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ABSTRACT: Solid-state polymerization of 7,7,8,8-tetrakis(methoxyethoxycarbonyl)quinodimethane (1)
was investigated in vacuo by irradiation using a high-pressure mercury lamp at 30 °C. The polymerization of 1
in the solid state took place in very slow rate and reached to a complete conversion at 37 days. UV irradiation
of 1 crystals formed a diradical dimer of 1 as a reactive intermediate, coupling reaction of which afforded a
corresponding polymer with a molecular weight of >20000. When the UV-irradiated 1 crystals were
dissolved in a degassed solvent, a 1,1,2,2,9,9,10,10-octa(methoxyethoxycarbonyl)[2.2]paracyclophane is
formed and it can react with molecular oxygen in air and/or dissolved oxygen in solvents to afford a
peroxide-bridged cyclophane. The molecular packing mode of 1 in the crystals was investigated by X-ray
crystal structure analysis, and the low polymerization reactivity of 1 in the solid state and the formation of
1,1,2,2,9,9,10,10-octa(methoxyethoxycarbonyl)[2.2]paracyclophane were discussed on the basis of the

molecular packing mode.

Introduction

Solid-state polymerizations have been paid attention as an
environmental-friendly polymerization method. Topochemical
polymerization is counted as a specific case in the solid-state
polymerizations and is a promising method to obtain polymers
with highly controlled structures such as regioselectivity, stereo-
regularity, molecular weight, and so on. Since topochemical
polymerization proceeds with no movement of the center of
gravity of the monomer molecule and only slight rotation of
the monomer molecule around the gravity, the crystallographic
position and symmetry of the monomer crystals are retained in
the resulting polymer crystals. Owing to such strict requirements,
only a limited number of monomers such as derivatives of
diacetylene,' 2,5-distyrylpyrazine,” triene and triacetylene,® and
muconic acid and sorbic acid* have been known to undergo
topochemical polymerization. Diacetylene derivatives among
them have been widely investigated as the candidates for pre-
paration of the advanced materials and supuramolecular poly-
mers on the basis of crystal engineering. Recently, in the course
of the solid-state polymerization studies of 7,7,8,8-tetrakis-
(alkoxycarbonyl)quinodiemthanes,® we found that selected
7,7,8,8-tetrakis(alkoxycarbonyl)quinodiemthanes could undergo
topochemical polymerization, and their solid-state polymeriza-
tion reactivities significantly depend upon the packing mode of
the molecules in the crystals by the single crystal structure analysis
based on their polymorphs. By this finding, the quinodimethane
monomers have joined in a member of the topochemically
polymerizable monomers. However, it is still difficult to predict
and control the polymerization properties of compounds in the
crystals, because arrangements of monomer molecules play a
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significant role. Further investigation of the crystal structures
of quinodimethane monomers with solid-state polymerization
reactivity would give us important information about the strict
requirements needed for the topochemical polymerization of the
quinodimethane monomers that assemble in a fortunate manner.
In the crystals of 7.,7,8,8-tetrakis(chloroethoxycarbonyl)- and
7,7,8,8-tetrakis(bromoethoxycarbonyl)quinodimethanes,® mono-
mer molecules are aligned into the column with the requirements
needed for a topochemical polymerization effectively by the CH/x
interaction between hydrogen at the 2 position in the haloethoxy
group and the neighboring quinodimethane ring in the same
column and halogen—halogen interaction between haloethoxy
groups of quinodimethane molecules in the neighboring columns.
In this work, we synthesized 7,7,8,8-tetrakis(methoxyethoxycar-
bonyl)quinodimethane (1) as a novel monomer, where methox-
ethoxy group is expected to form a weak CH/O hydrogen bond
interaction instead of a halogen—halogen interaction and has an
electron-donating methoxy group instead of electron-accepting
halogen atom, and investigated the polymerization of 1 under UV
irradiation in the solid state in vacuo, and also the relationship of
the solid-state polymerization reactivity with their crystal struc-
tures will be discussed.

Experimental Section

Materials. Benzene was washed in sequence with concen-
trated sulfuric acid, water, a 5% aqueous sodium hydroxide,
and again water, dried over anhydrous calcium chloride, refl-
uxed over metal sodium, and then distilled. Tetrahydrofuran
(THF) was refluxed over lithium aluminum hydride for 12 h and
distilled, and then the distillate was distilled again over benzo-
phenone—sodium. 2,2’-Azobis(isobutyronitrile)(AIBN) was re-
crystallized from methanol. Pyridine was distilled over potas-
sium hydroxide. Titanium tetrachloride was distilled over
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copper powder under reduced pressure. Commercial carbon
tetrachloride, 2-methoxyethanol, activated manganese(I1V) di-
oxide, and 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) were
used without further purification.

