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Abstract: The topochemical polymerization of the alkylammonium salt&of), (E,Z), and(E,E)1,3-diene

mono- or dicarboxylic acids, i.e., of the muconic and sorbic acid derivatives, is described from the viewpoint
of polymer crystal engineering. Not only tt{g,Z) but also the(E,E)derivatives polymerize to give a high
molecular weight polymer in the crystalline state under UV irradiation when a naphthylmethylammonium
moiety is introduced to these monomers as the countercation. NMR spectroscopy confirms the formation of
the stereoregulanese or erythro-diisotactictrans-2,5-polymer during the polymerization, irrespective of the
configuration of the monomers and the structure of the substituents. The single-crystal structure analysis of
the naphthylmethylammonium salt of sorbic acid reveals the stacking of the diene moieties in the columns
formed in the crystals, favorable for the topochemical polymerization. The photopolymerization reactivity and
the stereochemistry of the resulting polymers are determined by the molecular packing in the crystals during
the topochemical polymerization of the diene monomers.

Introduction polymerization of a 1,3-diene mononteglthough very few
examples have been found to undergo the topochemical po-
lymerization. We have demonstrated that the diethyl ester
and several alkylammoniuris!# of (Z,Z)-muconic acid provide
ultrahigh molecular weight and stereoregular polymers under
UV irradiation in the crystalline state (Scheme 1). This
polymerization has the following several features: The polym-
erization proceeds via a radical chain polymerization mecha-
nism, induced by the irradiation of UV light or higher energy

In recent years, many reports have been published on the
polymer structure control by radical polymerization, which is
the most convenient and important process for the production
of vinyl polymers because of the advantageous features of
polymerization. In contrast to the recent progress in the control
of the molecular weight and molecular weight distribution and
of the structures of the- andw-chain ends and branching using
the living radical polymerization techniqdethe control of
tacticity is still difficult due to the free radical propagating W(4) () SchmidAt, cI; er] JPur7e7,3pplll.4Ch2r721197lE27k, |647—673A éb)
species. Several organized media such as liquid crystals, Oﬁgr?frvsgiggi Gg?éf_fggg( d)'Hgvseg:v : M&%)u. S@Q%’l’;’. .
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rays such as X-rays andrays. A very high molecular weight
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polymer is produced during the polymerization and the molec- COMNH(CHrOHy  (€) o P oo nmon, < )
ular weight of the polymer depends on the size of the monomer 6 Q
crystals. The most important feature of the polymerization is O

the control of the polymer stereochemistry. A tritactic polymer onnﬁabch cONrch O

with a regulated structure is formed, i.e., the tacticity of two o 2

asymmetric carbon centers and a double bond is completely
controlled during the topochemical polymerization of the
muconate as the 1,4-disubstituted butadiene derivative. Fur- -
. . CHyNH30,C -

thermore, we can isolate polymers in the form of polymer \/\/COMSCHZ
crystals after polymerization, as the polymer single crystals
under appropriate conditions. Q

The process of topochemical polymerization has recently beenFigure 1. Chemical structure of the 1,3-diene monomers used in this
confirmed by the determination of the single-crystal structure study.
of both the monomer and polym&t$and by structural change  pioneering works concerning the topochemical polymerization
during polymerization using IR and Raman spectroscopies asof diolefins*2° and diacetylendg! discovered in the 1960s.
well as X-ray diffractiorf” The molecular packing types inthe  From the viewpoint of controlled polymer synthesis, crystal
crystals of a series of benzylammonium salts and its related engineering is very useful for the control of tacticity and
derivatives were classified into columnar-type and sheet-type molecular weight as the primary structure of polymers and of
molecular arrangements, which are closely related to the patternpolymer crystalline structures. The prediction of the reactivity
of hydrogen bond networks. They are correlated with their and the structure of polymers as the products is very important
photoreaction behavior in the crystalline state. The polymeriz- for the design of new organic solid materials. Here, we report
able monomer molecules form a columnar assembly in the the details of the topochemical polymerization of the 1-naph-
crystals and a polymer chain is produced along the column via thylmethylammonium salts of several 1,3-diene mono- and
a topochemical polymerization mechanism. In the topochemical dicarboxylic acid derivatives, i.e., three kinds of muconate
reaction, the reaction pathway and its reactivity intrinsically isomers {—3), monomethy(Z,Z) and(E,E}muconates4 and
depend on the monomer crystal structure as the starting5), and(E,E)-sorbate §), as shown in Figure 1. The photopo-
materials. Therefore, to design any topochemically polymeriz- lymerization reactivity of the diene monomers and the stereo-
able ammonium monomer other than the benzylammonium chemistry of the obtained polymers are discussed based on the
derivatives, it is necessary that the cation parts strongly stackmonomer configuration and molecular packing in the crystals.
upon each other to support a columnar structure of the muconateersults
dianions without disturbing the ideal crystal structure for the
topochemical polymerization, i.e., a favorable distance between ~Photoreaction Behavior. The photoreaction of the am-
the reacting double bonds and a favorable tilt angle of the dienemonium salts was carried out in the crystalline state under
moiety to the column. If there is any guide for the structural  (17) (a) Desiraju, G. R., EdThe Crystal as a Supramolecular Entity:

; ; ; ; Perspectie in Supramolecular ChemistryViley: Chichester, 1996; Vol.
design of the diene monomers appropriate for topochemical 2. (b) Seddon. K. R.. Zaworotko. M. J.. Edrystal Engineering. The

pO'Ymerization: it would be very Usefu_l for the control and  pesign and Application of Functional SolidSATO ASI Series C, Vol.
design of the polymer structures obtained therefrom as the 539; Kluwer Academic: Dordrecht, The Netherlands, 1999. (c) Braga, D.;

photoproducts. A naphthylmethylammonium moiety seemed to grzgpig?)i;s glgﬂg)e&vagrgg EdAE‘r?éYSE‘S'IEg%pe%T i”%olFf%gsM?!ﬁngs
be suitable for this purpose. In fact, we have recently found A.,4emic: Dordrecht, The Netherlands, 1999. '

that the 1-naphthylmethylammonium salts of {(BeE)}muconic (18) (a) Desiraju, G. RAngew. Chem., Int. Ed. Endl995 34, 2311
and sorbic acids photopolymerized in the crystalline state and (23;2[;- (b) Hoéseénéhm Wc DeCI?{]é é:hleztn;'s—cﬁ{ggm(gg:ak7"27_c73§'

