1608 © 1984 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 57, 1608—1611 (198%)

[Vol. 57, No. 6

Thermal Behavior of Head-to-head Coumarin Dimers and
Their Lactone-opened Derivatives

Noriyuki YOoNEzawa, Yutaka IKEBE, Tsuyoshi YosHipA, Teruhisa Hiral,
Kazuhiko Saico, and Masaki HASEGAwA*
Department of Synthetic Chemistry, Faculty of Engineering,
The Unwersity of Tokyo, Hongo, Bunkyo-ku, Tokyo 113
(Received October 11, 1983)

The thermal behavior of head-to-head coumarin dimers and twelve lactone-opened derivatives was investi-
gated. Though the lactone rings in coumarin dimers are very susceptible to nucleophilic ring-opening, heating
these derivatives reformed six-membered lactone rings except for certain imide and diamide derivatives. The
large neiboring group effect allowed the relactonization by the attack of hydroxyphenyl group to carbonyl

carbon in preference to the scission of cyclobutane ring.

Our recent studies on coumarin dimers revealed
that the lactone-openig reaction of coumarin dimers?
and the photoreaction of their lactone-opened de-
rivatives?:d are as attractive as their photochemical for-
mation which have been extensively investigated.4+—18
The large strain of the six-four-six fused ring system
in coumarin dimers markedly facilitates their lactone-
opening reactions by nucleophiles, permitting the smooth
reaction with diamines to give high-molecular-weight
polyamides. The resulting polyamides show a charac-
teristic photochemical behavior of the transformation
of the main chain via the asymmetric scission of the
cyclobutane rings.17-19 On the other hand, the ther-
mal degradation of these polyamides was proposed to
proceed in quite a different manner to form five-
membered imide ring or six-membered lactone ring
by the scission of the main chain.1®

In the previous communication,2? we briefly report-
ed the thermal behavior of some lactone-opened deriva-
tives of syn head-to-head coumarin dimer. In this
paper, we wish to present the anomalous thermal
reaction of the lactone-opened derivatives of syn and
anti head-to-head coumarin dimers in detail and to
discuss these reaction behaviors mainly from the point
of neighboring group effect.

Experimental

Matenials. Syn and anti head-to-head coumarin dimers
(syn dimer (1) and ant: dimer (2)) were prepared by the meth-
ods of Krauch et al.® The lactone-opened derivatives were
synthesized according to the methods described in the pre-
vious paper:? N,N’-Dibutyl-c-3,c-4-bis(2-hydroxyphenyl)-
r-1,¢c-2-cyclobutanedicarboxamide (syn dibutyldiamide (3)), N-
butyl-c-3,¢-4-bis(2-hydroxyphenyl)-r-1,¢-2-cyclobutanedicarbox-
imide (syn butylimide (4)), N-phenyl-c-3,c-4-bis(2-hydroxy-
phenyl)-r-1,¢-2-cyclobutanedicarboximide (syn phenylimide
(5)), and N,N,N’,N’-tetrabutyl-c-3,c-4-bis(2-hydroxyphenyl)-
r-1,¢-2-cyclobutanedicarboxamide (neo tetrabutyldiamide (6))
were prepared from syn dimer (1). Anti dimer (2) was converted
to 2-ethoxycarbonyl-1-(2-hydroxyphenyl)-1a,2a,2a8,8bB-tetra-
hydro-3H-cyclobuta[c]chromen-3-one (anti monoethyl ester
(7)), 1-(2-hydroxyphenyl)-2-phenylcarbamoyl-la,2«,2a8,8b8-
tetrahydro-3H-cyclobuta[c]chromen-3-one (anti monoanilide
(8)), 2-butylcarbamoyl-1-(2-hydroxyphenyl)-la,2a,2a8,8b8-
tetrahydro-3H-cyclobuta[c]chromen-3-one (anti monobutyl-
amide (9)), t-3,c-4-bis(2-hydroxyphenyl)-r-1,t-2-cyclobutanedi-
carboxylic acid (anti dicarboxylic acid (10)), diethyl ¢-3,c-4-bis-
(2-hydroxyphenyl)-r-1,¢-2-cyclobutanedicarboxylate (anti
diethyl ester (11)), ¢-3,c-4-bis(2-hydroxyphenyl)-r-1,¢-2-cyclo-

