete review of the

field of newly developing azulenequinones.

As is well known, quinones are among the oldest known
compounds and involve one of the most interesting areas
in organic chemistry."? Since centuries ago, they have had
many important applications, such as dyestuffs as well as
antibiotic, antifungal, and antitumor medicines. However,
almost all of them belonged to benzenoid compounds. '

In 1963, Hafner et al.¥ started an extensive study of ful-
vene chemistry, and synthesized some 2-methylene-6(2H)-
azulenone derivatives 3 (R,R’ =Me, Ph, N-piperidino),
which correspond to 2,6-azulenequinone-2-methides, by a
base-catalyzed condensation of diethyl 3-oxopentanedioate
(1) and 6-(N,N-disubstituted)fulvene-3,4-dicarbaldehyde (2)
(Scheme 1).

On the other hand, Marsili and Isola® obtained polycon-
densed 1,6-azulenequinone (4) and Ried and Ehret* syn-
thesized 2,6-azulenequinone derivatives (§), as shown in
Scheme 2.

Around the same period, Nozoe, Asao, and Ando®*— ob-
tained 2-diazo-6(2H)-azulenones (2,6-azulenequinone 2-di-
azides) by the diazotization of 2-amino-6-bromoazulenes
(6a,b). Based on infrared spectral data they thought that 7a
(R=COOEt) and 7b (R =CN) made a considerable contri-
bution to the dipolar form (A’), and thus called the com-
pounds “diazoazulenoquinones” or “diazoazulenolates”.>*®
They also obtained 2-diazo-4(2H)-azulenone (9a,b) from

#Deceased in April 4, 1996.

8a,b by a similar method>* (Scheme 3).

A little later, Morita, Takase, and co-workers synthesized
several 1,2-, 1,5-, and 1,7-azulenequinone derivatives from
polysubstituted azulenes 12 (R!, R®=COOEt, CN, etc.; R?=
OH or NH,),'¥ which were easily obtainable by the Nozoe
azulene synthesis'®® from reactive troponoids 10 (having
a good leaving group, such as OMe, Cl, and OTs at C-2)
and various active methylene compounds (AMC) via cyclo-
hepta[b]furan-2-ones (11a: X=0) or -imines (11b: X=NH)
(Scheme 4).

Meanwhile, Matsubara, Yamamoto, Nozoe, and co-work-
ers started an extensive study in 1980 on the autoxidation of
naturally occurring guaiazulene (13) and synthetic 4,6,8-
trimethylazulene (14), and obtained a small amount of
guaiazulenequinone (15) and 4,6,8-trimethyl-1,5- (16) and
-1,7-azulenequinones (17). The yields of the azulenequi-
nones were greatly improved by using peracetic acid as an
oxidant'® (Scheme 5).

Almost at the same time, Scott, Houk, Fukunaga, Hafner,
and co-workers published a joint paper® describing sixteen
possible structures of azulenequinones. They also predicted
the physical properties of the azulenequinones in terms of
the UV spectra, magnetic susceptibility, redox potential, sta-
bility, etc. based on a theoretical calculation. The calcu-
lation suggested that only 1,2-, 1,5-, and 1,7-azulenequi-
nones should be stable. They stressed that the azulenequi-
nones would be very promising candidates for antibacterial,
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antifungal, and antitumor examination, and might play an
important role in photosynthesis as well as in the respira-
tory electron transport chain and solid state electroconduc-
tivity. Indeed, in 1984 they succeeded in the first synthesis of
highly reactive 1,4- and 1,6-azulenequinones as Diels—Alder
adducts, and isolated 1,5- and 1,7-azulenequinones as sta-
ble crystals.? These experimental findings drew increasing
attention of chemists around the world to azulenequinones.
On the other hand, in 1985 Nozoe, Ishikawa, Shindo, and
Wakabayashi started a systematic study on the bromination
of various azulenes, which led to the discovery of a very
facile one-pot synthesis of 1,5- and 1,7-azulenequinones.
We herein review important aspects of these recent stud-
ies concerning azulenequinone chemistry, and anticipate not
only further developments in its fundamental chemistry, but
also new applications. Although an extensive and excel-
lent review'? of azulenequinones was published by Scott in
Patai’s monograph'® in 1988, it referred only to the studies of
Morita et al. and Scott et al. The present account is therefore
aimed at covering more extensive aspects of azulenequinones
and related compounds while being the first complete review.



T. Nozoe et al.

Synthesis of Azulenequinones and Related Compounds

A. From Polysubstituted Azulenes via Azulenediols.  2,6-
Azulenequinone. The aforementioned original one-pot syn-
thetic procedures®™ ' for the polysubstituted azulenes (12) from
troponoid 10 or 11a,b were further developed. Various functional
groups originally introduced by the Nozoe azulene synthesis can
be either eliminated or replaced by other groups, thereby affording
a wide variety of polysubstituted azulenes.'*®— These azulenes
were furnished for azulenequinone synthesis. Morita, Takase, and
co-workers thus obtained several azulenequinones from the appro-
priate azulenes, as shown in the following Schemes (6 to 12).

Unlike the free 6-bromoazulen-2-ol (18a: R=Me or Et, R’ =H),
its O-acetate (18b: R’ = Ac) easily reacted with sodiomalononitrile
to give 19b (R’ = Ac) in a high yield. Compound 19a (R’ = H),
obtained by the alkaline hydrolysis of 19b, was dehydrogenated
with 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) to afford
2,6-azulenequinone-6-methide derivatives (20) that were isolable
in the dimeric form’ (Scheme 6). Similarly, they obtained dieth-
yl 2,6-azulenequinone-1,3-dicarboxylate (24), also as the dimeric
form, by the dehydrogenation of 23, which was obtained by the
photolysis of 2-diazoazulen-6(2H)-one (7a) in acetic acid followed
by hydrolysis of the 2-OAc group of 227 (Scheme 7).

Highly reactive 2,6-azulenequinones (20 and 24) were isolated
only as dimers 21 and 25, respectively. These dimers are stable at
100 °C, butrevert to 19a (R’ =H) and 22 when treated with a sodium
hydrogensulfite solution or zinc in acetic acid. Compound 21 was
condensed with acetylenedicarboxylate to give benzoheptafulvene
derivative 26. This experimental evidence shows that dimers 21 and
25 dissociate respectively to monomers 20 and 24 before reduction
and cycloaddition” (Scheme 8).

1,2-Azulenequinones.  Morita et al.*’ also synthesized parent
1,2-azulenequinone (31a: R =H) as the first example of a stable
non-annulated azulenequinone. Starting from very easily available
diethyl 2-acetoxyazulene-1,3-dicarboxylate (27), monodeethoxy-
carbonylated compound 28 was derived, then benzoyloxylated with
benzoyl peroxide in benzene at 80 °C to give compound 29. Upon
a treatment with 100% H3;PQO4 at 90 °C for 50 min 29 underwent
hydrolysis of the acetoxy and benzoyloxy groups accompanied by
deethoxycarbonylation to yield very unstable 1,2-azulenediol (30a:
R=H). Compound 30a was immediately treated with DDQ at room
temperature to give 1,2-azulenequinone (31a) as green needles.
They also obtained 3-ethoxycarbonyl- (31b: R = COOEt) and 3-
cyano-1,2-azulenequinone (31¢: R =CN)® (Scheme 9).

1,5- and 1,7-Azulenequinones.  Then, Morita et al. prepared
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methyl 1,5- (35) and 1,7-azulenequinone-3-carboxylates (36),” as
shown in Scheme 10. Namely, methyl 5-methoxy- (33a) and 7-
methoxyazulene- 1-carboxylates (33b), obtained by monodemeth-
oxycarbonylation of diethyl dicarboxylate (32), were oxidized with
lead tetraacetate in benzene—pyridine—-DMSO to give 3-acetoxy
compounds 34a and 34b, which were further oxidized with cerium-
(IV) ammonium nitrate to provide methyl 1,5- (35) and 1,7-azulene-
quinone-3-carboxylates (36) in 71 and 73% yields, respectively. As
predicted by Scott et a].,Z) 1.2-, 1,5-, and 1,7-azulenequinones were
stable compounds.

1,6-Azulenequinone. A 1-dimethylaminomethide derivative of
1,6-azulenequinone (39) was also prepared by Morita et al., starting
from 6-acetoxyazulene (37), as shown in Scheme 11. Namely,
the reaction of 37 with dimethylformamide-phosphoryl chloride at
0 °C for 30 min afforded 1-formyl derivatives 38a,b (R=H and
Ac) and 39. On the other hand, a treatment of 6-azulenol with
DMEF-POClI; at 0 °C for 30 min, followed by the addition of 40%
dimethylamine, afforded 39 in 100% yield. The hydrolysis of 39
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with sodium hydroxide in ethanol easily reproduced 38a.'%

They also synthesized mono-annulated 1,6-azulenequinone
derivative (44) from 3-bromo-1,6-diacetoxyazulene (40), as shown
in Scheme 12. Thus, the treatment of 40 with 30% aqueous dimeth-
ylamine at room temperature gave 41, which exists as a solvent-
dependent tautomerism between 41 and 42. A Diels—Alder conden-
sation of the latter (42) with 1,3-diphenylisobenzofuran afforded
adducts 43a (and its isomer 43b), which gave the naphtho-fused
1,6-azulenequinone (44) upon a treatment with hydrochloric
acid.'®

B. Oxygenation of Azulenes. Autoxidation. In 1984,
Nozoe, Matsubara, Yamamoto, and co-workers found minute
amounts (1—1.5%) of guaiazulenequinone (15), 4,6,8-trimethyl-
1,5- (16), and -1,7-azulenequinones (17) among many autoxidation
products derived from guaiazulene (13) and 4,6,8-trimethylazulene
(14) by passing finely bubbled oxygen into a solution of the sub-
strates in DMF at 100 °C.""*

The yields of azulenequinones were very much influenced by
the reaction conditions. For example, when a hexane solution
of the substrate was impregnated into filter paper and allowed to
be exposed to air, the isolated yields of guaiazulenequinone (15)
varied: 3.8% under sun light, 6.7% in a laboratory, and 18.9% in a
dark room.''?¥ The oxidation of guaiazulene in DMF in the presence
of 1,4-diazabicyclo[2.2.2]octane (DABCO) at 100 °C gave a 10%
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ACCOUNTS

yield of 15.''