Monomer Synthesis. Di(2-methoxyethyl) Malonate. Malonic
acid (20.8 g, 200 mmol), 2-methoxyethanol (30.5 g, 400 mmol),
and p-toluene sulfonic acid monohydrate (0.16 g, 0.82 mmol) in
benzene (100 mL) were reacted at reflux for 24 h. The reaction
mixture was washed with saturated sodium chloride aqueous
solution (100 mL x 2) and saturated sodium bicarbonate aqu-
eous solution (100 mL x 2), and then dried over anhydrous
magnesium sulfate. After filtration, the solvent was evaporated
under reduced pressure to give crude product, which was dis-
tilled under reduced pressure to give di(2-methoxyoethyl) mal-
onate as a colorless oil (35.2 g, 80% yield). bp 117 °C (4 mmHg).
IR (NaCl, v, cm™"): 2900 (CH), 1739 (C=0), 1128 (C—0). 'H
NMR (270 MHz, CDCls, 6, ppm): 4.30 (t, J=4.6 Hz, 4H, CH,),
3.61 (m, 4H, CH,), 3.47 (s, 2H, CH,), 3.39 (s, 6H, CH;). '*C
NMR (67.7 MHz, CDCl;, ¢, ppm): 166.1 (C=0), 69.8 (CH;),
64.1 (CH,), 58.5 (CH3), 40.8 (CH;). Anal. Calcd for CoH 4O¢:
H, 7.32; C, 49.09; O, 43.59. Found: H, 7.37; C, 48.53; O, 43.58.

1,4-Bis[di(2-methoxyethoxycarbonyl)methylene|cyclohexane
(2). Titanium tetrachloride (12 mL, 146 mmol) was added
dropwisely under nitrogen into dry stirred THF (220 mL) cooled
in an ice bath. This gives a bright yellow precipitate after an
exothermic reaction. Into this yellow mixture were added
dropwisely 1,4-cyclohexanedione (2.25 g, 20.1 mmol) and di(2-
methoxyethyl) malonate (8.82 g, 40.0 mmol) in THF (20 mL),
and then stirred for 1 h. Pyridine (20 mL) in THF (20 mL) was
added dropwisely into the resulting brown suspension over 1 h,
and the reaction mixture was stirred at room temperature for 2
days. Water (150 mL) and chloroform (100 mL) were added into
the reaction mixture, the organic layer was separated, and then
the aqueous layer was extracted with chloroform (3 x 100 mL).
The combined organic fractions were successively washed with
saturated aqueous sodium chloride (3 x 100 mL) and aqueous
sodium bicarbonate (2x 100 mL), dried over anhydrous magne-
sium sulfate, and filtered, and then the solvent of the filtrate was
evaporated under reduced pressure. The crude product was
purified by column chromatography (SiO,, chloroform/ethyl
acetate (3/1, v/v)) and 1,4-bis[di(methoxyethoxycarbonyl)methyl-
ene]cyclohexane (2) was obtained in 7.84 g (76% yield) as yellow
oil. IR (NaCl, v, cm™"): 2892 (CH), 1724 (C=0), 1634 (C=C),
1236 and 1050 (C—0). HNMR (270 MHz, CDCl3, 6, ppm): 4.33
(m, 8H, CH,), 3.61 (m, 8H, CH,), 3.37 (s, 12H, CH3), 2.77 (s, 8H,
CH,). >*CNMR (67.7 MHz, CDCl, 8, ppm): 164.7 (C=0), 158.6
(>C=), 122.8 (=C<), 70.0 (CH,), 63.8 (CH»), 58.7 (CH3), 29.2
(CH,). Anal. Calcd for Co4H36015: H, 7.02; C, 55.81; O, 37.17.
Found: H, 7.04; C, 55.52; O, 36.98.

7,7,8,8-Tetrakis(2-methoyethoxycarbonyl)quinodimethane
(1). 2 (404 mg, 0.781 mmol) was dissolved in benzene (50 mL),
and this solution was added in one portion into activated
manganese dioxide (2.70 g, 31.1 mmol) in benzene (250 mL) at
reflux. After stirring for 10 min at reflux, activated manganese
dioxide was removed by filtration and the solvent was evapo-
rated under reduced pressure. The crude yellow oil was purified
by column chromatography (SiO,, chloroform/ethyl acetate (4/
1, v/v) and then benzene) followed by recrystallization from
dichloromethane/hexane (1/3, v/v) at —20 °C to give 1 as pale
yellow plates (104 mg, 26%). Mp: 56 °C. IR (KBr, v,cm ™~ '): 2890
(CH), 1729 (C=0), 1582 (C=C), 1241 and 1044 (C—0). 'H
NMR (270 MHz, CDCls, 6, ppm): 7.49 (s, 4H, CH), 4.41 (m,
8H, CH.), 3.64 (m, 8H, CH,), 3.39 (s, 12H, CH;). '*C NMR
(67.7 MHz, CDCls, 6, ppm): 164.5 (C=0), 139.3 (> C=), 130.1
(=CH), 125.6 (=C<), 70.0 (CH,), 64.3 (CH,), 58.8 (CHj3).
Anal. Calcd for C,4H3,01,: H, 6.29; C, 56.24; O, 37.46. Found:
H, 6.30; C, 56.20; O, 37.06.