: ; c) Desiraju, G. em. Commu 4 . akety, C. B.
prQVIdeq StereogelgGUIar polymers, as well as(@g)muconic Acta Crystallogr.1997, B53 569-586. (e) Nangia, A.; Desiraju, G. R.
acid der|Vat|V?§- i o ) _ Top. Cur. Chem1998 198 57-95. (f) Braga, D.; Grepioni, F.; Desiraju,

Crystal engineering, which is the planning of syntheses in G.R.Chem. Re. 1998 98, 1375-1405. (g) Rogers, R. D.; Zaworotko, M.
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properties of the crystalline products, has been developed IN)"\acNicol, D. D.; Toda, F.; Bishop, R., Ed€&omprehensie Supra-
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. 17-19 p . . akanishi, H.; Hasegawa, M.; Sasada,JYPolym. Sci., Part A-
istry. We can see marvelous progress in crystal engineering 15 ‘1537 15e3, (c) Nakanishi, H.; Hasegawa, M.; Sasaday) YPolym.
based on the supramolecular synthon in recent years. Howeversgi., Polym. Lett. Ed1979 17, 459-462.

it has less often been applied to polymer synthesis, despite the (21) (a) Wegner, GZ. Naturforsch 1969 24B, 824-832. (b) Wegner,
G. J. Polym. Sci., Polym. Lett. EA971 9, 133-144. (c) Wegner, G.
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Polymerization of 1,3-Diene Carboxylic Acid Desatives

Table 1. Photopolymerization of Alkylammonium Muconates and
Sorbates in the Crystalline State with a High-Pressure Mercury
Lamp at Room Temperature

isomer composition of
monomer recovered

mono- time polymer [5]2x 1072
run  mer (h) vyield (%) (cm?g) Z,2- (- (EB-
1 1la 8 90 1.47 100 0 0
2 1b 8 0 100 0 0
3 1 8 21 12.7 100 0 0
4  1d 8 80 4.6% 100 0 0
5 1¢ 8 95 100 0 0
6 2 8 71 0.96 0 0 100
7 3 8 trace 0 91 9
8 3 40 8 0 86 14
9 4 35 trace 18 18 64
10 4 100 15 0 9 91
11 5 8 59 2.05 0 0 100
12 6 8 98 14.1 0 0 100

aIn methanol at 30C. Measured as the triethylammonium polymer
after solid-state polymer transformation (see Schemé RBgference
13.¢In 0.5 M aqueous NaCl at 30C. Measured as the-propylam-
monium polymers after solid-state polymer transformatfdReference
14.2¢The monome# was contaminated by thi&,Zyisomer: (Z,2)/
(E,Z}I(E,E) = 86/14/0 before photoirradiation.

photoirradiation with a high-pressure mercury lamp 8ch at
room temperature under atmospheric conditions. The naphth-
ylmethylammonium salt ofZ,Zymuconic acidla provided the
polymer in high yield (run 1 in Table 1), similar to the results
for the benzyl- andh-alkylammonium salts (runs-3b). The
correspondingE,E)isomer2 also yielded a polymer in high
yield (run 6), in contrast to the fact that the othg,E)
derivatives were inert during the photoirradiation. When the

J. Am. Chem. Soc., Vol. 122, No. 38, 200011

Scheme 2
X
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isomerizes t& in the crystalline state during photoirradiation.
We also examined the photoreaction behavior of the ammonium
salt crystals of E,E)sorbic acid, because the crystalline-state
polymerization of thgE,E)}muconic acid derivatives inspired
us to investigate the other types of 1,3-diene monomers.
Consequently, we have found th&t polymerized in the
crystalline state (run 12), while other derivatives such as the
n-butyl-, isopropyl-tert-butyl-, and benzylammonium salts had
no reactions. Thus, it has been demonstrated that the introduction
of the naphthylmethylammonium moiety is very effective for
inducing the topochemical polymerization of not only the
muconic acid but also the sorbic acid derivatives, and of both
isomers of thgZ,Z) and (E,E)derivatives.

Chemical Structure of Polymer Chains. The polymers
obtained in this study have thgans-2,5-structure as the
repeating unit, as shown in Scheme 2, irrespective of the
monomer configuration and the substituents. In the IR spectra
of the polymers, the shift in the peak due to the carbonyl
stretching and the appearance of the out-of-plane deformation
vibration due to théransCH=CH moiety were confirmed. The

unreacted monomer was checked by NMR spectroscopy afterpolymers bearing the naphthylmethylammonium group as the

the polymerization ofla and 2, only the original isomer was

countercation in the side chain were insoluble in all solvents

detected in each case. This indicates that each monomeiincluding polar organic solvents, alkaline solutions, and acids,

polymerized without any isomerization. Differing from the high
polymerization reactivity of the naphthylmethylammonium
derivatives,1b did not give any polymer despite the similar
structure of theN-substituents (run 2). A drastic change in
photoreaction behavior induced by a small change in the

similar to previously reported pol§¢).1® Therefore, the poly-
mers were converted to the triethylammonium derivatives
through a solid-state polymer transformation to determine the
structure of the polymers in solution.

First, the original ammonium polymers were converted to

structure of the substituents is observed for other systems, e.g.poly(muconic acid), its monomethyl ester, or poly(sorbic acid)
the topochemical polymerization ability disappeared when an through the solid-state hydrolysis, which proceeded heteroge-
a-methyl group was introduced tbc.'® The photoreaction of ~ neously because both the ammonium and acid polymers were
the (E,Zymonomers was also investigated, but they produced insoluble in methanol. The quantitative transformation was

the correspondingE,E)}isomers in very low yield. When the
photoirradiation of3 was carried out for a long time, a polymer
was produced in low yield (run 8). There are two possible
pathways for the formation of the polymer. One possibility is
the direct polymerization 08. Another is the polymerization
via the isomerization to the correspondiigyE)}isomer2. We
considered that3 first isomerized to2, followed by the
polymerization, judging from the change in the composition of
the recovered isomers and in the polymer yield depending on
the photoirradiation time.