Peracid and H,O; Oxidation.  Peracetic acid and H,O» oxi-
dations of azulenes are far more simple. For example, Matsubara,
Yamamoto, Nozoe, and co-workers'**® obtained by the peracetic
acid oxidation of 13 in hexane at 25 °C (1 h) “biguaiazulene-
dione” 45 (80%) together with a trace of guaiazulenequinone (15)
and 5-isopropylidene-3,8-dimethyl-1(5H)-azulenone (48). The au-
toxidation of 45 in pyridine at 25 °C provided as high as 46%
of guaiazulenequinone (15) and 1% of biguaiazulenequinone (47).
Moreover, the autoxidation of 45 in CHCI3 (or CH2Cl,) at 25 °C
afforded 48 as a major product (30%). These reactions of 13 were
assumed to proceed via a monomeric guaiazulenone radical (45a),
as shown in Scheme 13."***'Later, Asao, Matsubara, Nozoe, and
co-workers established the structure of “biguaiazulenediones” to be
a mixture of meso and the enantiomers (45).12“’ These biguaiazu-
lenediones turned out to be a highly important key intermediate for
the various autoxidation products of guaiazulene. The oxidation
of 4,6,8-trimethylazulene (14) with H>O; in pyridine also afforded
azulenequinones (16 and 17) (8% each) and 2-azulenylazulenequi-
nones (49a and 49b) (9%), together with various dimeric rearranged
products'®” (Chart 1).

MnO; Oxidation. Very recently, Hansen and co-workers
obtained 15, 7-isopropyl-4-methyl-1,5-azulenequinone (50a) and
its 1,7-isomer (50b) from guaiazulene (13) by MnO, oxidation'*?
(Chart 1).

Photo-Oxygenation.  Wu, Yang, Nozoe, and co-workers ex-
amined the photo-oxygenation of some functionalized azulenes.
The reaction products were a mixture of various mono-, bi-, and
terazulene derivatives, somewhat similar to the cases of the autox-
idation of azulenes.'"” A very small amount (1—1.5%) of azulene-
quinones was isolated from other oxidation products. Namely,
2,4-diethoxyazulene (51) and 4-dimethylamino-2-ethoxyazulene
(52) afforded a small amount of the corresponding azulenequi-
nones (53—55), whereas 2-ethoxyazulene (56) did not give any
azulenequinone, but afforded some interesting bi- and terazulenone
derivatives in good yields'*® (Chart 2).

Natural Occurrence. As mentioned later, Li and Scheuer
believed guaiazulenequinone (15) to be the first natural azulene-
quinone. During the isolation of the violet pigment linderazulene

49a,b
Chart 1.
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(57) from gorgonian Puramuricea Chamueleon. Alpertunga et al.
detected a small amount of yellow pigment 58, which was a photo-
oxidation product formed by exposing an ethanol solution of 57
to direct sunlight for six days.'* An isomeric extended azulenc-
quinone “malophylidin™ (§9) was isolated trom the roots ot Ferula
Malacophylla by Bagirov et al."*™ (Scheme 14).

Streptomyces echinoruber sp. nov. produces more than five red
pigments; the main pigment, “rubrolone A” (60), was elucidated to
be a complex 1,4-azulenequinone derivative by a chemical reaction
and X-ray analysis of its derivative 61. The structure and absolute
stereochemistry of 60 and 61 are shown in Chart 3. The spectra of
another pigment (rubrolone B) suggest that it is possibly an isomer
of 60."*

C. From Dihydrocinnamic Acid via Diacetoxyazulenes.
Scott et al. have developed a remarkable azulene synthesis with-
out any dehydrogenation steps.'*"

1,4- and 1,6- Azulenequinones. Starting from dihydro-
cinnamic acid (62), diazoketone (64) was obtained almost quan-
titatively via acyl chloride (63). Refluxing of 64 with a catalytic
amount -of copper(l) chloride (or preferably with rhodium(Il) ac-
etate)'*® rapidly afforded bicyclic trienone (67) via intramolecular

60 (Rubrolone A): Ry=R,=R;=R,=H
61 : H1=Me, R2=0'BTC5H4CO, Rg,R4=CHM€2 :
Chart 3.

carbene insertion product 65 and ring-enlargement product 66 (in
45—50% vyields). The treatment of 67 with P,Os and methane-
sulfonic acid provided parent azulene,™® whereas the oxidation
of 67 with CrO;—pyridine gave a mixture of tropones (68a and
68b), which were respectively transformed into 1,4- (69a) and
1,6-diacetoxyazulenes (69b) simply by stirring with acetic anhy-
dride and pyridine in hot ethyl acetate. These 69a and 69b were
treated with methyllithium in THF at —75 °C and then with chloro-
trimethylsilane respectively to afford unstable 70a and 70b. These
compounds were oxidized with pyridinium chlorochromate (PCC)
or tetrachloro-p-benzoquinone in the presence of cyclopentadiene
to give Diels—Alder adducts (72a and 72b) of very unstable
1,4- (71a) and 1,6-azulenequinones (71b).'>*'® These 71a and 71b
were too unstable to be isolated, just as predicted by Scott et al.?)
(Scheme 15).

Alternatively, 69a was brominated with NBS to give monobromo
compound 73, a treatment of which with methyllithium followed
by protonation with acetic acid afforded tropone (74). By adding
pyridine in the presence of cyclopentadiene, 74 directly produced
the Diels-Alder adduct (72a)'*” (Scheme 16).

1,5- and 1,7-Azulenequinones.  The photo-oxygenation of
the aforementioned triecnone (67) gave a high yield of two isomeric
endo-peroxides (75a,b), both of which were then treated with ace-
tic anhydride and pyridine to afford 1,5- and 1,8-diacetoxyazulenes
(76a,b) from 75a, and 1,7-diacetoxyazulene (76¢) from 75b. Those
76a and 76¢ led to stable 1,5- and 1,7-azulenequinones (77 and 78)
respectively in the absence of cyclopentadiene by the aforemen-
tioned method'® (Scheme 17).

The direct oxygenation of azulene (79) with benzoyl peroxide,
followed by Friedel-Crafts alkylation with -butyl bromide, yielded
1,3-disubstituted azulene (81) via 80. Chromium trioxide oxidation
of 81 in aqueous acetic acid afforded a mixture of 3--butyl-1,5- and
-1,7-azulenequinones (82a and 82b)">® (Scheme 18).

D. Bromine Oxidation of Azulenes in Aqueous Solvents.
Motivation. In 1984, Li and Scheuer isolated from polyps
of Hawaiian deep-sea gorgonian'” various pigments (guaiazulene
(13), lactarazulene (83), two “one-carbon transferred” compounds
84 and 85,''Y and guaiazulenequinone (15)), about which Nozoe
and co-workers had just published.!'® Besides them, there were
three haloazulenes: 3-chloro- (86), 3-bromo- (87), and chiral 14-
bromoguaiazulene (ehuazulene) (88). Scheuer also described that
all of these haloazulenes were unstable (Chart 4).
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QCOPh peorn bromine atom at C-3."*® On the other hand, when 13 was treated
OO with NBS in hexane, 3-bromoguaiazulene (87) was obtained quan-
titatively, as expected. However, as shown in Scheme 19,!826) pure
87 in benzene changed within several hours, and gave the same
79 80 82a.b products (88—96) besides 13 as in the case of the reaction of 13
’ with NBS in benzene. After having carefully studied the order of
Scheme 18.

Being interested in the discovery by Li and Scheuer, Nozoe
started a study concerning the bromination of guaiazulene and other
azulene derivatives with Ishikawa, Shindo, and Wakabayashi from
the standpoint of fundamental chemistry.

Guaiazulene and NBS in Benzene or Hexane. Upon a
treatment with equimolar amount of NBS in benzene at room tem-
perature, guaiazulene 13 surprisingly gave more than 10 products
(88—96); noteworthily, all of those products (except for 90) had no

the bromine-shift of 87 in benzene by time-dependent HPLC, they
postulated the order of the shifts. From experimental evidence that
87 gave two types of coupling products (95 and 96) in benzene, and
that those Br-shifts shown in Scheme 19 did not occur in the pres-
ence of a proton or radical scavenger, they presumed that the Br-
shifts proceeded via intra- and intermolecular radical pathways. '3

Guaiazulene and NBS in Methanol. In contrast to the afore-
mentioned NBS bromination of 13 in benzene, the reaction of 13
with NBS in methanol produced bromine-free dimers (95 and its
3,2'-isomers), trimers and oligomers, together with a small portion
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of methoxylated products.’*> temperature gave a 3-bromo derivative 98 quantitatively, whereas

Bromination of Synthetic Azulenes with NBS. Then, Nozoe at 60 °C with a large excess of NBS 103 was produced, presumably
et al. undertook a systematic study of bromination reactions of a via the isopropyl side-chain-brominated and dehydrobrominated
wide range of azulenes. For example, the reaction of methyl 7- products (99-—102), as in the case of the bromination of cumene at
isopropylazulene- 1-carboxylate (97) with NBS in benzene at room higher temperatures'®’ (Scheme 20). However, no bromine migra-
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tion in benzene was observed among these compounds.