Polymerization Procedure. For the solid-state polymeriza-
tion, a given amount of monomer crystals (1) were put in a
Pyrex ampule, which was degassed under reduced pressure and
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sealed. Polymerization was carried out at 30 °C under UV
irradiation by using a high-pressure mercury lamp (Fuji Glass
Work type HB-400, 400 W) at a distance of 12 cm for 37 days. A
small amount of chloroform was added to the reaction product
in the ampule and the resulting suspension was added into an
excess of hexane to deposit a polymeric product as a hexane-
insoluble fraction. The supernatant was placed under reduced
pressure to remove the solvent and to produce a residue as a
hexane-soluble fraction.

Hexane-insoluble fraction (high molecular weight polymer):
white powder in 28% yield. M}, > 20000. IR (KBr, v, cm ™ ):
2890 (CH), 1739 (C=0), 1451 (C=C), 1248 and 1201 (C—0). 'H
NMR (270 MHz, CDCls, 6, ppm): 6.74 (br, 4H, aromatic), 4.35
(br, 8H, CH,), 3.56 (br, 8H, CH,), 3.27 (br, 12H, CH3). 1*C
NMR (67.7 MHz, CDCls, 6, ppm): 168.8 (C=0), 132.7 (Ar),
129.8 (Ar), 77.2 (> C<), 69.7 (CH,), 65.3 (CH»), 58.5 (CH3).
Anal. Caled for (Cr4H3,015),: H, 6.29; C, 56.24; O, 37.46.
Found: H, 6.33; C, 55.90; O, 37.41.

Hexane-soluble fraction (low molecular weight product):
white viscous oil in 72% yield. M, = 700. IR (NaCl, v, em™'):
2892 (CH), 1747 (C=0), 1451 (C=C), 1264 and 1214 (C—0). 'H
NMR (270 MHz, CDCl;, 6, ppm): 6.96 (br, 8H, aromatic), 4.39
(m, 16H, CH,), 3.62 (m, 16H, CH,), 3.36 (s, 12H, CH3), 3.33 (s,
12H, CH;). *C NMR (67.7 MHz, CDCls, 6, ppm): 168.8
(C=0), 164.4 (C=0), 137.1 (Ar), 133.0 (Ar), 130.4 (Ar), 128.7
(Ar), 89.4 (>C<), 72.1 (> C<), 69.7 (CH»), 65.2 (CH,), 58.8
(CH3). Anal. Calcd for C4gHg4O46: H, 6.10; C, 54.54; O, 39.35.
Found: H, 6.17; C, 54.50; O, 39.04.

For the melt polymerization, 1 (205.0 mg) and AIBN (3.5 mg)
as an initiator were placed in a Pyrex ampule, degassed and then
sealed. The ampule was set in a bath at 60 °C for 24 h and then
opened. One mL of chloroform was added into the reaction
product and the resulting solution was poured into an excess of
diethyl ether to deposit a polymeric product. The product was
collected by centrifugation and dried under reduced pressure at
room temperature until a constant weight was attained: 99.8 mg
(54% yield). M, = 23000. '"H NMR (270 MHz, CDCl;, , ppm):
6.74 (br, 4H, aromatic), 4.35 (br, 8H, CH,), 3.56 (br, 8H, CH,),
3.27 (br, 12H, CH;). '*C NMR (67.7 MHz, CDCl;, 8, ppm):
168.8 (C=0), 132.7 (Ar), 129.8 (Ar), 77.2 (> C<), 69.7 (CH>),
65.3 (CH,), 58.5 (CH3). Anal. Calced for (Co4H3,01,),: H, 6.29;
C, 56.24; O, 37.46. Found: H, 6.14; C, 55.55; O, 38.17.

Trap of Reactive Intermediate by TEMPO. Pale yellow crystals
of 1 (138.7 mg) were put in a Pyrex ampule, which was degassed
under reduced pressure and sealed. The ampule containing 1 was
irradiated at 30 °C with a high-pressure mercury lamp for 37 days
to attain complete monomer conversion. The ampule was opened
in an argon-filled globe box maintained to a dew point of —95 °C
to avoid contact with molecular oxygen and moisture in air. Into
the ampule was added TEMPO (57.0 mg), and then it was heated
at 60 °C for a few minutes. A small amount of the reaction mixture
was dissolved in a chloroform-d degassed by freeze—thaw method
in the globe box, and then "H NMR and "*C NMR measurements
were performed to characterize the reaction product.