The irradiation of4 as the(Z,Z)-derivative also afforded two
kinds of photoproducts, an isomerized product and a polymer
(runs 9 and 10%? being different from the photoreaction b&
giving a polymer without isomerization. When the polymeri-
zation reactivity of5 was checked in the crystalline state, the
polymer was produced in high yield under similar conditions,
and no isomerization to4 occurred (run 11). The time
dependence of the composition of the photoproducts during the
reaction of 4 suggested tha# does not polymerize, but

(22) The(E,Z)isomer seemed to photoisomerizeSat a much lower
rate, compared with the isomerization #fto 5, although the4 crystals
were contaminated by a small amount of (&gZ)isomer.

confirmed by IR spectroscopy and elemental analysis. Subse-
guently, the polyacids were again converted to the ammonium
salt polymers (Scheme 3). All the triethylammonium polymers
(poly(7)—poly(9)) were soluble in methanol and water.

The triethylammonium polymers were used for t#& NMR
measurement in methand)-to characterize the stereochemical
structure of the polymers. Figure 2a shows the NMR spectra
of poly(7), poly(8), and poly@), which were derived from poly-

(2), poly(5), and polyg), respectively, through the polymer
transformation. The narrow and single peaks for each carbon
observed in the spectra indicate the formation of a stereoregular
polymer during the crystalline-state polymerization. The spec-
trum of the polymer derived fror@ as the starting monomer
was identical with that fromla or 1c. The spectra of the
stereoregular polymers produced by topochemical polymeriza-
tion are much different from the broad spectrum of the atactic
polymers that were prepared by solution polymerization of the
acid and the subsequent salt formation (Schem& ahd by

the free-radical or group-tranfer polymerization of the ester
derivatives>23 From the chemical shifts and the previous results
for the other related polyme#4,it has been revealed that the
polymers obtained during the topochemical polymerization have
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Figure 2. 13C NMR spectra of triethylammonium polymers: (a) poly-
(7) derived from poly®), (b) poly@®) derived from poly$), (c) poly©)
derived from poly6), and (d) atactic polyf) derived from the polymer
produced during the polymerization 8fvia the isomerization (run 8
in Table 1). Measurement solvent, methadgl-

Scheme 3
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a similar structure, that is, mese or erythro-diisotactictrans
2,5-structure (vide infra), irrespective of the configuration of
the monomers.
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Figure 3. Microphotograph of the monomer crystals &f
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Polymerization Reactivity in the Crystalline State.In a
similar way, the molecular weight of the resulting polymers was
estimated after converting the polymer to the soluble polymers.
The viscosity data in Table 1 suggest that high molecular weight
polymers were formed during the crystalline-state photopolym-
erization of the naphthylmethylammonium derivatives. The
value of the intrinsic viscosity, i.e., the molecular weight of
the polymer, seemed to be dependent on the crystal size rather
than the reactivity of the monomer used. Namélyas isolated
as large-size needles (Figure 3), resulting in an identical shape
of the polymer crystals after the topochemical polymerization.
The polymer produced from the crystals@ivas of the highest
molecular weight polymer 4] = 1.4 x 10° cm®/g in methanol).
The polymerization of the needle crystalslafalso resulted in
the formation of a high molecular weight polymer}[= 1.3
x 10° cmP/g), whereas the other naphthylmethylammonium
derivatives,la, 2, and5 were obtained as fine powder crystals,
having lower f] values of the polymers obtained therefrom
([7] = (1—2) x 10?7 cm?/g).

It has been demonstrated that the molecular weight of the
polymer can be controlled by the crystal size during the
topochemical polymerizatiol:2> It was also pointed out that
the monomer crystal size influences not only the molecular
weight but also the yield of the polymer produé@dTherefore,
we compared the polymerization reactivity as thin crystal
samples by IR spectroscopy using the KBr disk method. The
thin monomer crystals dispersed in KBr were irradiated in high
efficiency independent of the kind of monomers. Figure 4 shows

(23) (a) Matsumoto, A.; Horie, A.; Otsu, Makromol. Chem., Rapid
Commun199], 12, 681-685. (b) Hertler, W. R.; RajanBabu, T. V.; Ovenall,
D. W.; Reddy, G. S.; Sogah, D. Y. Am. Chem. S0d.988 110 5841-
5853.

(24) (a) Wang, X.; Komoto, T.; Ando, I.; Otsu, Makromol. Chem.
1988 189, 1845-1854. (b) Yoshioka, M.; Matsumoto, A.; Otsu, T.; Ando,
I. Polymer1991, 32, 2741-2746. (c) R&sch, M.; Zschoche, S.; Steinert,
V.; Schlothauer, K.; Kamatani, HMakromol. Chem1986 187, 1669
1679.

(25) (a) lida, R.; Kasai, H.; Okada, S.; Oikawa, H.; Matsuda, H.; Kakuta,
A.; Nakanishi, H.Mol. Cryst. Lig. Cryst.1995 267, 95-100. (b) Katagi,
H.; Kasai, H.; Okada, S.; Oikawa, H.; Komatsu, K.; Matsuda, H.; Liu, Z.;
Nakanishi, H.Jpn. J. Appl. Phys., Part 2, Lett996 35, 1364-1366.
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Figure 4. Change in the IR spectra during photopolymerization in the crystalline statd:a@)d (b)6. The irradiation of the KBr disk samples
was carried out with a high-pressure mercury lamp at a distance of 10 cm at room temperature. The photoirradiation tin®® wae.0

typical examples of the spectrum change during the photoirra-
diation in the crystalline state under identical photoirradiation
conditions: intensity of light, distance from a light source, and
temperature. The peaks due to the monomers decreased and
those of the polymers increased along with the irradiation time.

In these cases, the spectrum change can be considered a simple
two-component system, i.e., the spectrum observed during the
reaction consists of the components due to both the monomer
and polymer. We determined the rate of the polymerization
from the intensity change in some characteristic bands using
the relative intensities in the peaks due to the monomer and
polymer. The semilogarithmic plots of the relative concentration

of the monomer @/Cp) during the polymerization of some
derivatives are shown in Figure 5. The slope of the lines gives
the apparent first-order kinetic reaction constéhtth regard

to the monomer fraction during the crystalline-state polymeri- Figure 5. First-order kinetic plot during photopolymerization in the
zation. The details of the analytical method have already beencrystalline state: (a}a (O), (b) 1c(®), (c) 2 (O), (d) 5 (V), and (e)6
shown in a previous papéiThe kinetic values determined for (2).

several monomers are listed in Table 2. . ) . . .
Monomer and Polymer Crystal Structures. When the preparation of high-quality single crystals. Exceptionally,

powder X-ray diffraction profiles were recorded for the mono- however, the crystal & was easily isolated as large and single
mer crystals as well as the resulting polymer crystals, it was crystalg sufﬂment for the X-ray crystal structure analysis, as
confirmed that the sharpness and intensity of the diffraction was Shown in Figure 3. The crystal structure parameters determined
retained even after the polymerization, and the diffraction pattern for the crystal of6 are summarized in Table 4, and compared
of the polymer closely resembled that of the respective With the results for the previously reportad.*

monomer. In Table 3, the characteristic peaks observed in a
low-angle region in the diffraction and the calculated interplanar
distance are summarized. The interplanar distance is the Crystal Structure and Reactivity. The photoreaction path-
repeating period of the lamella structure consisting of the ways of monomerdé—5 in the crystalline state are summarized
carboxylate layers and the countercation layé#4.Next, we in Schemes 5 and 6. Both isomera and2 polymerize in the
tried to determine the crystal structures of the naphthylmethyl- crystalline state to give a polymer with an identical stereochem-
ammonium derivatives, but failed due to the difficulty in the ical structure. Compound3 and 4 have no polymerizability,

In G/Co

-4 L .