butanedianilide (ant: dianilide (12)), N,N,N’,N’-tetrabutyl-
t-3,c-4-bis(2-hydroxyphenyl)-r-1,¢-2-cyclobutanedicarboxamide
(anti tetrabutyldiamide (13)), and N,N’-dibutyl-¢-3,c-4-bis(2-
hydroxyphenyl)-r-1,t-2-cyclobutanedicarboxamide (anti
dibutyldiamide (14)). 2,2’-Dihydroxystilbene was synthe-
sized by the method reported in the literature.?

Measurements. TG-DSC curves were recorded on a
Rigaku Denki THERMOFLEX TG-DSC with the heating rate
of 5°C/min in a nitrogen stream. IR spectra were recorded
on a JASCO IRA-1 spectrophotometer. 'H-NMR spectra were
recorded on a HITACHI R-40 spectrophotometer. High
performance liquid chromatography (HPL.C) was carried out
by detecting UV absorbance (at 280nm) using a Merck
LiChrosorb SI60 column (4¢X250 mm) with benzene-ethyl
acetate (50:50 or 80:20 v/v%) as an eluent. Thin layer
chromatography (TLC) was performed on Merck TLC
plates Silica gel 60 Fzs4 using the same eluents with HPLC.

Pyrolysis. A) Pyrolysis in a TG-DSC Pan. Sample (5—9
mg) was placed in an aluminium pan and heated in the fur-
nace of the TG-DSC instrument under a nitrogen atmosphere.
The pyrolyzed products were analyzed by 'H-NMR and IR
spectroscopy without purification.

B) Pyrolysis in a Sealed Tube. Sample (ca. 10 mg) was
placed in a sealed tube under an argon atmosphere and
heated in a salt bath. The pyrolyzed product was analyzed by
HPLC.

C) Pyrolysis in a Sublimation Tube. Sample (ca. 0.2 g)
was placed in a sublimation tube and heated in an oil bath
under reduced pressure (0.5—1.0 Torr, 1 Torr=133.322 Pa).
The product was analyzed by HPLC and IR spectroscopy
without purification.

The identification of the pyrolyzed products were ac-
complished by the comparison of their spectroscopic and
HPLC data with those of authentic samples.