X-ray Crystallography. The powder X-ray diffraction (XRD)
measurements of monomer crystals and the UV-irradiated
crystals were carried out using Rigaku Rotaflex RU-200B in
the 26 range from 5 to 60° at a scan speed of 0.5°/min with
sampling width of 0.02°. The graphite-monochromated Cu Ka
radiation (4 = 1.54178 A) was used with the power of the X-ray
generator 40 kV and 150 mA. Single crystals were obtained as
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Table 1. Polymerizations” of 1 in the solid state and the melt and of BrEtQM in the solid sate in vacuo

run no. monomer /mg state light source temp/°C time/days convn/% My©

1 100 solid state Hg lamp 30 24 75¢ >20 000
700
300

2 100 solid state Hg lamp 30 37 >99¢ >20 000
700

3k 205 melt dark 60 1 54 23 000

BrEtQM
4 101 solid state Hg lamp 30 3 min >99¢ insoluble

“Irradiation with high pressure Hg lamp (400 W). ® AIBN, 3.5 mg. ¢ Determined by GPC measurement using THF as an eluent and standard
polystyrene as a reference.  Determined by 'H NMR measurement (from the amount of unreacted monomer).

plates by recrystallization from a mixture of dichloromethane/
hexane (3/1, v/v) at —20 °C. The crystal size is to be 0.50x0.40 x
0.05 mm. Single-crystal X-ray diffraction data were collected on
a Rigaku RAXIS-RAPID Imaging Plate diffractometer using
CuKa radiation (1=1.54178 A) monochromated with graphite.
The structures were solved by the direct methods with the
programs SIR88” and SIR92® and refined by full-matrix least-
squares procedures. All calculations were performed using the
TEXSAN crystallographic software package of the Molecular
Structure Corporation.

Measurements. All melting points were obtained with a
Yanaco MP-S3 melting point apparatus. Elemental analyses
were performed on a Yanaco CHN Corder MT-5 Instruments.
The molecular weights (M},) of the polymers were estimated by
gel permeation chromatography (GPC) on a JASCO PU-2080
Plus equipped with TOSOH UV-8020 ultraviolet (254 nm)
detector and TSK gel G2500H5 (bead size with 10 um, molecular
weight range 1.0x 10? to 2.0x 10%) and TSK gel G3000Hj (bead
size with 10 um, molecular weight range 1.0 x 10* to 6.0 x 10%)
using THF as an eluent at a flow rate of 1.0 mL/min and
polystyrene standards for calibration. 'H NMR and '*C
NMR spectra were recorded on a JEOL JNM-EX 270 FT
NMR spectrometer in chloroform-d with tetramethylsilane as
an internal standard, and infrared (IR) spectra were recorded on
a JASCO FT/IR-4100 spectrometer. Differential scanning cal-
orimetry measurement (DSC) and thermogravimetric analysis
(TGA) of the products were performed on a Seiko DSC 6220
and TG/DTA 6200 Instruments at a scan speed of +5 °C /min
under nitrogen gas flow.

Results and Discussion

Monomer Synthesis and Crystallization. The synthetic
route of monomer crystals (1) is shown in Scheme 1.

Knoevenagel condensation of 1,4-cyclohexanedione with
di(2-methoxyethyl) malonate using titanium tetrachloride
and pyridine as a dehydrating system’ gave 2 in 76% yield
as yellow viscous oil. Oxidations of 2 with activated manga-
nese dioxide in benzene heated at reflux and subsequent
purification by column chromatography treatment gave 1 in
26% vyield. Pale yellow plate crystals were obtained by
recrystallization from a dichloromethane/hexane (1/3, v/v)
solution at —20 °C and used for polymerization. The chemi-
cal structure of 1 was confirmed by IR, '"H NMR, *C NMR,
and elemental analysis. During crystallization of 1, we found
that relatively rapid evaporation of diethyl ether solution
and of dichloromethane/hexane (1/20 v/v) solution at room
temperature provided pale yellow plate crystals, and rapid
evaporation of diethyl ether solution at a refrigerator at
—20°C provided colorless plate crystals, which were changed
to yellow crystals at room temperature, indicating of some
sort of phase transition. The detailed phase transition beha-
vior will be published elsewhere.

700
unreacted

monomer (300)

(a) j

> 20,000

700

20 30 40
retention time (min)

Figure 1. GPC charts of UV-irradiated 1 crystals for (a) 24 days and
(b) 37 days, respectively.

Polymerization and Polymer Characterization. Polymeri-
zation of 1 was performed in the solid sate by UV irradiation
with a high-pressure mercury lamp in vacuo at 30 °C for 24
and 37 days, and in the melt state in the presence of AIBN at
60 °C for one day, and the results are summarized in Table 1,
together with previous result of the solid-state polymeriza-
tion of 7,7,8,8-tetrakis(bromoethoxycarbonyl)quinodimeth-
ane (BrEtQM),° which could polymerize topochemically, for
comparison.

When the plate crystals of 1 were exposed to UV light at
30 °C in vacuo, yellow color of the crystals faded very slowly
to afford white crystals with small cracks in 37 days. This
indicates that polymerization rate of 1 in the solid state is
very slow compared with that of BrEtQM crystals, yellow
color of which faded completely in three minutes on exposure
to UV light to afford polymer crystals with pink color.® The
products obtained by UV irradiation for 24 and 37 days were
dissolved in a small amount of THF and their molecular
weights were determined by GPC measurement. The GPC
charts for 24 and 37 days are shown in Figure 1.