0 50 100

Time (min)

Discussion



9114 J. Am. Chem. Soc., Vol. 122, No. 38, 2000

Table 2. First-Order Kinetic Reaction Constants for the
Photopolymerization of Several Monomers in the Crystalline State

monomer kx 104 (s
la 514+ 0.5
1c 2.8+0.2
2 7.0+ 0.7
5 6.6+ 0.5
6 5.6+ 0.5
diethyl (Z,Z)-muconate 330+ 5.6

@ Determined by IR specroscopy with KBr disk. The photoirradiation
was carried out with a high-pressure mercury lamp at a distance of 10
cm at room temperaturéIrradiated at a distance of 20 cm.

Table 3. Characteristic Peak Observed at a Low-Angle Region in
a Powder X-ray Diffraction Profile for Monomer and Polymer
Crystals of Muconic and Sorbic Acid Derivatives

monomer crystals polymer crystals

compd D (deg) d(A) 26 (deg) d(A)
la 4.00 22.0 4.11 21.5
1c 5.12 17.3 5.20 17.0
(5.10p (17.3p
1de 2.63 33.6 2.79 31.7
1€ 1.93 45.8 2.02 43.7
2 3.97 22.3 4.05 21.8
5 5.87 15.1 2.945.89 30.1,15.0
6 3.1996.47 27.7,13.7 3.246.47 27.5,13.7
(3.28,6.56) (26.9, 13.5)

aWith the Cu Ka. line (1 = 1.5418 A).? Calculated from the results
of single-crystal structure analysfsDetermined by small-angle X-ray
diffraction (ref 14).9 Weak diffraction.

Table 4. Crystallographic Data for the Crystals 6fand 1c

compd 6 1c¢

formula Q_7H19N02 C10H12N02
formula weight 269.34 178.21
crystal system monoclinic monoclinic
space group C2/c P2:/a

a, 54.642(3) 10.98(1)

b, A 4.9909(1) 4.862(2)

c, A 11.0533(1) 17.72(1)

S, deg 99.442(2) 97.93(9)

v, A3 2973.5(2) 936(1)

z 8 4

Dc¢ 1.203 1.264

no. of unique reflcns 3487 1430

no. observed reflcns 795 1090

R, Ry 0.066, 0.095 0.188,0.313
GOF 1.04 1.23

26max deg 55.0 51.2

R/P 4.39 9.24
P-facter 0.0500 0.200
temp,°C 23 —63

a Reference 13.

but provide the correspondin@,E)isomers2 and5, respec-
tively. The photoisomerization of tH&,Z)1,3-diene compounds
to the correspondingE,E)-derivatives in the crystalline state
has already been reported for several o{ZeZ)}muconic acid

Matsumoto et al.

Scheme 5
1a polymn tritactic polymer
£ # isomn
2 = _p _o _I):mn tritactic polymer
L 1 E copolymn
q | isomn  -------- atactic polymer
3 === s nopolymer
Scheme 6
|
5 - "p _o .).(‘mn tritactic polymer
E copolymn

--------- ~» tritactic polymer

no polymer

for the naphthylmethylammonium monomers are higher than
the value for the benzylammonium salt (2810~ s71). The
high polymerization reactivity of the naphthylmethylammonium
derivatives supports the belief that the polymerization readily
proceeds in the crystalline state when the cationic moieties of
the ammonium muconates interact with each other to form
robust columns in the crystals. The order2ot 5> 6 > 1a>
1cfor thek value disagrees with the order of the polymer yield
in Table 1. This is because the results in Table 1 imply the
significant effect of the crystal size on the polymerization
reactivity. The polymerization of the ammonium derivatives
proceeded at a much lower rate, compared with the fast
polymerization of the ethyl ester. It may be due to the molecular
motion restricted by the two-dimensional (2D) hydrogen bond
network in the crystals of the ammonium derivativés he
polymerization rate depends on the crystal structure, more
strictly, on the packing mode in a column formed in the
monomer crystals, such as stacking distance, tilt angles, and
intermolecular carbon-to-carbon distance.

Figure 6 shows the schematic molecular packing models for
the polymerizable monomer crystall;, 1a and2, based on
thed-values determined in this work and the previously reported
crystal structure ofc. Thed-value forla(22.0 A) being larger
than that oflc (17.3 A) is quite consistent with the structure
based on the size of the ammonium groups. (BhE)}muconate
dianion has a slightly greater molecular axis length compared
with the (Z,Zymuconate dianion. The-value for2 (22.3 A)
may imply the difference in the molecular size of the muconates.
An asymmetric type of ammonium carboxylate monomer such
as5 or 6 possibly favors a more complicated packing pattern.
When the interaction between the naphthyl groups is important,
the molecular packing is similar to those for the diammonium
derivatives shown in Figure 6, whereas an interaction between
the alkyl and aromatic groups would result in another crystal

derivatives including the esters, the amides, and the ammoniumform. From the comparison of the-values of the monomer

salts!'~12 The isomerization proceeds one-way with an excellent
stereospecificity from théZ,Z) to (E,E)}form in the crystalline
state during photoirradiation. In contrast, the photoreaction in
solution resulted in a mixture of more complicated photoprod-
ucts, indicating that a high selectivity during the isomerization
is due to the crystal-lattice controlled reaction.