Results and Discussion

Thermal Reaction of syn Head-to-head Coumarin
Dimer Deriwatives. The thermal reaction of syn
dimer (1) and its derivatives was investigated on the
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Fig. 1. TG-DSC curves of syn dibutyldiamide (3)
[—] and syn butylimide (4) [----].
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basis of their TG-DSC curves and the data of tTH-NMR,
IR, and HPLC analyses of the pyrolyzed products.
Figure. 1 shows the TG-DSC curves of syn dibutyl-
diamide (3) and syn butylimide (4). In the TG-DSC
curves of syn dibutyldiamide (3) there were sharp endo-
and exothermic peaks at 144 and 147 °C, accompany-
ing with the 16.4% weight loss. These two peaks and
weight loss were attributed to melting and decomposi-
tion of syn dibutyldiamide (3) and crystallization
of syn butylimide (4), formed from syn dibutyldiamide
(3) with the elimination of one mole of butylamine (the
calculated weight loss is 16.7%). The almost quantitative
imide formation was confirmed by comparison of 1H-
NMR and IR spectra of the product, obtained by heat-
ing syn dibutyldiamide (3) at 200 °C in a TG-DSC pan,
with those of syn butylimide (4). The thermal reaction
in a solution was also carried out and monitored by H-
NMR spectroscopy. In a DMSO-ds solution, syn dibutyl-
diamide (3) remained unchanged on standing at 80 °C
for 1 h. But the peaks of the cyclobutane ring protons
changed completely into those of syn butylimide (4) on
heating at 100°C for 6.5h. Moreover, HPLC analysis
showed that heating syn butylimide (4) at 188 to 220 °C
under reduced pressure resulted in the complete sublima-
tion of syn butylimide (4) accompanying with the for-
mation of a small amount of 2,2’-dihydroxystilbene. But,
in the products obtained by heating at 270 °C for 3 min
in a sealed tube, small amounts of coumarin and syn
dimer (1) were detected along with 2,2’-dihydroxy-
stilbene by HPLC analysis. These results indicate that
under rather drastic conditions the symmetric cleavage
of the cyclobutane ring via an anomalous relactoniza-
tion occurred certainly in competition with the asym-
metric scission of the cyclobutane ring, which would
be the single pathway for the degradation at 220°C.
On the other hand, a complete thermal conversion of
syn phenylimide (5) into syn dimer (1) was achieved. In
the TG-DSC curves of syn phenylimide (5), a broad
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Fig. 2. TG-DSC curves of syn dimer (1) [--—] and
syn phenylimide (5) [—].
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endothermic peak in the temperature range of 181—
223 °C with the weight loss of 21.4% and a sharp exo-
thermic peak at 190°C were observed, which cor-
respond to the decomposition of syn phenylimide
(5) with the vaporization of aniline eliminated (the
calculated weight loss of aniline is 24.2%) and the
crystallization of syn dimer (1)(Fig.2). Furtheremore,
the decomposition mode of syn phenylimide (5) above
223°C in TG-DSC curves was essentially the same as
that of syn dimer (1). The product obtained by heat-
ing syn phenylimide (5) at 240°C in a TG-DSC pan
was identified as syn dimer (1) by tH-NMR and IR
spectroscopy. This relactonization was also observed
when a DMSO-ds solution of syn phenylimide (4) was
heated at 185°C for 1h, giving a mixture of syn
phenylimide (4) and syn dimer (1) (41:59, based on
the peak areas of the cyclobutane ring protons
in 'H-NMR spectrum), and the finally decomposed
product of syn dimer (1) was ascertained as coumarin
on the basis of spectroscopic data. These thermal
behaviors of the lactone-opened derivatives of syn
dimer (1) are summarized in Scheme 1.

The difference in the thermal behaviors of syn
butylimide (4) and syn phenylimide (5) is interpreted in
terms of the electronic nature of their imide linkage.
The less electron-donating character of the phenyl
group than butyl group lowers the electron density of
the imide carbonyl effectively enough to facilitate the
nucleophilic attack of 2-hydroxyphenyl group in syn
phenylimide (5).

In spite of the high reactivity of the lactone rings in
syn dimer (1) to nucleophiles, the lactone of a phenolic
acid reformed through the elimination of anilino
group by the attack of cis-positioned 2-hydroxyphenyl
group to regenerate syn dimer (1). It means that anoma-
lously large neighboring group effect plays an
important role in these thermal reactions, although
phenoxyl group is a very effective leaving group in the
lactone-opening reaction of syn dimer (1) as well as in
general substitution reactions.

Thermal Reaction of anti Head-to-head Coumarin
Dimer Derivatives. The thermal reaction of ant:
dimer (2) and its lactone-opened derivatives was
investigated by analogous methods.

The thermal reaction of monolactone derivatives of
ant: dimer (2) such as anti monoethyl ester (7), anti
monoanilide (8), and anti monobutylamide (9) was not
clearly distinguished from the TG-DSC curves (Figs. 3—
5), but the product sublimed on heating at 300 °C was