Three peaks (M: >20 000, 700, and 300) are observed in
24 days and two peaks (M >20000 and 700) in 37 days,
respectively, and the peak at the molecular weight of 300 in
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Figure 2. 'H NMR spectra in chloroform-d of (a) hexane-insoluble
part (high molecular weight product) and (b) a polymer of 1 obtained by
melt polymerization in the presence of AIBN (run no. 3 in Table 1).

24 days, corresponding to the molecular weight of monomer
1, disappeared completely in 37 days, indicating the complete
conversion of monomer 1 under UV irradiation in 37 days.
The molecular weight of 700 for a low molecular weight
product observed in 24 and 37 days is close to that of the
dimer of 1. Here, in order to characterize the reaction
product, each product in 37 days, a high molecular weight
product (>20000) and a low molecular weight one (700),
was isolated by dissolution—precipitation method using
chloroform as a solvent and hexane as a precipitant. The
high molecular weight product was obtained as white pow-
der in 28% yield as a hexane-insoluble part and the low one
was obtained in white viscous oil in 72% yield as a hexane-
soluble part, respectively. 'H NMR and '*C NMR spectra of
the hexane-insoluble part (high molecular weight product)
are shown in part a of Figures 2 and 3, respectively, which are
in good agreement with those (part b in Figures 2 and 3) of a
homopolymer (M, = 23000) of 1 obtained by the melt
polymerization in the presence of AIBN at 60 °C, where
each peak could be assigned to respective protons and
carbons of the chemical structures illustrated therein.

And also, elemental analysis values (H, 6.33; C, 55.90; O,
37.41) of the hexane-insoluble part (high molecular weight
product) are in good agreement with the calculated values
(H, 6.29; C, 56.24; O, 37.46) of 1. Therefore, it is concluded
that the hexane-insoluble part (high molecular weight
product) obtained by UV irradiation of 1 in the solid state
is to be a homopolymer of 1.

"H NMR and "*C NMR spectra of the hexane-soluble part
(low molecular weight product of 700) are shown in Figure 4,
where each peak can be assigned to the respective protons
and carbons of the chemical structures illustrated therein.

In the "H NMR spectrum, two singlet peaks assigned to
methoxy protons are observed at 3.36 (¢) and 3.33 (f) ppm. In
the '*C NMR spectrum, two peaks assigned to a carbonyl
carbon are observed at 168.6 (A) and 164.4 (B) ppm, and two
kinds of methine carbon (D and E) and quarternary carbon
(Cand F) are observed for the aromatic ring, and, moreover,
quarternary carbons at the benzyl position are observed at
89.4 (G) and 72.1 (H) ppm, respectively. These peaks
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Figure 3. '*C NMR spectra in chloroform-d of (a) hexane-insoluble
part (high molecular weight product) and (b) a polymer of 1 obtained by
melt polymerization in the presence of AIBN (run no. 3 in Table 1).

strongly suggest the chemical structure illustrated in the
figure. TGA measurement showed that the hexane-soluble
part (low molecular weight product of 700) begins to decom-
pose at 119 °C, and also exothermic peak was observed at 108
°C by DSC measurement. This behavior is similar to the
thermal behavior for the alternating copolymer of 7,7,8,8-
tetrakis(ethoxycarbonyl)quinodimethane with molecular
oxygen reported previously.® These thermal analysis indi-
cates that the low molecular weight product might contain
a peroxide bond. Moreover, elemental analysis values
(H, 6.17; C, 54.50; O, 39.04) of the hexane-soluble part (the
low molecular weight product) are in good agreement with
the calculated values (H, 6.10; C, 54.54; O, 39.35) of a
peroxide-bridged cyclophane illustrated in the figure. It is,
therefore, concluded that the hexane-soluble part (low mole-
cular weight product) obtained by UV irradiation of 1 in the
solid state is a peroxide-bridged cyclophane. Unfortunately,
we failed to obtain the peroxide-bridged cyclophane crystals
though its crystallization was attempted under various
conditions. Here, it is speculated that the peroxide-bridged
cyclophane isolated as low molecular weight product is
formed by reaction of [2.2]paracyclophane of 1, 1,1,2,2,9.9,-
10,10-octa(methoxyethoxycarbonyl)[2.2]paracyclophane,
with molecular oxygen in air and/or dissolved oxygen in
solvents used during isolation process of the reaction pro-
ducts. To confirm this speculated reaction, we carried out the
following experiment: after UV exposure on 1 in the solid
state for 37 days, the irradiated 1 crystals were dissolved in
chloroform-d degassed by freeze—thaw method and in an
argon-filled globe box to avoid contact with molecular
oxygen in air, and then the resulting solution was contacted
with oxygen gas and the spectral changes in the 'H NMR and
3C NMR spectra were monitored in a given interval time.
"H NMR and '*C NMR spectra just after dissolving the UV-
irradiated 1 crystals are shown in (b) of Figure 5, together
with those of monomer 1 (part a in Figure 5).