The kinetic results shown in Table 2 indicate that the
derivatives bearing a naphthylmethylammonium group examined
in this study have a similar polymerization reactivity in the
crystalline state = (5.1—7.0) x 1074 s™1). The rate constants

and polymer crystals for each compound (Table 3), it has been
clarified that the thickness of the lamella does not change,
supporting the belief of a topochemical reaction process. A slight
decrease in thd-values for the polymer crystals is due to the
rotation of the diene moieties during the polymerization. This
has been confirmed by the crystal structure determination of
both the monomer and polymer of the ethyl ester(ofZ)
muconic acic® For the crystals of a series nfalkylammonium
(Z,Zymuconates includindd and1e, the lamella structure of
the monomers and polymers was characterized in detail in a
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(a) d=17.3A

asinp

ob —

Figure 7. Crystal structure o6 viewed from the crystallographis-
andc-axes. Hydrogen atoms are omitted for clarity.

(a)

/

dee =537 A

d.=419A

)
0LC ®
o OSemue ol
Figure 8. Molecular stacking in the column of the crystals: ¢@nd

e
H e O AAcof tCHSqHa (b) 1c. Side and tail views of the molecular plane of the sorbate or

muconate are shown.

i ) layers and the naphthylmethylammonium layers is supported
Figure 6. Schematic models for the monomer crystals of the by the 2D hydrogen bond network, which runs along kioe

diammonium muconates: (dx, (b) 13 and (c)2. The dotted lines face in the crystals. This is very similar to the molecular stacking
show the two-dimensional hydrogen bond networks formed between b dinth tal dfc.13 N v th bat .
the ammonium cations and the carboxylate anions. The diene moietiesCPSENVed In the crystal dic. amely, the sorbate anions are

stack to make columns in a direction perpendicular to the paper sheet,2Tanged along the-axis to make columns, which are linked
and the polymers are formed along the column during the photo- Py 2D hydrogen bond networks at an interface of the naphth-
polymerization. ylmethylammonium layers. The hydrogen bond network consists

of the primary ammonium cations and the carboxylate anions,

previous workl4 It has been proved that the naphthylmethyl- which act as triple hydrogen bond donors and triple hydrogen
ammonium moiety is also a good countercation for constructing bond acceptors, respectively, as was observed for the crystals
a lamella-type crystal structure, consisting of the butadiene of the muconates.
mono- or dicarboxylate anion layers and the countercation Figure 8 shows the molecular stacking of the sorbate anions
layers, favorable for the topochemical polymerization. in the crystal ofé and of the muconate anions in the crystal of

The crystal structure dd viewed down the crystallographic  1c. Several parameters that represent the characteristics of the
b- andc-axes is shown in Figure 7. The naphthyl and sorbate molecular stacking in the crystal structure are shown in Table
moieties stack in the direction of thie-axis to make each 5. Thed..anddsvalues are defined as the intermolecular carbon-
column. The lamella structure consisting of the sorbate anion to-carbon distance between the double bonds that react during
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(a) Polymers from symmetric monomer (b) Polymers from asymmetric monomer
meso-diisotactic meso meso erythro-diisotactic erythro erythro
meso meso meso meso
L b | — [ e e |
7 7 7 WW
X X X Y Y Y
. . meso meso - ! meso . meso
racemo-diisotactic racemo  racemo threo-diisotactic threo threo
meso meso meso meso
[ b | ] [ e e | S ]
X X X X X X
*",\/\‘/k/\('\/\rﬂv = = =
X X X Y Y Y
_ i ] meso meso “meso | meso ‘
meso-disyndiotactic meso meso erythro-disyndiotactic erythro  erythro
racemo | ' racemo| racemo [ racemo
X X X X X X
”’J\/\l/\/\;/'\/\r" N NN
X X X Y v Y
racemo  racemo “Facemo  racemo
racemo-disyndiotactic  racemo  racemo threo-disyndiotactic threo threo
jJacemo | racemo | racemo [ ' racemo [
X X X X

racemo racemo racemo racemo '

Figure 9. Stereoregular polymer sequencestfans-1,4-polymers obtained from (a) symmetric and (b) asymmetric 1,4-disubstituted butadienes.
Dialkyl muconates and dialkylammonium muconates belong to the former. Alkylammonium monomethyl muconate and alkylammonium sorbate
belong to the latter.

Table 5. Characteristic Distances and Angles for the Molecular the alkylammonium cation layers. In contrast, the monofunc-
Stacking in the Crystals of the Diene Monomers that Proceed tional sorbate anions are fixed on the hydrogen bond network
Topochemical Polymerizatién only at one side of the molecules. The methyl groups of the
crystal dec(R)  ds(A)  6:(deg) 0O(deg) sorbate interact with each other as a weak van der Waals

6 5.37 4.99 28 47 interaction in the crystals. The conformation in the diene moiety
1c 4.19 4.94 80 52 of 6 readily changes when it reacts to make new bonds. We are

diethyl(Z,Zymuconate ~ 3.79 4.93 85 49 now continuing our efforts in the detailed and quantitative
2 . is the intermolecular carbon-to-carbon distance between double @nalysis of the molecular packing in the crystals and the
bonds that react during the topochemical polymerizatihnis the establishment of a general rule to predict polymerization

stacking distance?; and6; are tilt angles of the stacking. See Figure pehavior and reactivi#f based on the single-crystal structure
8 for the definition of these parameters. of polymerizable and unpolymerizable monomers for a variety
of diene derivatives.

Polymer Stereochemistry Determined by Crystal Struc-
ture. There are four types of possible stereoregular structures
for eachtrans1,4-polymer of 1,4-disubstituted butadieffe.
Here, the substituted butadienes are classified into two groups,
symmetrical monomers such ds and 2 (Figure 9a) and
asymmetrical monomers such &sand 6 (Figure 9b). The
stereochemistry of these polymers is represented by two kinds
of relationships as follows, one of which is the relative
configuration between the two repeating monomer units: when

the topochemical polymerization and the stacking distance,
respectively, as shown in Figure 8. The angles between the
stacking direction and the molecular plane in orthogonally
different directions are represented #yand6,. As indicated

by the arrows in the side view of the 1,3-diene molecular planes
of 6 in Figure 8a, the carbon-to-carbon distance is an appropriate
value @ = 5.37 A) for the carbons that make new bonds to
yield an erythro-diisotactic-2,5trans-polymer during the to-
pochemical polymerization. However, this distance value is
slightly larger than those determined for the crystals of the . X S .
polymerizable muconates. Furthermore, a smalievalue for all the repeating relations aneeso thle polymer_lsgdusotactlc,