4,6,8-Trimethylazulene (14) almost quantitatively gave 1,3-di-
bromo derivative (104) upon a treatment with 2 molar amounts of
NBS in benzene.?”” Compound 104 is completely stable in ben-
zene, thus eliminating the possible reasoning of a steric repulsion
between the bromine atom and the methyl group at the peri position
for the facile bromine migration in benzene observed in the case
of 13 and some of its derivatives.?™ Chart 5 shows the oxidation
potentials of 14, 104, 13, and 3-methylguaiazulene (105).2%9 1¢
is noted that because of such a low oxidation potential a hexane
solution of 105 sprayed on filter paper was instantly oxidized to
give variously colored products®® (Chart 5).

Thus, the facile bromine shifts of 87 and related compounds
88—94 in benzene have been attributed to the significantly low
values of their oxidation potentials,® which enable Br* of -
complex 106 to take up one electron from the very reactive 10
azulenic system to form a radical cation 107 via the m-complex
106 and a bromine radical Br®.*® The latter Br® radical, carried
by the 67 electron cloud of solvent benzene 108, then attacks other
positions of the substrates intra- or inter-molecularly.?® Possible
pathways are shown in Scheme 21; benzene containing an absorbed
water cluster is presumed to serve as an initial proton source for the

G ¢

14 104 105
Eox +0.53V

Eox +0.83V Eox +0.93V Eox +0.65V

Chart 5.
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conversion of 87 to 106.

Bromination of Azulenes in Hexane.
Shindo, Wakabayashi, and Kageyama®" as well as Nozoe,
Matsubara, Yamamoto, and Takekuma'?®’ undertook a polybromi-
nation study of the parent azulene 79 with different bromination
reagents under various conditions. In most cases, the reaction with
NBS, bromine and pyridinium hydrobromide perbromide rapidly
afforded a quantitative yield of 1,3-dibromoazulene (110) via 1-bro-
moazulene 109. When the NBS-polybrominated (3 molar amounts
of NBS) product (111) in hexane was quenched with water, a
dimeric bromoazulenone (112) was obtained together with 110
(Scheme 22).

Compound 112 dissociated in an aprotic solvent to 1-oxoazulenyl
radical 113, which eventually yielded various autoxidation prod-
ucts in air.'?® The behaviors of compound 112 resembled those
of the aforementioned 45 obtained by the oxygenation of 13 (see
Scheme 13).

With NBS in Benzene. Further, an NBS reaction of 110 in ben-
zene gave 1,3,5-tribromoazulene (115) along with a small amount
of tetrabromoazulene (116), while in acetic acid, especially in the
presence of sodium acetate, the same reaction afforded 5-acetoxy-
1,3-dibromoazulene (119) in 7% yield, besides 115. This suggests
that a bromine (1+) ion was added to C-1 of dibromoazulene (110)
to give tribromoazulenium ion 114 followed by the addition of an
acetate or bromide ion to C-5 (or C-7) of 114, to form 117 and
118, from which 115 and 119 were derived by HBr elimination®®?"
(Scheme 23).

The above-mentioned experimental evidence was quite different
from that observed in the cases of further bromination (electrophilic
substitution) of 1,3-disubstituted azulene derivatives.* A theoreti-
cal calculation by Kurihara et a1 suggests that in the bromination

\é@ —= 13495
107

Then, Nozoe, Ishikawa,

Scheme 21.

* Hexane “

79 109

Oxidation
products

@Q

113

OO

Scheme 22.
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of dibromoazulene (110) the Br* should attack C-1 to give the tri-
bromoazulenium cation 114, whose positive charge is localized on
the seven-membered ring, to undergo nucleophilic additions at C-5
and C-7 (Chart 6).

In Acetic Acid. According to a study by Nozoe, Wakabayashi,
and co-workers on the polybromination of azulene (79) in acetic
acid, a dark-green solid precipitated as a main product was con-
sidered to be a CT-complex of tribromoazulenium bromide (114).
Furthermore, they found a mixture of ca. 1% yield of 3-bromo-1,5-
(120) and -1,7-azulenequinones (121) together with trace amounts
of dibromo compounds (122 and 123) from the mother liquor’”
(Chart 7).

In Aqueous AcOH. Then, after optimization experiments, the
bromination of azulene (79) with 3.4 molar amounts of bromine
in acetic acid containing 25% of water and quenching the reaction
mixture with water overnight yielded as much as a 50% yield of

82 B 2
_HR”“J( 110

116 115 119
Scheme 23.

0.390

Chart 6. 7-HOMO and LUMO coefficients of key interme-
diate 114.

Hzo )

Br

o

Br

110

OO

114 124 Br 125

Bull. Chem. Soc. Jpn., 69, No.5 (1996) 1157

a mixture of 120 and 121 together with a small amount of 3,7-
dibromo-1,5- (122) and 3,5-dibromo-1,7-azulenequinone (123) and
50% of a dark reddish-violet precipitate, which was presumed to
consist of a mixture of several bromobiazulene derivatives, which
showed three reddish-violet spots on silica gel TLC.2* The struc-
ture of the top spot was identified by synthesis to be 3-(3-bromo-
1-azulenyl)-1,5- (126a) and -1,7-azulenequinones (126b). The lat-
ter two spots were presumed to be a mixture of dimeric azulene
derivatives (such as 127) produced under a bromine deficient con-
dition; by further bromination these biazulene derivatives can give
additional amounts of bromoazulenequinones (120 and 121) via
appropriate intermediates, such as 130a and 130b (Scheme 24).2'®
Indeed, the dark reddish-violet precipitate afforded another 30% of
quinones (120 and 121) through repeated bromination in aqueous
acetic acid. Reverse addition (the addition of azulene in aqueous
THF to a bromine solution in acetic acid) also afforded ca. 80%
bromoazulenequinones (120 and 121).%'*

Bromine Oxidation in Aqueous THF. By carefully analyzing
the above-mentioned experimental facts, Nozoe, Kageyama, and
co-workers discovered a very convenient, standard procedure for
a one-pot synthesis of 3-bromo-1,5- (120) and -1,7-azulenequi-
nones (121) using aqueous THF to avoid the precipitation of a
dark-violet solid.?¥ Namely, a stirred solution of azulene (79) in
5—20% aqueous THF was added to 4.3 molar amounts of bromine
in a small amount of acetic acid over a period of a few minutes
at 5—10 °C, and was then quenched with water overnight. Tri-
bromoazulenones (132a,b) were isolated as colorless crystals in a
1:1 ratio, but 3-bromo-1,5- and -1,7-azulenequinones (120 and
121) were obtained in a 3 : 1 ratio after quenching with water and
undergoing separation by alumina column chromatography in the
form of stable yellow needles. The authors have proposed possible
pathways for the formation of these two bromoazulenequinones, as

shown in Scheme 25.2%
0 o o) Br o o 0
o} Br Br [e] Br Br Br

120 121 122 123
Chart 7.

(o]

()
° CO 2) e,

B 126a,b

1)@@ 0

00

120 (121)

e OO @ e { 110
@Q b @Q @Q o\H 120 (121)

Br 130a,b

Scheme 24.
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E. Scope and Limitation of the Azulenequinone Synthesis.
To study the scope and limitation®'> of the aforementioned one-pot
azulenequinone synthesis, they used Nozoe et al.’s original method®
and its modifications*** to prepare polysubstituted azulenes as
substrates. It is necessary to prepare various types of azulenequi-
none derivatives in order to test their biological and physiological
properties as well as their solid-state electroconductivity.

Alkylazulenes without Substituents at C-1 and C-3 Positions,
and 2-Phenylazulene. First, Nozoe et al. extensively studied the
polybromination of 2-methylazulene (135) by a standard method
and isolated 3-bromo-2-methyl-1,5- and -1,7-azulenequinone (137a
and 137b) in 45 and 15% yields, respectively. Trace amounts of
bisazulenequinones (138a—c) and azulenylazulenequinones (139a,
b) were also obtained. From the dibromo derivative (136) they
obtained the same results, which indicate the intermediacy of this
compound 136%%” (Scheme 26).

ACCOUNTS

They next treated several alkylazulenes (140—143) having no
substituent at the C-1 and C-3 positions and 2-phenylazulene (144)
under the same conditions; the structures and isolated yields are
shown in Table 1.%%?

Azulene-1-carboxylic Acids. The bromine oxidation of azu-
lene-1-carboxylic acids (145—149) without a substituent at the C-
3 position afforded related 1,5- and 1,7-azulenequinones in a high
yield, because a C-1 carboxylic acid group was easily substituted
by bromine®® (Table 2).