In the "H NMR spectrum, four peaks are observed at 6.79
(br, 8H) (a’), 4.41 (m, 16H) (b'), 3.65 (t, J=4.95, 16H) (¢),
and 3.34 (s, 24H) (d') ppm. Peaks assigned to the methoxy
protons at 3.34 (d’) ppm and to the aromatic ring protons at
6.79 (a’) ppm are observed as a singlet peak and a broad
singlet peak, respectively. In the '*C NMR spectrum, six
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Figure 4. 'H NMR and "*C NMR spectra in chloroform-d of the hexane-soluble part (low molecular weight product of 700).
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Figure 5. 'H NMR and '*C NMR spectra in chloroform-d of (a) monomer crystals 1 and (b) UV-irradiated 1 crystals just after dissolving.
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Figure 6. Spectral changes in 'H NMR and '*C NMR spectra in chloroform-d for the reaction with oxygen gas at 0, 6, and 50 h.

peaks are observed at 168.8 (C=0) (A’), 136.2 (Ar) (B’ and
), 74.3 (>C<) (D), 69.8 (CH») (E'), 65.2 (CH,) (F’), and
58.8 (CH3) (G’) ppm, respectively. The peak at 168.6 (A’)
ppm is assigned to a carbonyl carbon and is observed as a
single peak for carbonyl group, the peak at 136.2 (B" and C)
ppm is assigned to methine and quarternary carbons in the
aromatic ring and is observed as a single peak owing to peak
overlapping, and the peak at 74.3 (D’) ppm is assigned to

quarternary carbon at the benzyl position and is observed as
a single peak, respectively. Other peaks in the figure are
assigned well to the protons and carbons of the chemical
structure illustrated therein. Therefore, these peaks strongly
suggest the formation of [2.2]paracyclophane of 1, 1,1,2.2,
9,9,10,10-octa(methoxyethoxycarbonyl)[2.2]paracyclophane.
The spectral changes of the aromatic proton region (7.5—
6.5 ppm) in the '"H NMR spectrum and of the aliphatic
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Figure 7. XRD patterns of (a) monomer crystals 1, (b) UV-irradiated 1 crystals, (c) monomer crystals BrEtQM, and (d) UV-irradiated BrEtQM

crystals.

carbon region (50—100 ppm) in the '*C NMR spectrum
for the reaction with oxygen gas are shown in Figure 6,
respectively.

Inthe '"H NMR spectrum at 6 h, in addition to peak at 6.79
ppm due to the aromatic protons in 1,1,2,2,9,9,10,10-octa-
(methoxyethoxycarbonyl)[2.2]paracyclophane, a new peak
appeared at 6.96 ppm, and at 50 h it increased largely, but the
peak at 6.79 ppm decreased. As an additional spectral
change, a new singlet peak, which is the next to a singlet
peak at 3.34 ppm, appeared at 3.36 ppm, assigned to the
methoxy group in the peroxide-bridged cyclophane. In the
13C NMR spectrum at 6 h, in addition to peak at 74.3 ppm
due to the quarternary carbons at the benzyl position (bridge
head) in the 1,1,2,2,9.9,10,10-octa(methoxyethoxycarbonyl)-
[2.2]paracyclophane, new two peaks appeared at 89.4 and
72.1 ppm, assigned to quarternary carbons at the benzyl
position of the peroxide-bridged cyclophane, and at 50 h the
peak at 74.3 ppm disappeared completely and only new two
peaks at 89.4 and 72.1 ppm are observed. As an additional
spectral change, peaks assigned to carbonyl group were
observed at 168.6 and 164.4 ppm, and peaks assigned to
aromatic ring carbons were observed at 137.1, 133.0, 130.4,
and 128.7 ppm in 50 h. The "H NMR and '*C NMR spectra
observed in 50 h are completely in good agreement with those
of peroxide-bridged cyclophane. These spectral changes
strongly support that 1,1,2,2,9,9,10,10-octa(methoxyetho-
xycarbonyl)[2.2]paracyclophane reacts with molecular oxy-
gen to form a peroxide-bridged cyclophane. It is, therefore,
concluded that the peroxide-bridged cyclophaneisolated asa
low molecular weight product is formed by the reaction of
1,1,2,2,9,9,10,10-octa(methoxyethoxycarbonyl)[2.2]paracy-
clophane with molecular oxygen in air and/or dissolved
oxygen in solvent during the isolation process of the reaction
products, and high reactivity of 1,1,2,2,9,9,10,10-octa-
(methoxyethoxycarbonyl)[2.2]paracyclophane is considered
to originate in its strained structure.

Crystal Structure and Packing of Molecules. The powder
X-ray diffraction (XRD) patterns of monomer crystals 1 and
irradiated 1 crystals obtained at complete conversion under
UV irradiation in vacuo are shown in a) and b), respectively,
in Figure 7, together with those of monomer BrEtQM
crystals and irradiated BrEtQM crystals obtained at com-
plete conversion under same conditions.