6 suggests the disadvantage of the interaction between theanOI _Wheq they argacemag it is d|sy_nd|otact|c?. Anothe_rr_
n-orbitals during the polymerization, whereas thevalues were relationship is the _relatlve configuration between the vicinal
identical to each other{50°). A largerd.; or smallerf; value carbon centers, being also_ represented by the samertezen
seems to be unfavorable for the topochemical polymerization, and racemofor a symmetrical structure, or by another term,
but 6 actually polymerizes at a greater rate thim This is erythro andthreo for an asymmetric structure.

interpreted by the difference in the structures of the sorbate andlen(ezsfs)s':eoer ﬁgl‘?gf”era' rule of the topochemical polymerization of diacety-
muconates in the crystals. Both ends of the muconate dianions ™ 27) ordian, GPrinciples of Polymerizatiar8rd ed.; Wiley: New York,

are linked to the hydrogen bond networks and sandwiched by 1991; Chapter 8.
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(a) Translational molecular packing in the column (b)

(Z,2)-1somer (E,E)-Isomer

meso-diisotactic (X=X')
erythro-diisotactic (X#X')

(E,2)-Isomer

racemo-diisotactic (X=X')
threo-diisotactic (X#X')

Figure 10. Relationship between the crystal packing of monomer molecules with different configurations and the stereochemical structure of
polymers produced during topochemical polymerization of 1,4-disubstituted butadienes. (a) Translational molecular packing in the column. (b)

Alternating molecular packing in the column.

Among the stereoregular polymers shown in Figure 9, the
racemadiisotactic polymer and therythro- andthreo-diisotactic
polymers are chiral and possess optical activity, whilentlese
diisotactic andracemadisyndiotactic polymers are achiral

because they possess a mirror plane in the chain. Three other

polymers, thanesedisyndiotactic,erythro-disyndiotactic, and
threo-disyndiotactic polymers have no mirror plane, but they
are not optically active because of the existence of a mirror
glide plane. All the polymers obtained in this study have been
revealed to be of similar stereoregularity, i.emese or erythro-
diisotactic structure. Therefore, we examined the optical activity
of the polymers obtained fromor 6. When the specific rotatory
power of poly@) and poly@) in methanol was checked, we
could not find any significant value for optical rotation. When
a monomer crystal has a mirror plane or mirror glide plane,
each optically active polymer of the right- and left-handed
configurations is produced in the crystal, as shown in Scheme
7. A mixture of equimolar chiral crystals also provides a similar
result. It is concluded that the presence of a mirror glide plane
in the crystal of6 is the reason the polymer has no optical
activity, because the space group of the crystab e C2/c.

The synthesis of the asymmetric carbon centers without any
chiral auxiliary group or any external chiral agent has been one
of the most intriguing topics in the fields of not only organic

synthesis and crystallography but also life science because of

(28) In some polymer science textbooks, the temesoand racemic

J. Am. Chem. Soc., Vol. 122, No. 38, 200017

Alternating molecular packing in the column

(Z,2)-Isomer (E,E)-Isomer

racemo-disyndiotactic (X=X')
threo-disyndiotactic (X#X')

(E,2)-Isomer

meso-disyndiotactic (X=X')
erythro-disyndiotactic (X#X')

Scheme 7

crystallization
—_—

achiral crystals
or
mixture of chiral crystals

hv X X
_ FZ g + NP
crystalline state v/n v/n

the importance of the origin of optical activity At the present
time, we have not yet obtained any evidence for the formation
of optically active polymers. Further crystallographic design for
the monomer crystal structure would allow the possible synthesis
of absolute asymmetry.

The stereochemical structure of the polymers produced during
the topochemical polymerization is considered on the basis of
the EZ-configuration and the stacking of the monomers. When
monomer molecules translationally stack in a column in the
crystals, both th€Z,Z) and(E,E)isomers provide an identical
polymer, themese or erythro-diisotactic polymer, irrespective
of the monomer configuration (Figure 10a). Here, the dotted
lines tie the carbons which make a new bond during polymer-
ization. The other type of stereoregular polymer such as the
racemo or threo-diisotactic polymer could be obtained if the
topochemical polymerization of af,Z)butadiene monomer

X ANy

(29) (a) Addadi, L.; van Mil, J.; Lahav, MJ. Am. Chem. Sod982
104, 3422-3429. (b) Chung, C. M.; Hasegawa, W.Am. Chem. So&991,

are used. However, the IUPAC committee on nomenclature recommends113 7311-7316. (c) Sakamoto, MChem. Eur. J1997, 3, 684-689. (d)

the use of facemd but not “racemi¢. See, IUPAC Macromolecular
Division, Commission on Macromolecular Nomenclati@empendium of
Macromolecular Nomenclatuy@&lackwell Scientific Publications: Oxford,
1991. See alsoPure Appl. Chem1981, 53, 733-752.

Mason, S. FNature1984 311, 19-23. (e) Vaida, M.; Poporitz-Biro, R.;
Leiserowitz, L.; Lahav, MPhotochemistry in Organized and Constrained
Medig Ramamurthy, V., Ed.; VCH: New York, 1991; Chapter 6, pp 247
302.
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proceeds with a similar mechanism. Actually, however, we have (E,E)isomers provide anese or erythro-diisotactic polymer,
found no polymerization of an{E,Zymonomer at the present  while an(E,Z)}isomer would give aacema or threo-diisotactic
time. Asymmetric molecules seem not to favor a simple polymer. It also suggested the difficulty in crystal design for
columnar structure. Auxiliary groups other than a naphthyl- syndiotactic control, but this is one of our challenging subjects
methylammonium group are necessary for the topochemical for the future. Topochemical polymerization in the crystalline
polymerization of th€E,Z)butadienes to give another type of state is undoubtedly one of the most powerful methods for the
stereoregular polymer. We have already shown that the pho-control of the polymer chain structure as well as the polymer
toirradiation of3 in the crystalline state leads to the polymer- crystal structure. The concept of crystal engineering has been
ization of 2 that was produced by the isomerization. If the renewed as a strategy for the rational design of organic
molecules of3 participate in the polymerization &, i.e., the architecture with the aid of the supramolecular synthon idea
copolymerization of with 3 occurs during the photoirradiation, —and it will reveal the more detailed characteristic features of
the stereochemistry of the resulting polymer would be different the topochemical polymerization of the diene compounds. The
from that of poly@). Therefore, we checked the NMR spectrum polymer crystals obtained by topochemical polymerization have
of the polymer obtained fron8 via the isomerization great potential as new organic solid materials for various
polymerization (run 8 in Table 1). It was of an atactic polymer applications. Polymer crystal engineering will be helpful for
as expected (Figure 2d). This indicates that the polymerization the design and control of the structure and functions of the
proceeded in the crystals & containing3 as the starting  organic solids.