Azulenes with Alkyl or Phenyl Group at C-1 Position. They
then examined the bromine oxidation of 1-methylazulene 12 (R! =
Me, R? =R’ = H); however, the products were a mixture of many
compounds whose structures have not yet been elucidated. Mean-
while, 1-methyl-5-isopropylazulene (150) gave 1-bromo-3-hy-
droxy-7-isopropyl-3-methyl-5(3H)-azulenone (150c¢) in 25% yield.
However, 1-ethyl- (151), I-ethyl-5-isopropyl- (152), 5-isopro-

~@{ =08~ Of - Of#

79 114

Br

131a,b

132a 132b

[1:1]

133 134a

134b

120 gy 12

Scheme 25.

NBS

o Br ,Br/ 135

60% 3: 1)

OMe

139a

Me

QO

139b

Post
c@

2% (3:5:2) 138¢c

Scheme 26.
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Table 1. Azulenequinones from Alkylazulenes and 2-Phen-
ylazulene without Substituents at C-1 or C-3 Position

Azulenes Azulenequinones (Yield, %)

O

140a (43%) 140b (15%)

141 141a  (45%) 141b  (15%)

42 142a (48%) 142b  (11%)
o Br Br

143 143a (50%) 143b (10%)
[o] [s} o]
o Br Br

144 144a (35%)  144b (10%)

Bull. Chem. Soc. Jpn., 69, No.5 (1996) 1159

Table 2. Azulenequinones from Azulene-1-carboxylic Acids™

Azulenes Azulenequlnones (Yleld %)

v=3
3%) 121 (15%)
0&« p#m O

[o}

137a (45%) 137b (15%
gy

140a (60%)  140b (20%)
W

141a (50% 141b (15%)

149 143a 60%) 143b (14%)

pyl-1-propylazulene (153) and 1-heptyl-5-isopropylazulene (154)
unexpectedly afforded C-1 alkyl-extruded 3-bromo-1,5- and -1,
7-azulenequinones together with 1-bromo-3-hydroxy-5(3H)-azu-
lenone derivatives (151¢, 152¢, 153c, 154¢).*'“*"™

On the other hand, the bromination of 1-phenylazulene (156)
resulted in the formation of 3-phenyl-1,5-azulenequinone (156a,
18%) and its 1,7-isomer (156b, 10%), together with two isomeric
1-bromo-3-hydroxy-5(3H)~ and 3-bromo- 1-hydroxy-5(1H)-azu-
lenones (156¢ and 156d, 60%). Upon heating of 156¢,d in the
presence of a trace of concd H,SO4 in methanol for one day, a mix-
ture of azulenequinones (156a,b) was obtained in 80% yield (1:1
ratio)*'“*’¥ (Table 3).

1,2-Polymethyleneazulenes. For the purpose of clarifying
the mechanism of the aforementioned extrusion of C-1 substituents
to give azulenequinone derivatives, Nozoe, Wakabayashi, Yang,
and co-workers studied the bromine oxidation of 7-isopropyl-2,3-
dihydro-1H-cyclopentala]azulene (157) and 2,3.4,5-tetrahydro-1H-
cycloheptaazulene (160). Compound 157 afforded 3-(3-bromo-
5-isopropyl-1,7-dihydro- 1,7-dioxoazulen-2-yl)propanal (158) in
28% yield together with 9-bromo-7-isopropyl-3a-hydroxy-2,3-dihy-
dro-1H-cyclopentalaJazulen-5(3aH)-one (159, 20%) (Scheme 27),
while 160 afforded 3-bromo-1,5-azulenequinone (161a, 18%) and
its 1,7-isomer (161b, 6%) having a 4-formylbutyl group at the C-
2 position accompanied by the corresponding hydroxyazulenone
(163)*” (Scheme 28).

A treatment of 160 with 5 molar amounts of bromine gave the
corresponding bromoazulenequinones (162a,b) having a pentanoic
acid side chain in 21 and 7% yields, respectively. These experi-
mental facts suggested that a cleavage of the C—C bond at the C-1

position took place, as shown in Schemes 27 and 28. The extrusion
of an alkyl group at C-1 of 151—155 presumably took place in a
similar manner.?'¢*"

Azulenes with Methyl Group at C-4 Position. 4-Methyl-
(164) and 1,4-dimethylazulene (165) afforded several azulenequi-
nones as a mixture. Being unstable in air, 164 changed to a polar
green compound.””™ The bromination of 4,6,8-trimethylazulene
(14) afforded a mixture of 1,5- and 1,7-azulenequinones (16 and
17) accompanied by some unidentified products. The yields of 16
and 17 were not reproducible. That may have been because of the
easy bromination of methyl side chains of 14° (Chart 8).

Guaiazulene. As mentioned before, the reactions of guaiazu-
lene 13 are sometimes quite different from those of other azulenes.
Nozoe, Shindo, and co-workers found that the bromination of 13 by
the standard bromine oxidation procedure with 3.2 molar amounts
of bromine in aqueous THF afforded 2—6% of azulenequinone
(15) and 10—15% of 3-bromo- 1-hydroxyguaiazulen-5(1H)-one
(170) as well as 60—70% of a dark-green solid A. The crystal
structure of the compound 170 was determined by an X-ray crys-
tallographic method. When this bromination was carried out at
—5 °C with 3.2 molar amounts of bromine and the products were

on o
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Scheme 27.
Br
m(cm,eﬂo m(cnz)4coou
o [o]
161a,b 162a,b

163

Scheme 28.

Table 3.  Azulenequinones from 1-Alkyl-, 1,5-Dialkyl, and
1-Phenylazulenes**®)

Azulenes Azulenequinones 3-Bromo- I-hydroxy
(Yield. % -azulenones
Br
o HO Et
150 150¢c 25)
O !Et ! ! HO Et HO Et
151 120 (37) 121 151c (5) 151d (14)
( o] O, o Br
Et ~ Br o Ho H
140a (20 40) 140b 152¢ (15)

n-CaHy o

140a (20-30) 140b 153¢ (10)

*ﬂ

154a (22) 154b (10) 154¢ (5)

R

155 120 (14,3:1) 121 155c (12) 155d (30)

o pf o od v

156 156a (18) 156b (10) 156¢ (30) 156d

isolated without evaporation of THF, 8% of azulenequinone (15)
and 60% of 170 were obtained without A. A treatment of 170 in
THF in the presence of a trace amount of trifluoroacetic acid gave
24% of azulenequinone (15) (presumably via 166—168) and 9% of
the side-chain brominated azulenequinone (171) and pigment A. It
should be noted that the bromide ion produced by the hydrolysis of
the Br-atom at the C-3 of 170 substituted at the C-13 of isopropyl
side-chain to give 17 1259 (Scheme 29).

The structure of dibromoguaiazulenium bromide (166), which
is a trialkyl derivative of parent azulenium ion (114), was deter-
mined with PFG (Pulsed Field Gradient)-HMBC (36 min) and PFG-
HMQC (15 min) techniques at —35.2 °C**? (Chart 9).

Interestingly, colorless crystals of compound 170 gradually
changed to the dark-green solid A upon standing under aerobic
conditions at low temperature. With almost no changes in its ap-
pearance, A was no longer a single crystal, according to X-ray
crystallographic measurements. Compound 170 rapidly changed
to A upon heating at 90—95 °C. In a concentrated solution of
methanol or 1,2-dichloroethane, 170 also gradually changed to
A. quantitatively, upon standing under aerobic conditions at room
temperature.”® Although A was fairly soluble in methanol and eth-
anol, it was almost insoluble in ordinary aprotic solvents. The
visible spectra of A showed a large peak at 760 nm, suggesting
that it contains an azulene chromophore.” An elemental analysis
of A (CisH;70,Br) gave practically the same results as that of the
substrate 170, but did not show any fragment peaks in the mass

23.21

Chart 9. NMR spectra of compound 166, A: 'HNMR (400
MHz, CD:CN), B: *CNMR (100 MHz).
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spectrum. Since its NMR spectrum in CD30D showed no definite
signal for structure deduction, A might be polymeric.

Very recently, Nozoe, Ikeda, and Takeshita™® reexamined the
reaction of 170 and the structure of A. A treatment of 170 with ace-
tic anhydride at 25 to 40 °C yielded, among a few other products,
a reductive debromination product, 5-acetoxy-7-isopropenyl-1,4-
dimethylazulene 174. A possible pathway for the reaction is shown
in Scheme 30.

Note that 3-bromoguaiazulene (87) and its derivatives have low
oxidation potentials,”® and, as a result, its Br is gradually displaced
by H (reductive debromination) in a protic solvent, such as meth-
anol. 1819

The molecular-weight distribution of A by means of the Gel-
Filtration method indicated that A was a mixture of MW =2000 to
20000. Although A was rather stable in a dilute solution of meth-
anol or 1,2-dichloroethane upon standing at room temperature, the
change was facilitated in the presence of benzoyl peroxide, a radical
initiator, when heated in a methanol-ds solution at 60 °C.

Bull. Chem. Soc. Jpn., 69, No. 5 (1996) 1161

Based on several findings, i.e., 1) easy debromination should be
characteristic for only guaiazulene derivatives,'*®' ii) retention of
the bromine in A, and iii) a very easy formation of A in solid state,
the change of 170 to A should reasonably be expressed as involving
aradical mechanism, as shown in Scheme 31: the methine hydrogen
of the isopropyl group was highly reactive and the tertiary hydroxyl
group of 170 is allylic. Thus, A is a polymer having such an azulene
structure as 176, although the structure remains to be investigated
further.