The sharp diffraction patterns of UV-irradiated 1 crystals
obtained in 37 days and of UV-irradiated BrEtQM crystals
obtained in 3 min indicate that both monomers crystals show

Table 2. Crystallographic Data for the Crystals of 1 and BrEtQM

parameter 1 BrEtQM
substituent MeOCH,CH, BrCH,CH,
formula C|2H1506 C24H2(,Br408
formula wt 256.25 707.99
crystal system monoclinic triclinic
space group P2/a Pl
a, A 8.073(1) 6.961(3)
b, A 13.137(2) 7.815(4)
¢, A 13.087(2) 12.232(5)
a, deg 90 102.80(3)
B, deg 103.371(4) 97.14(2)
Y, dﬂeg 90 106.15(3)
vV, A 1350.3(3) 610.9(5)
Z 4 1
Peales g/cm® 1.260 1.924
no. of unique reflens 2460 1945
no. obsd reflens 15428 4300
R, Ry, 0.162,0.168 0.212,0.392
R, 0.058 0.126
GOF 0.69 3.24
260 max, deg 136.5 136.3
temp, °C 0 —=70

no loss of crystallinity before and after completion of the
reaction. The signal positions in the powder XRD patterns at
complete conversion of BrEtQM are in fairly good agree-
ment with those of monomer BrEtQM crystals, due to the
progress of the topochemical polymerization for BrEtQM as
reported previously.® On the other hand, the signal positions
in the powder XRD patterns of UV-irradiated 1 crystals
obtained in 37 days are significantly different from those of
monomer 1 crystals, suggesting formation of some kinds of
highly crystalline compounds.

To clarify the molecular packing modes of 1 and BrEtQM
in the crystals and the drastic difference between the abilities
of 1 and BrEtQM to undergo polymerization, we investi-
gated the crystal structures of both monomers by X-ray
crystallography. The crystallographic data of both 1 and
BrEtQM are summarized in Table 2, and their crystal
structures are shown in Figure 8.

In the crystal structures of 1 and BrEtQM, both crystals
construct a similar one-dimensional columnar structure by
the stacking of the quinodimethane rings along the crystal-
lographic a axis, and also the stacking axis is not perpendi-
cular to the molecular plane of the quinodimethane ring.
Here, we examined the stacking manners in the columnar
structures by structural parameters (61, 605, ds, and d..) used
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Figure 8. Crystal structures of (a) 1 and (b) BrEtQM. Hydrogen atoms are omitted for clarity.

Table 3. Stacking Parameters for Crystals of 1 and BrEtQM*

monomer 6, (deg) 0 (deg) d.. (A) ds (A)
1 32 83 4.30 8.07
BrEtQM 33 89 3.84 6.99

“0,, 0,, tilt angles of the molecular palne; d,., distance between the
reacting exomethylene carbons; d;, stacking distance.

for monomers with planner structures such as quinodi-
methanes and dienes previously.*® These parameters are
defined as the angles formed between the stacking axis and
longer axis of the monomer molecule (0,) and the shorter
axis of the monomer molecule (6,), the distance between
equivalent atoms in the stacked monomers (stacking dis-
tance: ds), and the distance between the reacting exomethyl-
ene carbons (d..). The stacking parameters of 1 and BrEtQM
and their definitions are summarized in Table 3.

In the case of 1, 6 and 0, are 32° and 83°, respectively, and
very similar to those values (6, =33° and 6, =89°) of BrEtQM.
However, a stacking distance (d; = 8.07 A) between the
adjacent quinodimethane molecules in a column and a dis-
tance between the reacting exomethylene carbons (d.. =
4.30 A) in_the 1 crystals are longer than those of BrEtQM
(ds=16.99 A and d..=3.84 A). Previously, we investigated the
solid-state polymerizations of several quinodimethane mono-
mers and examined their stacking parameters based on X-ray
single crystal analysis. It was found that the topochemical
polymerization could take place in the quinodimethane mono-
mers having the crystal structures with parameters of 0, =
30—33°,6,=83—89°,d,=7.0—7.6 A, and d..=3.8—4.2 A ° Itis
reported in the topochemical polymerizations of diacetylene
derivatives,' triene and triacetylene derivatives,® and diene

derivatives* that when the d, value in the crystals is identical
to the fiber period for the polymers, topochemical polymeri-
zation could occur easily and rapidly. It is, therefore, consid-
ered that in the solid-state polymerization of 1 under
UV irradiation, very slow reaction rate of 1 in comparison
with BrEtQM and formation of 1,1,2,2,9.9,10,10-octa-
(methoxyethoxycarbonyl)[2.2]paracyclophane in degassed so-
lution instead of polymer crystals ascribe to longer d; and d..
values for 1 in comparison with those for the topochemically
polymerizable quinodimethane monomers.

Trap of Reactive Intermediate by TEMPQO. Here, it is
hardly considered that formation of 1,1,2,2,9,9,10,10-octa-
(methoxyethoxycarbonyl)[2.2]paracyclophane in the solid-
state polymerization of 1 under UV irradiation might take
place in the crystals when molecules 1 are stacked in the
crystals with the molecular packing mode with suitable
requirements for topochemical polymerization. On the basis
of the molecular stacking manner in the crystals, it is
predicted that a diradical dimer of 1 would be formed as a
reactive intermediate. If it was true, the diradical dimer could
be trapped by TEMPO to form an adduct, which is com-
posed of one dimer of 1 and two TEMPO as shown in
Scheme 2.