monomer. The solid solution of th&,Z) and(E,Z)-derivatives

formed during the isomerization makes it possible to obtain a Experimental Section

polymer with a different type of stereoch_eml_cal SEQUeNCe  \aterials. The monomers were prepared from the corresponding
(Scheme 5). On the other hand, the polymerizatiod v the acid and alkylamine, followed by recrystallization from an appropriate
isomerization tc (run 10 in Table 1) resulted in the formation  splvent.(z,z-Muconic acid was supplied from Mitsubishi Chemical
of a tritactic polymer because bofland5 provide the identical Co. Ltd., Tokyo. ThegZ,Z)acid provided théE,Z) and(E,E)}muconic
stereochemical structure polymers (Scheme 6). acids by heating and photoirradiation in solution, respectitfijamely,

Differing from the diisotactic polymers, the disyndiotactic an aqueous solution of tr(E,_Z}acid was refluxed for 6_h, th_en cooled
polymers are not obtained from the crystals with a translational ©© 0 temperature to precipitate the isori&2ymuconic acid(E,E)

molecular packing. An alternating molecular packing as shown Muconic acid was obtained as the precipitant during the reaction when
P 9. 9 P 9 the(Z,Z)acid was photoirradiated in methanol in the presence of iodine

in Figure 10b could result in the formation of disyndiotactic ¢4 4 followed by recrystallization from methanol. The solubility of
polymers, but such an alternating structure is unfavorable in the acids in water or methanol was dependent orE@Beonfiguration
actual crystals unless there is a particular interaction betweenof the diene moiety, resulting in the easy separation of the isomers,
the stacking monomers to support their structure. For this e.g., the(E,Z)-acid was precipitated in water upon cooling after the
purpose, any alternating directivity of substituents, which never thermal isomerization, and t{g,E)-acid was isolated as crystals during
disturbs the columnar structure formation appropriate for the photoirradiation in methanol due to the poor solubility.3 were
topochemical polymerization, is indispensable. One of our prepared from the corresponding isomer of muconic acid with an amine

subjects in the future is the design of monomer crystals to obtain in quantitative yield. The structure of all monomers was checked by
various types of stereoregular polymers NMR, IR, and UV spectroscopies. The recrystallization of these

i ] o compounds in an appropriate solvent gave powdery or thin-needle
Conclusion.We have found that topochemical polymerization  crystals.

is efficiently induced by the introduction of a naphthylmethyl- Di(1-naphthylmethylammonium) (Z,Z)-muconate (1a): powder
ammonium moiety as the countercation into the 1,3-diene mono- (methanol); mp 177C dec;*H NMR (400 MHz, COD) ¢ 8.10 (d,

and dicarboxylate derivatives. The polymerization proceeded J = 8.5 Hz, Ar, 2H), 7.94 (tJ = 8.5 Hz, Ar, 4H), 7.4-7.7 (m, Ar,

for not only the(Z,Z}muconic acid derivatives, but also the 8H), 7.4-7.5 (m, GHH=CHCQ,, 2H), 5.90 (m, CH=CHCO;, 2H), 4.54
(E,E}muconic and sorbic acid derivatives, because the naph- (S; CH, 4H); IR (KBr) 1585 frc—c), 1504 fc—0) cm™; UV (CHsOH)
thylmethylammonium group is suitable for the formation of the # 261 nm € = 20 200). ,

columnar structure in the crystals. In the powder X-ray _ Di((S-1-naphthylethylammonium)(Z,Z)-muconate (1b):powder

. .1
diffraction profile of the topochemically pol_ymerizable crysta_ls, ﬁf‘i\c‘o%’&p?léff 7d'(erf]” '1:"\éﬁ)’(4790}'\74;'2(’&&”022)2'_'7&%257_gﬁf
a peak due to t_he lamella structure, consisting of the l,3-d!ene5.89 (M, CH=CHCO,, 2H), 5.31 (q,J = 8.4 Hz, CH, 2H), 1.71 (dJ
carboxylate anion layers and the naphthylmethylammonium = g g 1z, CH, 6H); *C NMR (100 MHz, DO) 6 176.48 (G=0),
cation layers, was detected in the low-angle region. Such a134.68 (Ar), 134.45 (Ar), 131.31 (Ar), 131.31 ), 130.47 (Ar),
lamella structure is one of the characteristic features of the 130.19 (Ar), 130.01 (EC), 128.13 (Ar), 127.39 (Ar), 126.49 (Ar),
monomer crystals that proceed through topochemical polym- 123.53 (Ar), 122.85 (Ar), 47.15 (CH), 20.39 (GH IR (KBr) 1585
erization and was retained in the polymer crystals after polym- (ve=c), 1546 ¢c=0) cm*; UV (H20) 4 260 nm ¢ = 21800).
erization. We also determined the single crystal structure of the ~ Di(benzylammonium) (Z,Z)-muconate (1c): needles (methanol);
sorbate and compared it with those of the previously reported MP 134°C dec;*H NMR (400 MHz, D,O) 6 7.32 (m, Ar, 10H), 6.80
muconates. It has been confirmed that the columnar-type (m, CH=CHCO,, 2H), 5.82 (m, CH=CHCO;, 2H), 4.05 (s, CHd 4H);

) ) . 13C NMR (100 MHz, BO) 6 176.45 (G=0), 133.46 (Ar), 131.31
structure formed by the appropriate stacking of the diene (C=C), 130.27 (Ar), 130.06 (EC). 130.06 (Ar), 129.66 (Ar), 43.94

moieties induces the topochemical polymerization resulting in (CHy): IR (KBr) 1586 (re—c), 1506 fre—o) cn%; UV (H,0) A 257 nm
the stereoregular polymers. Further crystallographic study (. ="16 300).

including the crystal structure analysis of the monomer and  pj(dodecylammonium)(z,z)-muconate (1d): powder (methanol);
polymer crystals for various kinds of compounds will give us mp 109°C dec;H NMR (400 MHz, CQOD) ¢ 7.33 (m, Gi=CHCO,,

more detailed information about the intermolecular distance and 2H), 5.90 (m, CH=CHCO,, 2H), 2.88 (t,J = 7.3 Hz, CH, 4H), 1.63
angle parameters which determine the reactivity of the to- (m, CH, 4H), 1.2-1.5 (m, CH, 36H), 0.88 (tJ = 6.8 Hz, CH, 6H);

pochemical polymerization in the crystalline state. 3C NMR (100 MHz, CROD) 6 175.20 (G=0), 132.85 (&=C), 130.84