It is noted that intermediate 175 corresponds to a derivative
of very reactive non-Kekulé 5,7-azulenequinone (177), which
should react as a biradical.”’ Figure 1 shows the X-ray crys-
tal structure of 170, a head-to-tail overlapping pair within a
lattice.®*“Interestingly, the reactive sites, namely the t-hydroxyl
group and the methine hydrogen of the isopropyl group in 170, are
located within a very close range. This might be the reason for the
easy dehydration followed by the polymerization of 170, even in
the solid state.

2Br, "\or B HO L5 e ] %\ r
2 2
O = Q0 e U9 O
Br
13 166 167 168

CF3;COOH
THF

(o] Br
13 j ! OH
Br H
170

[0) Br /
-

171 169 15
Scheme 29.
AcO Br AcO Br AcO H
Ac0 -H* H*
=X @ SEXBr-2Be
) H L
172 173 174

177b

176 (A)

Scheme 31.
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Fig. 1.

(a) X-Ray crystal structure of compound 170, and (b) Stereoview of the paired 170 in the crystalline packing, where the

methine H on the isopropyl group and the -OH locate in a close position.

Polymerization via C—C bond-making through the 177-type bi-
radical may also be possible for the formation of A.

Azulenes with Various Functional Groups.  According to
Nozoe, Wakabayashi, Yang, and co-workers the azulenes having
various functional groups usually give the corresponding azulene-
quinones, as shown in Table 4.2%9 1t is noted, however, that methyl
azulene- I-carboxylate (181) gave a mixture (which still remains
unidentified) without the formation of azulenequinone derivatives,
while its 2-methyl- (182) and 2-methyl-7-isopropylazulene-1-car-
boxylate (183) afforded considerable amounts of azulenequinones
(182a,b and 183b).

Fujimori et al.*!" obtained tribromoketones (179a,b); they pre-
sumed that saponification of the gem-dibromo group was difficult
under this condition. A propyl alcohol side-chain at C-2 of the
azulene 184 was not changed by this method.

Haloazulenes.  When Nozoe, Wakabayashi, and co-workers
treated 1,3-difluoroazulene (186)** by a standard method, isomeric
fluoroazulenequinones (186a and 186b) were confirmed by MS.
However, these compounds were so unstable and saponifiable that
they gave dark insoluble compounds. Tsunetsugu et al.*” obtained
various di- (122 and 123) and tribromoazulenequinones (189a and
189b) in reasonable yields by treating 1,3,5-tribromoazulene (115)
with pyridinium hydrobromide perbromide in aqueous acetonitrile.
The results of the synthesis of various haloazulenequinones are
shown in Table 5.

Heterocycle-Annulated Azulenes.  Fujimori, Yasunami, and
Nozoe®" obtained various azulenequinone derivatives from the
azulene derivatives annulated with thiophene (190 and 191) and
furan rings (192), as shown in Scheme 32. On the contrary, dihy-
drofuran- and dihydrothiophene-annulated compounds did not give
azulenequinones under the same conditions.

F. Nucleophilic Substitution of Bromoazulenequinones.  3-
Bromo-1,5- and -1,7-Azulenequinones.  Pure 3-bromoazulene-
quinones (120 and 121) are stable upon standing in the air or at 150
°C. However, these compounds are very easily hydrolyzed with
alkali at low temperature, or even by heating with 1,4-dioxane-water
at 80 °C, to give a dark-brown or almost black insoluble solid. An
intensive study has shown that an initial product, 3-hydroxy-1,5-
azulenequinone (193), soon polymerized to a dark solid. Although
Nozoe et al.** first considered this solid to be a linear H-bonded
polymer, the reaction path for the formation of polymer 195, shown

Table 4. Azulenequinones from Azulenes with Various
Functional Groups

Azulenes Azulenequinones (Yield, %)
[o] 0O, o
o Br Br
178 178a 25%(9:1) 178b
Br_ Br o Br e
Oo= 5 T
o Br Y
179 179a* " 179b*
COMe (o] [o] [o]
o Br Br
180 120 73%(13:1) 121
COOMe
none
181
[o] 0, o
COOMe
M
o COOMe COOMe
182 182a 50%(8:1) 182b
COOMe o,

P Q .

r

@9

50% 183b
[o] 0, [}
(CH2)30H (CthOH (cnszH
o Br Br
184 184a 43% 184b

*Products of insufficient hydrolysis.

in Scheme 33, appears to be more reasonable.?®

On the other hand, they easily synthesized various 1,5- (a) and
-1,7- (b) azulenequinones (196a,b—207a,b) in high yields, by the
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O — ¢

190a (30%)

191a (13%)

192a (17%)

°

190b (35%) 190c (2%) 190d (7%)

Bull. Chem. Soc. Jpn., 69, No.5 (1996) 1163

Momobromo- + Dibromo-

o]
0,
Q \ + Dibromo-
Br . ks)\me

191b (11%) 191c (3%) 191d (4%)
o
o)
Monobromo- + Dibromo-
o)
192b (7%) 192¢ (trace) 192d (trace)

Scheme 32.

B =R EE

193

Table 5. Azulenequinones from Haloazulenes

Azulenes

Azulenequinones (Yield, %)

.

185

2

186

X,

187

Y.

188

w
=

Y

115

s
o4 B
°
:

122 (40%)

189a (31%)

189b (16%)

194 195
Scheme 33.

reaction of a wide variety of nucleophiles with 120 and 121 as
convenient synthons,? as shown in Scheme 34.

Nucleophilic Substitution of Dibromoazulenequinones.
Tsunetsugu, Nozoe, and co-workers studied nucleophilic displace-
ment of 3,7-dibromo-1.5- (122) and 3,5-dibromo-1,7-azulenequi-
nones (123).30) In each case, 3-monosubstitution took place in a
more facile way than the substitution of the bromine atom on the
seven-membered moiety. The formations of mono- and di-substi-
tution products (208a,b—218a,b) from 122 and 123 are shown in
Scheme 35.

Physical Properties

A. General Physical Properties.  UV-vis Absorption
Spectra.  Scott'® reported on the absorptions of the parent
1,5- (77) and 1,7-azulenequinones (78) and several alkyl
derivatives together with some theoretical discussions. The
UV-vis absorption spectral curves of the parent azulenequi-
nones (77 and 78) and their 3-bromo (120 and 121) and 3-
methoxy derivatives (196a,b), measured by Takeshita et al.,
are shown in Figs. 2 and 3.2

L. R. Spectra. Scott' presented data together with
discussions.

'H and 3CNMR. Representative data are summarized
by Scott.'?

Mass Spectra. The spectra of 1,2-, 1,5-, and 1,7-
azulenequinones are briefly presented by Scott.'?

B. Redox Potentials.  Quinones have been known to
be representative Wurster-type electron acceptors, and have
been used as oxidizing agents for many years. It is therefore
of interest to consider here the redox behavior of azulenequi-
nones in order to compare them with benzenoid quinones.
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The redox potentials of the parent 1,5- (77) and 1,7-azulene-
quinone (78), as well as their 18 substituted derivatives, were
measured by cyclic voltammetry in MeCN by Suzuki et al.
The important values are summarized in Table 6.*%

These novel azulenequinones are moderate electron ac-
ceptors (E™9: —0.8 — —1.2 V), anthraquinone (E*4: —0.95

V), and are slightly weaker than the isomeric naphthoquinone
(E ’f'd: —0.71 V). In favorable cases, such as 3-methoxy-1,7-
azulenequinone (196b), the voltammograms exhibited two
pairs of quasi-reversible waves, corresponding to two-stage
one-electron reductions of the quinones (Fig. 4a).

However, probably due to the kinetic instability of the
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Fig. 2. Electronic absorption spectra of 77 (—), 120 (---),

and 196a (-- -) in acetonitrile.
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Fig. 3. Electronic absorption spectra of 78 (—), 121 (---),

196b (- --), and 15 (- - —) in acetonitrile.

anion-radical species, the reduction waves were irreversible
in most cases, which prevented quantitative comparisons of
these values. In any case, it was clearly shown that the elec-
tron affinities of the 1,5- (E ’fd: —0.86 V) and 1,7-azulene-
quinone (E'*9: —0.86 V) are close to each other. Since both
skeletons are electronically perturbed by the substituent in a
similar manner, the difference in E7 is negligible for many
combinations of compounds having the same substituent (e.g.
120 vs. 121). Although the quinones (77, 78, 120a,b, 196a,
b, 141a,b, and 140a,b) do not undergo one-electron oxida-
tion up to +2.0 V, the electrochemical amphotericity could
be induced by substituting a strong electron-releasing group,
such as an amino group. Thus, 3-dimethylamino derivatives
(201a,b, 219a,b, and 220a,b) were oxidized at around +1.3
V, showing that their HOMO levels are as high as that of o-
dimethoxybenzene (£9*: +1.35 V). Although the secondary

Bull. Chem. Soc. Jpn., 69, No. 5 (1996) 1165

Table 6. Redox Potentials Measured in MeCN (E/V vs. SCE)”

R? [} [} [+]

o X R? X

H H H 77 EF: —086* 78 EF: —0.86
EP: > +2.0 EV: >+2.0

Br H H 120 E*: —0.78" 121 % —0.78"
EY*: > +42.0 > +2.0

Br i-Pr H 141a £°% —0.82° 141b E¥Y: —0.82°
EY: >+2.0 > +2.0

Br H iPr 140a E%: —0.81* 140b £ —0.79"
EY: >42.0 EY > +42.0

OMe H H 196a EFY: —1.07° 196b EF%: —1.11
EY: >42.0 EY: > 42.0

N(CH;), H H 201a E°%: —1.20" 201b EF’: —1.20*
EY*: +1.34" EY*: +1.31F

N(CH;), i-Pr H 2192°E°%: —1.27 219b°EF%: -1.29
EXd: —1.66 EXY: —~1.60"

EY: +1.28" ET*: +1.25°

N(CH3), H iPr220a°EF%: —126 220b°EF: —1.27
EXd: —1.63" Exd: —1.58"

EY: +1.317 EV: +1.297

NH(CH,),OH H H 204a E©%: —1.20* 204b EF%: —1.19"
7 +1.67" ET*: +1.4%

m-@-m H H 203a E*%: —1.17* 203b £ —1.14%

EY: +1.4™ EY: +1.57

a) All the values in this and in text were measured under the
identical conditions (0.1 M Et4NCIOy4 Pt electrode, 100 mV s—!)
(M=moldm~3). *; Irreversible waves, and the values are cal-
culated as E™ = E, +0.03 and E* =F, —0.03. **; Waves
are so broad that only the approximate values are available. 5,
Unpublished.

amine derivatives (203a,b and 204a,b) were also proven to
be amphoteric, the oxidation waves were so broad that the
values of E{* are ambiguous. The introduction of an isopro-
pyl group did not change the essential redox properties of the
skeleton, but only affected the potentials as a weak electron-
donating group (Chart 10).