Therefore, we attempted to trap a reactive intermediate in
these crystals. After UV irradiation of 1 at 30 °C for 37 days,
the irradiated 1 crystals were mixed with TEMPO in an
argon-filled globe box to avoid contact with molecular
oxygen and moisture, and then the mixture was heated
at 60 °C to react for a few minutes. The reaction mixture
was dissolved in degassed chloroform-d and the reaction
product was characterized by 'H NMR and '*C NMR
measurements. 'H NMR and '*C NMR spectra are shown
in Figures 9 and 10, respectively.

No peaks assigned to 1,1,2,2,9,9,10,10-octa(meth-
oxyethoxycarbonyl)[2.2]paracyclophane are observed in
both spectra, and each peak can be assigned quite well to
the protons and carbons of the adduct, composed of one
dimer of 1 and two TEMPO, illustrated therein. This
indicates strongly that a diradical dimer of 1 might be
produced as a reactive intermediate in the crystals 1 under
UV irradiation.
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Figure 9. '"H NMR spectrum in chloroform-d of the reaction mixture of
the irradiated 1 crystals with TEMPO.

Reaction Mechanism. From the analysis of the reaction
product of 1 after UV irradiation, trap experiment of a
reactive intermediate with TEMPO, and powder X-ray
diffraction and X-ray single crystal analysis of 1, reaction
process of 1 in the solid state are summarized in Scheme 3.

Monomer 1 is aligned in the crystals in accordance with
the requirements needed for a topochemical polymerization
like as BrEtQM. However, a distance (d..) between the
reacting exomethylene carbons, that is, a distance between
the exomethylene C7 carbon of one quinodimethane and the
exomethylene C8 carbon of the neighboring quinodimethane
monomer in the crystals of 1, is longer than that of BrEtQM.
When monomer 1 crystals were irradiated, the single bonds
are formed between the reacting exomethylene carbons (for
example, single bond formation in a and c¢ positions in
Scheme 3) to afford diradical dimers. The diradical dimer
formation might extend a distance between the C7 carbon of
one dimer and the C8 carbon of the neighboring dimer
(distance in b position in Scheme 3). Owing to this extension
of distance, further coupling reaction between the resulting
diradical dimers is greatly suppressed in the crystals where
molecular motion is greatly restricted, and, therefore, a

Figure 10. '*C NMR spectrum in chloroform-d of the reaction mixture
of the irradiated 1 crystals with TEMPO.

reactive diradical form might be preserved as it is. Of course,
in prolonged reaction time, coupling reaction of the resulting
diradical dimer can take place very slowly even in the crystals
due to the molecular motion, to form its polymer as shown in
polymer formation of 1 under UV irradiation in 37 days.
And also, when the diradical dimer formed in the crystals
was dissolved in degassed chloroform-d, it would react
intramolecularly to form 1,1,2,2,9,9,10,10-octa(methoxyet-
hoxycarbonyl)[2.2]paracyclophane, which is unstable and
can react easily with molecular oxygen in air or/and dis-
solved oxygen in solvents to afford the peroxide-bridged
cyclophane. Moreover, the formation of an adduct com-
posed of one dimer with two TEMPO strongly supports the
presence of a reactive diradical dimer intermediate in the
crystals. These findings indicate that a distance (d..) between
the reacting exomethylene carbons in the crystals of 1 and a
stacking distance (d;) are close to limiting distances in
requirements needed for topochemical polymerization of
quinodimethane type monomers.

In summary, solid-state polymerization of 1 under UV
irradiation in vacuo proceed very slowly to form its homo-
polymer via diradical dimer intermediate, which could form
1,1,2,2,9,9,10,10-octa(methoxyethoxycarbonyl)[2.2]paracy-
clophane when it was dissolved in degassed solvent. The
1,1,2,2,9.9,10,10-octa(methoxyethoxycarbonyl)[2.2]paracy-
clophane is unstable and reacts easily with molecular oxygen
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Scheme 3

R= COzCHzCHzOCH;

to form a peroxide-bridged cyclophane. From the X-ray
single crystal analysis, quinodimethane molecules were
aligned along the crystallographic a axis with a stacking
distance of 8.07 A and a distance between the reacting
exomethylene carbons of 4.30 A. In addition, the monomer
molecules were stacked with a 32° tilt of the longer monomer
molecule axis relative to the translational axis and with a §83°
tilt of the shorter monomer molecule axis relative to the
translational axis. Although the molecules are aligned in
accordance with the structural requirements for a topochem-
ical polymerization of the quinodimethane monomers, there
is a slight difference, that is, the stacking distance is longer
than the repeating distance in the resulting polymer, and also
the distance between the reacting exomethylene carbons is
longer. This structural slight difference induces slow polym-
erization rate of 1.
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