Scheme 1.
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Fig. 3. TG-DSC curves of ant: monoetyl ester (7)
[-—--] and ant: dietyl diester (11) [—].
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Fig. 4. TG-DSC curves of anti monoanilide (8)
[-—--] and ant: dianilide (12) [—].
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Fig. 5. TG-DSC curves of anti monobutylamide (9)
[--—-] and ant: dibutyldimide (14) [—].
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solely coumarin. To clarify the reaction pathway from
monolactone derivatives 7, 8, and 9 to coumarin, the
heating in a TG-DSC pan was stopped when the weight
loss corresponded to the release of one mole of alcohol
or amine. The product was proved to be a mixture of
the starting material and ant: dimer (2) on the basis of
IR and H-NMR spectrometric data, indicating that
coumarin was produced via anomalously relactonized
anti dimer (2). The smooth relactonization was also
supported by the following observation: Ina DMSO-ds
solution, anti monobutylamide (9) turned to a mixture
of the starting compound 9, anti dibutyldiamide (14),
and ant: dimer (2) (70:15:15, based on the peak
areas of the cyclobutane ring protons in !H-NMR
spectrum) on heating at 185°C for 1 h, meaning that
anti monobutylamide (9) slowly decomposed to anti
dimer (2) with the elimination of butylamine, which
attacked the residual lactone ring of anti mono-
butylamide (9) to give anti dibutyldiamide (14)
(Scheme 2).

In the next stage, the thermal reactions of both
lactone-opened derivatives of anti dimer (2) such as anti
dicarboxylic acid (10), anti diethyl diester (11), ant:

2 HO | . o; — 5 o | | + HO OH
BUHNO ~r n/° BUHNOC “CONHBUJ
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N. Yonezawa, Y. IkeBe, T. YosHipa, T. Hiral, K. Saico, and M. HASEGAwA

[Vol. 57, No. 6

o

Endothermic

s Weight Loss/ %

100 200 300 ¢ ,ec

Fig. 6. TG-DSC curves of ant: dimer (2) [--—-] and
anti dicarboxylic acid (10) [—].
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Fig. 7. TG-DSC curves of anti: tetrabutyldiamide
(13).

dianilide (12), ant: tetrabutyldiamide (13), and anti
dibutyldiamide (14) were carried out. The reactions
except for anti dibutyldiamide (14) were made clear by
comparison of their TG-DSC curves with those of the
corresponding monolactone compounds 7—9 and ant:
dimer (2), suggesting that the reaction proceed via the
monolactone compounds (Figs. 3, 4, 6, and 7). The
product, obtained by heating in a TG-DSC pan up to
the temperature at which the weight loss corresponded
to the release of one mole of water, ethanol, aniline, or
dibutylamine, was proved to be a mixture of starting
material, the corresponding monolactone derivative,
and ant: dimer (2), and further heating was ascertained
to give coumarin by TLC analysis and IR and tH-NMR
spectroscopy. But, when anti dibutyldiamide (14) was
heated at 216—217 °C for 30 min (corresponding to the
weight loss of one mole of butylamine), the product
showed IR absorptions at 1765, 1690, and 1650 cm™!
indicating the formation of five-membered imide.
However, the thermal reaction of anti dibutyldiamide
(14) in a sublimation tube in vacuo at 224—230°C
was found to give only anti monobutylamide (9) with
starting compound 14 by TLC analysis. Itis concluded
that the both lactone-opened derivative of anti dimer
(2) degradates successively into the corresponding
monolactone derivative, anti dimer (2), and coumarin.

The thermal reactions of anti dimer derivatives are
summarized in Scheme 3.

Thermal Reaction of neo Tetrabutyldiamide. The
TG-DSC curves of neo tetrabutyldiamide (6) in Fig. 8
show gradual weight loss (20.3%) at 170 to 220 °C with
an endothermic peak at 170°C, which corresponds to
the loss of one mole of dibutylamine (the calculated
weight loss is 23.5%). Then, weight loss restarted at
239°C and complete weight loss was achieved till

14

Scheme 2.
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350°C. At the first stage of this reaction, cis-posi-
tioned carbonyl and 2-hydroxyphenyl groups were pre-
sumed to form six-membered lactone ring with the
elimination of one mole of dibutylamine. But fur-
ther heating did not cause the lactone formation be-
tween the trans-positioned residual carbonyl and
2-hydroxyphenyl groups but resulted in the scission
of the cyclobutane ring (Scheme 4).

In conclusion, the imide formation is prior to other
reactions when two carbonyl groups are situated in
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being impossible, the relactonization between the cis-
positioned 2-hydroxyphenyl and carbonyl groups occurs
smoothly, and when both the reactions are impossible,
the thermal treatment results in the scission of the cyclo-
butane ring.
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