Guaiazulenequinone (15) is also one interesting mem-
ber of 1,7-azulenequinones,* which underwent two re-
versible one-electron reductions at —1.13 and —1.52 V. The
biguaiazulenequinone (47) inherits its characteristic redox
behavior from 15, and its voltammogram showed three pairs
of reversible waves at —1.02, —1.18, and —1.47 V (Fig. 4b).
Both the first and second waves correspond to £ of 15, and
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Fig. 4. Cyclic voltammograms of (a) 3-methoxy-1,7-azulene-
quinone (196b), and (b) biguaiazulenequinone (47) mea-
sured in MeCN containing 0.1 moldm™* Et;NCIO, as a
supporting electrolyte (E/V vs. SCE, Pt electrode).

the third one is a two-electron process, where both quinone
units in 47 are reduced to dianion. The observed separa-
tion between E** and E9 at least indicates the electronic
communication of the two azulenequinone units in 47, and
suggests the contribution of form 47a for the anion-radical

N
‘01
“ RS
H8J o5

H8 ,He

o1

o1

Cl

Fig. 5.
like networks.
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species (Chart 10).

The above-mentioned features show the intriguing redox
properties of the novel azulenequinones, which serve as new
candidates for the construction of multi-redox systems ex-
hibiting interesting electronic and optical properties.

C. X-Ray Crystallographic Analysis.  3-Chloro-1,5-
and 1,7-Azulenequinones.  In the crystallographic struc-
tures of 187a and 187b, very interesting features have been
found, as shown in Fig. 5 (a,b) and Fig. 6 (a,b).* The copla-
nar molecules are connected by several short CH---O hy-
drogen bonds. Additionally, there exist electrostatic inter-
actions through the CH---CI and CI---Cl contacts.*® Thus,
molecules form tight “sheet” structures consisting of close
networks. On the other hand, the sheets are stacked at short
and equivalent intervals, and there exist some effective m—mn
overlapping of the azulenequinone skeleton. Such a phe-
nomenon, arising by self-assembly due to various types of
weak, but attractive, interactions, has recently drawn much
attention in solid state chemistry.

Guaiazulenequinone. An ORTEP drawing of two
crystallographically independent molecules of 15 is shown
in Fig. 7.3 Although the substituents of 15 might prevent
the azulenequinone skeleton from such an aggregation in
a crystal, a suitable molecular arrangement for the CH---O
interaction was also observed in the highly alkylated 1,7-
azulenequinone derivative, guaiazulenequinone 15.3

D. Theoretical Considerations. Scott et al.” pre-
dicted the physical and chemical properties of sixteen possi-
ble structures of azulenequinones in terms of thermodynamic
stability, electron affinity, reduction potential, charge-trans-
fer complex, Michael addition, dimerization, polymeriza-

(b)

X-Ray crystal structure of compound 187a (a) “Sheet” like networks by O---H hydrogen bondings. (b) Stacks of “Sheet”
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Fig. 6.
like networks.

Fig. 7. X-Ray crystal structure of compound 15.

tion, and color, etc. based on theoretical calculations. They
reported that the azulenequinones which contain a tropone
ring (77 and 78) are more stable than those which contain
a cyclopentadienone ring (222 and 223); those which con-
tain both types of annulenone ring (71a,b and 221) fall in
between. (Chart 11)

Kurihara et al.*” also predicted the stability of azulenequi-
nones in terms of Atihara’s topological resonance energies

X-Ray crystal structure of compound 187b. (a) “Sheet” like networks by O---H hydrogen bondings. (b) Stacks of “Sheet”

221 222 223
Chart 11.

Table 7. Resonance Energies and Circuit Resonance Ener-
gies of Azulenequinones
Compd REY CREY AH®
I " 3
31a 0.0331  0.0509 —0.0190 0.0059 —-04
71a 0.0028 0.0458 —0.0511 0.0099 —0.8
77 0.0425 0.0482 —-0.0168 0.0093 —6.4
71b 0.0031 0.0463 —0.0521 0.0102 0.6
78 0.0423  0.0482 —0.0168  0.0091 —5.3
221 0.0036  0.0451 —0.0502 0.0106 —0.6
222 —0.0355 0.0079 —0.0057 0.0132 4.7
223 —0.0353 0.0070 —0.0495 0.0137 4.7
a) Resonance energy (in £ unit). b) Circuit resonance energy
(in B unit).
[} [o] 0
o5 o o
i r r

¢) Heats of formation (kcal mol—!) by means of MINDO/3 method
(cf. Ref. 2).

(TRE).*® The calculated resonance energies and circuit res-
onance energies for azulenequinones are given in Table 7.
From the calculated circuit resonance energies, the tropone
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Scheme 36.

ring (ry) is predicted to be aromatic, with a positive resonance
energy; however, the cyclopentadienone ring (r;) is predicted
to be antiaromatic, with a negative resonance energy.

Chemical Reactions

A. Reductive Acetylation and Debromination.  Suffi-
ciently purified 3-bromo-1,5- (120) and -1,7-azulenequinone
(121) are stable at a high temperature of 150 °C. Upon
reductive acetylation, both compounds afforded 3-bromo-
1,5- (224) and -1,7-diacetoxyazulenes (225) in 45 to 50%
yields, together with reduced products, while compound 120
gave dienedione 226 with Zn dust in acetic acid at room
temperature”® (Scheme 36), Nozoe, Wakabayashi, and co-
workers obtained parent azulenequinones (77 and 78) by a
treatment of 120 and 121 with tin powder in acetic acid in ca.
30% yield. Later, Takeshita, and Nozoe obtained the parent
azulenequinones (77 and 78) in ca. 80% yield by a catalytic
reduction of 120 and 121 with a Pd—C catalyst.

B. Thermal Cycloadditions. The azulenequinones,
belonging to extended quinones, are isomeric to naphthoqui-
nones, such as 2,6-naphthoquinone, and hitherto prepared
azulenequinones are all tropone derivatives having no cy-
clopentadienone unit."*®” Therefore, the chemical properties
of the azulenequinones should be compared with those of
the tropones. One of the most characteristic chemical prop-
erties of the tropones is cycloadditions.*® The tropones be-
have as cycloaddends, both with dienes and dienophiles, of
257-,402041 477 409) - 409 and 8m-components*™ depending
upon the properties of the counterparts. Reflecting the elec-
tron-deficient conjugated sm-electron structures, the electron
demand of the cycloadditions as a diene component is usually
according to an inverse manner.*’®

Consequently, the cycloadditions of the azulenequinones
should be similar to those of the tropones perturbed with
further electron-withdrawing carbonyl substituents. At the
same time, in azulenequinones, there are two different re-
action modes within the same electrocyclic paths, one of
which, however, should result in the generation of the cy-
clopentadienone chromophore. This would regulate the di-

rection of the reaction sites in the azulenequinones; in the
monocyclic tropones, equally possible reaction paths should
give two isomers of the same electrocyclic product. Indeed,
by 1984, Scott and Adams'® had already observed the for-
mation of a single product from the reaction of each 1,5- (77)
and 1,7-azulenequinone (78) with 1,3-diphenylisobenzofuran
(DIBF). In addition, the reactivity of the cycloadditions of
the azulenequinones should be enhanced under the high-pres-
sure conditions, like the tropones.*® The utilities of high-
pressure cycloadditions in tropones are well recognized de-
spite an early study by le Noble and Ojosipe, who predicted
a slight pressure acceleration**” (Chart 12).

With Dienophiles. The cycloadditions of 3-bromo-
1,5- (120) and -1,7-azulenequinone (121)** with various
cycloaddends generally give [2+4] cycloadducts;*? the cy-
cloadditions of bromoazulenequinones were inert under at-
mospheric pressure; they were thus examined under high-
pressure conditions. Upon heating at 100 °C in an auto-
clave (2 MPa), 120 with ethene gave a single Diels—Alder
1:1-adduct (227), a condensed dihydrohomobarrelenone;
the addition had occurred to avoid the generation of the
cyclopentadienone chromophore (Scheme 37). With elec-
tron-withdrawing dienophiles, 120 smoothly afforded 1:1-
Diels—Alder adducts under 300 MPa; N-phenylmaleimide

O q50°C, i§
Q 100atm/ o R
RCH=CH, ) 0
o Br
120 120 °C 227:R=H 231:R=CN
300 MP’a 230: R=CN 233:R=Ph

232: R=Ph
t:x Br

O 228:Xx=NPh

2 O 229 X=NCgHsMe
X
O
Scheme 37.
Br (0]
0 (o} o Br
/] 7
234 241
Chart 13.
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and N-(p-tolyl)maleimide afforded 1: 1-[4+2] cycloadducts
(228 and 229), respectively.

On the other hand, the reaction of 120 with unsymmetrical
dienophiles, acrylonitrile, and styrene, gave stereoisomeric
1:1-[4+2] adducts (230 and 231) and (232 and 233), re-
spectively. The reaction was regioselective, but not stereo-
specific. With cyclopentadiene, 120 afforded only a single
[4+2] cycloadduct (234) (Chart 13).

Under similar conditions, 121 with ethene and N-phenyl-
maleimide also gave single 1 : 1-[4+2] adducts (235 and 236).
With acrylonitrile and styrene, it gave stereoisomeric 1:1-
[4+2] adducts (237 and 238) and (239 and 240), respectively
(Scheme 38).

With 121 cyclopentadiene again behaved as a dienophile
to afford a single 1:1-[4+2] cycloadduct (241), having the
same regiochemistry as the products derived from 120.

Consequently, the regiospecific formation of the 1:1-
[4+2] cycloadducts from bromoazulenequinone was elec-
tronically controlled to yield no cyclopentadienone chro-
mophore.

Diphenylisobenzofuran. According to Scott et al.,
the Diels—Alder reactions of 1,5-azulenequinone (77) and
1,7-azulenequinone (78) with DIBF'® gave the sole 1:2-
[244]-[6+4] cycloadducts, of which the stereochemistry
was, however, not defined. It is desirable to extend the
reaction of bromoazulenequinones to that with DIBE.

The heating of a mixture of 120 and DIBF at 130 °C
in chlorobenzene under atmospheric pressure afforded three
products: 1:1-[2+4] cycloadduct (242) and two 1 : 2-cyclo-
adducts (243 and 244).*Y The further reaction of 241 with
DIBF afforded 243 and 244 in improved yields (Chart 14).

Both 243 and 244 contained only one carbonyl group, and

Br 150 °C, o o
s 100 atm + 0 R
RCH=CH, ., Br ) Br
0 R=H R
0o R=CN
121 R=Ph 235: R=H 238: R=CN
120 °C, 237: R=CN 240: R=Ph
0 \Q"O MPa 239: R=Ph
dNPh
0
Br
o} \ ey
NPh
236 ©
Scheme 38.
OH Ph
Brpp,
(6]
242
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the tropone carbonyl was involved in the reaction. An X-ray
crystallographic analysis of 243 elucidated the full stereo-
chemistry; its ORTEP diagram is shown in Fig. 8.

In view of the thermally disallowed [8 +4] structures for
243 and 244, the spirocyclic [2+4]-[2+4] cycloadducts (245
and 246), for which the tropone carbonyl served as the 2x
component, were proposed to be the precursors. Previously,
the tropone carbonyl had not been involved in the [2+4]
cycloaddition,”” unlike in the case for the C=S group of
tropothione, as reported by Machiguchi et al.*” (Scheme 39).

A similar reaction of 121 with DIBF at 130 °C in chloro-
benzene gave two 1:2-[2+4]-[6+4] cycloadducts (247 and
248) (Chart 15). Their structures were established by an X-
ray crystallographic analysis of 248, as shown by the ORTEP
diagram in Fig. 9.

With unsubstituted 1,5-azulenequinone (77), DIBF yielded
a 1:2-product (249) and a 1 : 1-product (250);* 249 seems
to be identical to Scott’s product with respect to the "H NMR
spectrum. The anti-exo-[6+4])-endo-[2+4] structure for 249
was elucidated from NMR spectral comparisons with a series
of cycloadducts obtained from bromoazulenequinones.

Surprisingly, 249 was partially cycloreversed to 250. Even
under the work-up conditions (silica-gel column chromatog-
raphy) or standing in a benzene solution, 249 was converted
into 250 and DIBF. Thus, the [2+4] moiety in 249 was
changed to the [6+4] mode in 250 (Scheme 40).

On the other hand, DIBF with 1,7-azulenequinone (78)
afforded two 1:2-[2+4]-[6+4] cycloadducts (251 and 252,
Chart 16).%9 With respect to an 'H NMR spectral comparison,
the minor product 252 was identical with the product isolated
by Scott,’™ and the other, 251, was its stereoisomer. A

243 244
Chart 14.
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245,246

243,244

Scheme 39.

BCNMR spectral comparison with those of cycloadducts
from 3-bromo-1,7-azulenequinone (121) elucidated the full
stereochemistry. Unlike 249, both 251 and 252 were inert to
cycloreversion.

Isobenzofuran. The thermal cycloaddition of isobenzo-
furan (IBF) to tropone was previously known to give [2+4]

248
Chart 15.

Scheme 40.
pr QH A ph QA
O Qg
H 'pn H 'pn
Ph Ph
251 252

Chart 16.

cycloadducts.*® The reaction of bromoazulenequinones
with IBF*" formed the [2+4]-[6+4] cycloadducts, but no
[2+4] cycloadduct involving the troponic carbonyl group.
Thus, bromoazulenequinones behaved differently from IBF
and DIBF; 120 and IBF gave four products, the 1:2-[2+4]
—[6+4] cycloadducts (253, 254, and 255) and a 1 : 3-cyclo-
adduct (256). From the coupling sequences, 253 was shown
to be an endo-[2+4]—exo-[6+4] product, and a syn-anti-re-
lationship was confirmed by an X-ray structure analysis; an
ORTEP diagram revealed the anti-endo-[2 +4]-exo-[6+4]
structure, as shown in Fig. 10.

The others, 254 and 255, were syn- and anti-exo-[2 +4]
—exo-[6+4] products. The remaining product, 256, was a
[2+4]-[6+2]-[2+4] product (Chart 17).

The reaction of IBF with 121 at 130 °C in a chloroben-
zene solution gave two products (257 and 258), the structures
of which were shown to be stereoisomeric 1 : 2-endo-[2+4]
—exo-[6+4] cycloadducts (Chart 18).

Similarly, IBF afforded two stereoisomeric [2+4]-[6+4]
cycloadducts (259 and 260) with 77, and four [2+4]-[6+4]
cycloadducts (261—264) with 78. These structures were
firmly established by NMR spectral analyses (Chart 19).

C. Photodimerization. As is described above, azulene-
quinones and bromoazulenequinones revealed remarkably
different features in the thermal cycloaddition reactions. It
would therefore be worth investigating the photochemical
cycloadditions from a comparative viewpoint. These bromo-
azulenequinones are tropone derivatives. The photochemical
reactions of tropones are known to give several photocyclo-
dimers under various conditions, whereas the parent tropone
is known to cause fragmentation to benzene and carbon mon-
oxide in inert solvents*® and the formation of photodimers
are predominant in acidic or polar media.*® In addition, a
recent study revealed a new mode of photoisomerizations

Fig. 10. X-Ray crystal structure of compound 253.
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Chart 18.

and photocycloadditions under 9,10-dicyanoanthracene-sen-
sitized conditions.*”

The irradiation of 120 in a benzene solution by means of
an Hg lamp through a Pyrex glass filter gave a single product

Bull. Chem. Soc. Jpn., 69, No.5 (1996) 1171

(265).°% Its 'H NMR spectrum showed five proton signals on
the sp>-carbons and five proton signals on the sp*-carbons,
indicating that the product is a heptacarbocyclic derivative.
An analysis of the coupling sequence of the 'H NMR spec-
trum led to structure 265, formed by an intramolecular [2+4]
cyclization with the initially formed endo-[6+6] cyclodimer
(or endo-[2+2] cyclodimer).

A similar irradiation of 121 in benzene afforded a single
product (266), a regioisomer of 265 (Chart 20).

For the formation of 265 and 266, two probable path-
ways are considered: a) an endo-[6+ 6] cycloaddition (to
E) followed by an intramolecular [4+2] process, or b) an
endo-[2+2] cycloaddition (to F) followed by an intramolec-
ular [4+2] process. However, since E and F are mutually
convertible via a [5,5] sigmatropy, E, a highly reactive cyclo-
pentadienone derivative, and F result in the same Diels—Alder
cycloaddition to afford 265 and 266, respectively.

Previously, no syn-[6+6] cycloaddition process had been
observed in the photochemical reactions of any tropone
derivatives (Scheme 41).

In conclusion, the cycloaddition reactions of azulenequi-
nones and bromoazulenequinones were quite sensitive to
electronic and stereochemical factors, and were certainly
different from those of the monocyclic tropone derivatives.
In other words, azulenequinones and bromoazulenequinones
are not simply the perturbed tropone derivatives.

Analogues of Azulenequinone

A. Methide Obtained from Guaiazulene. As already
described, 5-isopropylidene-3.8-dimethyl-1(5H)-azulenone
(48) was obtained from [5,5'-biguaiazulene]-3,3'(5H,5H")-
dione (45) by autoxidation in CHCl3 in 30% yield. However,

263
Chart 19.
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Matsubara, Yamamoto, Nozoe, and co-workers''® obtained
nearly quantitative amounts of 48 from 45 in chloroform at 60
°C under a nitrogen atmosphere (anaerobic conditions).!'

Interestingly, 6- (3- guaiazulenyl)- 3(6H)- guaiazulenone
(267) in chloroform-d afforded, instantly and quantitatively,
a mixture of guaiazulene-3-d (13a) and 48 via an intermedi-
ate a by the action of a trace amount of deuterium chloride''®
(Scheme 42).

Although 48 was obtained as reddish-orange needles, it
was autoxidized instantly in a solution to give various prod-
ucts (268—273 and several other compounds). Interest-
ingly, when crystals of 48 were left standing at room tem-
perature for several days, they completely changed to 6-for-
myl-3,7-dimethyl-1-indenone (269) in 95.1% yield and its
isomer, 5-formyl-3,7-dimethyl-1-indenone (270) in 4.9%"'®
(Chart 21).

Although 48 showed no signal in the ESR spectrum under
anaerobic conditions, very complex signals were observed
under aerobic conditions, which have not been analyzed
yet.'?® At any rate, 48 seems to react as a biradical 48a.

00
hv-[6+6] A-[2+4]
” B
Y, \i}
(@) / ° (e}
hv-[2+2] @ A_[2+4] 265 266
(o)} F
Scheme 41.

267 a
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A possible pathway for the formation of several products
from 48 is shown in Scheme 43."%

B. Azulenequinone Diazides.  Synthesis.  As de-
scribed earlier, an attempted preparation of 2,6-azulenequi-
nones resulted in dimerization at a highly reactive cyclo-
pentadienone moiety.” However, masking of these functional
groups is thought to be effective in isolating or characteriz-
ing the compounds, i.e., a replacement of the C=0 by other
“isoelectronic groups, such as C=C or C=N. Indeed, the C=C
stabilization of this system was achieved as early as the 1960s
by Hafner et al.* The C=N stabilization was also shown by
Nozoe et al.>® to be effective; 2,6- and 2,4-diazoazulenequi-
nones (7 and 9) were prepared by diazotization of the cor-
responding 2-amino derivatives.”*™ Recently, Lin, Huang,
Morita, and co-workers®" dramatically improved the syn-
thetic method of compound 7b by using CF;COOH instead
of H,SO4 upon the diazotization of 6a and 6b (Scheme 44).

Structural Studies. The structure of 1,3-dicyano-2-
diazo-6(2H)-azulenone (7b) was established based on the
spectra data, and was completely characterized by a single-
crystal X-ray analysis, as shown in Fig. 11.° Namely, from
the characteristic bond lengths, compared with several di-
azo compounds, benzenoid quinone, and diazonium salts,
7b should exist as a quinonoidal structure 7b rather than a
diazonioazulenolate ion (A, A’ in Scheme 3) in the solid
state.

Reactions.  In 1977 Morita and Takase™ obtained an
86% yield of 22 (see Scheme 22) by the photochemical de-
composition of 7a in acetic acid with a high-pressure mercury
lamp. The thermolysis or photolysis of 7 should form the car-
bene intermediate 274, as shown in Scheme 44. The carbene
species from 7a or 7b should be strongly electrophilic, since
the carbene center is conjugated with electron-withdrawing
substituents, the tropone carbonyl, ethoxycarbonyl or cyano

& TR
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o
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W
(Ao

OH
271 272 273
Chart 21.
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Scheme 42.
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Fig. 11. X-Ray crystal structure of compound 7b.

groups in the molecules.

Takagi, Nozoe, and co-workers™ studied the photochemi-
cal decomposition of 2-diazo-6(2H)-azulenone 7a in several
benzenoid hydrocarbons (275 and 278), the result of which
is shown in Scheme 45. More interesting was the reac-
tion in 2,6-di-#-butylphenol (278); the products identified
were diethyl 2-(3,5-di-#-butyl-4-hydroxyphenyl)-6-hydroxy-
azulene-1,3-dicarboxylate (280) and its isomer 279. A com-
pound obtained by an attempted dehydrogenation of 280 is
believed to be an extended 2,6-azulenequinone derivative
(281)*® (Scheme 45).

Nozoe, Lin, and co-workers>® published an extended study
concerning the reaction of 1,3-dicyano-2-diazo-6(2H)-azu-
lenone with various protic and aprotic solvents. The pho-
tolysis of 7b in dimethoxyethane (DME), an acyclic ether,
in contrast, afforded four compounds produced via different

53)

54)

paths; i.e., 283a, 283b, 283c, and 283d. The major prod-
ucts, 283b and 283¢, were both 2-(2-methoxyethyl)azulene
derivatives. The structure of 283b was determined by an X-
ray diffraction analysis.

The reactions could be extended to heteroaromatic com-
pounds having no active hydrogen. Thus, 7b and thiophene
gave 2-(1,3-dicyano-6-hydroxy-2-azulenyl)thiophene (289),
while 7b and 1-methylpyrrole gave 2-(1,3-dicyano-6-hy-
droxy-2-azulenyl)-1-methylpyrrole (288). Both 289 and 288
are the @-C—H insertion products of the heteroatoms. The
photolysis of 7b in amines, such as morpholine or piperidine,
gave similar 2-substituted 6-hydroxyazulene derivatives, 4-
(1,3-dicyano-6-hydroxy-2-azulenyl)morpholine (287) and
286. Even with cyclohexane, 7b gave cyclohexyl derivative
(284) (Scheme 46).

Crown Ether Formation. The reaction of 7b in tetra-
hydrofuran (THF) was particularly interesting; it afforded a
macrocyclic oligomeric crown ether 290 in as good as 60%
yield. The structure of 290 (C,3H3c0sN>) was elucidated on
the basis of the 'H and '*C NMR spectra as well as a mass
spectral fragmentation analysis. A possible pathway for the
formation of the azulene crown 290 is shown in Scheme 47.

Similarly, two types of 2,4-azulene crown (292 and 293)
together with 2,4'-diazulenyl ether (294) are being studied
by Lin, Nozoe, and co-workers. Azoazulenones make very
convenient substrates for the synthesis of special types of the
azulene crown derivatives (Scheme 48).

Conclusion

In this article we have presented mainly our results
(including incomplete work and some speculative reaction
pathways) concerning the field of azulenequinones, which
have been rapidly developed in recent years. This is to
show the considerable difference in the physical and chem-
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CN CN ical properties between benzenoid aromatics and azulenes,
since such information is thought to be useful for those who

o 3 Ne o O o are involved in the research of this field.
CN (/ICH e CN }Cﬁz)a Our azulenequinone synthesis with bromine oxidation has
7b No l a wide applicability, and is much superior to the former
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o However, in view of the further development of applications
290 of azulenequinones, even our present method using bromine
may not be suitable for a large-scale synthesis. Since azu-
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Scheme 47.

lenes are generally highly reactive toward oxidation, it is
anticipated that a simple autoxidation will be developed by
using an appropriate metal-complex catalyst under atmo-
spheric pressure and at room temperature.

Then, by exploiting the azulenequinone research in wider
fields of application, such as medicine and semiconductors,
it should become possible in the near future to make contri-
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butions to the welfare of mankind.

Biological Testing. Scottetal. have described that a KB
cell cytotoxicity screen test (at the National Cancer Institute,
USA) has exhibited significant activity with parent 1,5- and
1, 7- azulenequinones and several di- and triacet-
oxyazulenes.'” Anticarcinogenic activity against PC 388
has been reported by Matsubara®® for 3,5-guaiazulenequi-
none; ID50 values (ug/mL) obtained by in vitro screen-
ing (Sumitomo Pharmaceuticals Research Center, Osaka)
was approximately 1/10 that of adriamycin. Nozoe and
Wakabayashi in collaboration with Hwu (Institute of Chem-
istry, Academia Sinica, Taiwan) have been investigating
novel photo-induced DNA-cleavaging test,’” as well as
antibiotic and in vivo antitumor screening against mouse
(Sankyo Co., Tokyo); although few significant results have
been found so far, an interesting result from this cooperative
work is highly anticipated in the near future.

The work on azulenequinone research was initiated about
ten years ago by one of the authors (T.N.) in collaboration
with Professors Y. Matsubara (Kinki Univ.), H. Yamamoto
(Okayama Univ.) and S. Ishikawa (Josai Univ.), then later
with Y.-S. Lin (President, Tamkang Univ.) and P-W.
Yang (National Taiwan Univ.), and recently with T.-S. Lin
(President, Tatung College of Technology), J. Tsunetsugu
(Saitama Univ.), M. Yasunami (Nihon Univ.), K. Fujimori
(Shinshu Univ.) and co-workers of these groups. The
measurement of the redox potentials and the X-ray analy-
sis were made by Professor T. Miyashi, Drs. T. Suzuki and
C. Kabuto (Tohoku Univ.). We wish to express our sincere
thanks to all of those collaborators for their devoted work.

We are also very grateful to Professor K. Hafner (T. H.
Darmstadt) for the generous gift of a large amount of azulene
and to Dr. K. Kohara (Konan Kako Co.) for a supply of
guaiazulene, without which this work would not have been
realized. Thanks are due professors I. Murata (Fukui Tech.
Univ.) and H. Yamamoto (Okayama Univ.) for helpful
advice and Dr. T. Kurihara (Josai Univ.) for preparing the
figures of this manuscript. Finally, one of the authors (T.N.)
wishes to express his deep appreciation to Kao Corporation
for its continuing support for his study for the sake of the
promotion of basic chemistry, and to the Japan Academy for
its continuous financial support.
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