On the basis of the consideration of the molecular packing ™ (30) Evidge, J. A.; Linstead, R. P.; Sims, P.; Orkin, B. &.Chem.
model in the crystals, it has been revealed that(#h&) and Soc.195Q 2235-2241.
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(C=C), 40.72 (CH), 33.09 (CH), 30.78 (CH), 30.69 (CH), 30.54
(CHy), 30.51 (CH), 30.28 (CH), 28.75 (CH), 27.53 (CH), 23.76
(CHy), 14.46 (CH); IR (KBr) 1590 (vc—c), 1500 ¢c—o) cmL; UV
(CH3sOH) 4 258 nm ¢ = 15 700).

Di(octadecylammonium)(Z,Z)-muconate (1e): powder (ethanol);
mp 122°C dec;*H NMR (400 MHz, CROD) 6 7.45 (m, G(H=CHCO,,
2H), 5.91 (m, CH=CHCO;, 2H), 2.88 (t,J = 7.8 Hz, CH, 4H), 1.63
(m, CHy, 4H), 1.1-1.5 (br, CH, 60H), 0.89 (tJ = 6.8 Hz, CH, 6H);
IR (KBr) 1590 (vc=c), 1500 ¢'c=0) cm %; UV (CH3OH) 4 258 nm €
= 18 400).

Di(1-naphthylmethylammonium) (E,E)-muconate (2): powder
(methanol); mp 222C dec;*H NMR (400 MHz, CQ;OD) ¢ 8.10 (d,
J = 8.5 Hz, Ar, 2H), 7.94 (tJ = 8.5 Hz, Ar, 4H), 7.4-7.6 (m, Ar,
8H), 7.10 (m, GKI=CHCQ,, 2H), 6.14 (m, CH=CHCO,, 2H), 4.55 (s,
CHj, 4H); IR (KBr) 1615 (c—c), 1509 ¢rc—0) cm; UV (CHzOH) A
261 nm € = 25 100).

Di(1-naphthylmethylammonium) (E,Z)-muconate (3): powder
(methanol); mp 140C dec;*H NMR (400 MHz, CB;0OD) 6 7.9-8.2
(m, Ar, 6H), 8.0-8.2 (m, CH=CHCOG,, 1H), 7.4-7.7 (m, Ar, 8H),
6.35 (t,J = 11.2 Hz, CH=CHCO;, 1H), 5.90-6.05 (m, CH=CHCO,,
2H), 4.57 (s, CH, 4H); IR (KBr) 1601 /c=c), 1556 ¢'c=o0) cm™; UV
(CHsOH) 1 261 nm € = 27 000).

The (Z,Zymuconic acid monomethyl ester was prepared by the

J. Am. Chem. Soc., Vol. 122, No. 38, 200019

5H), 7.01 (dd,J = 15.6 and 11.8 Hz, B=CHCG,, 1H), 6.17 (m,
CH=CHCH;, 1H), 6.02 (m, CH=CHCHg, 1H), 5.78 (d,J = 15.6 Hz,
CH=CHCO,, 1H), 4.05 (s, CH, 2H), 1.67 (dJ = 6.0 Hz, CH, 3H);
3C NMR (100 MHz, CQOD) 6 175.71 (G=0), 142.07 (G=C), 136.45
(C=C), 135.39 (Ar), 132.36 (Ar), 131.72 (Ar), 131.27 (Ar), 130.76
(C=C), 130.04 (Ar), 128.39 (Ar), 128.18 (Ar), 127.41 (Ar), 126.78
(Ar), 126.52 (Ar), 123.75 (EC), 41.46 (CH), 18.54 (CH); IR (KBr)
1626 (c=c), 1507 ¢'c=0) cmt UV (CH30OH) 4 251 nm € = 13 100).

Photoreaction. The monomer crystals were photoirradiated with a
high-pressure mercury lamp at a distance of 10 cm under atmospheric
conditions at room temperature. After irradiation, the polymer was
isolated by removing the unreacted monomer with methanol. The
polymer yield was gravimetrically determined. The isomer composition
of the recovered monomers was determinedHb)NMR spectroscopy.

Polymer Transformation. The hydrolysis of the polymers was
carried out by soaking in HCI methanol (ca. 1 M) at room tempearture
for 30 min and the mixture was filtered and washed with methanol to
yield the corresponding acid polymer.

Poly(muconic acid): IR (KBr) 1714 (vc=o) cm™*. Anal. Calcd for
(CeHeOua)n: C, 50.71; H, 4.26. Found: C, 50.42; H, 4.29.

Poly(muconic acid monomethyl ester) IR (KBr) 1740 (vc=o),
1705 (c=0) cm

Poly(sorbic acid): IR (KBr) 1716 (#\C=0) cnt’. Anal. Calcd for

oxidation of catechol in the presence of methanol using CucCl as the (CeHaO2)n: C, 64.26; H, 7.21. Found: C, 64.05; H, 7.36.

catalyst according to the method reported in the literatur€he

To the polymeric acid was added an excess triethylamine and

obtained acid monomethyl ester was found to contain a small amount Methanolel, in an NMR tube, and then the solution was provided for
of an(E,Z)yisomer and the content of the isomer increased upon heating the NMR measurement. Similarly, the methanol solution of pky(

the solution during the isolation process of {#eZ)-acid monomethyl
ester after the reaction. The acid was converted4riip the quantitative
reaction with the amine, similar to the synthesislofThe isolated4

also contained théE,Z)isomer as the impurity, but it was used in this

study without further purification. On the other harsdwas obtained
as the pure isomer by the isomerization of (deZ)acid monomethyl
ester to the(E,E)one and the subsequent salt formation. TB¢g&)

poly(9) was provided for the viscosity measurement.
Poly(7) derived from poly(1a): *3C NMR (100 MHz, CROD) 6
178.5 (G=0), 131.2 (G=C), 55.9 (CH), 47.0 (CH), 10.4 (CH).
Poly(7) derived from poly(2): *3C NMR (100 MHz, CRROD) 6
178.6 (G=0), 131.2 (G=C), 56.0 (CH), 47.0 (CH), 10.7 (CH).
Poly(7) derived from atactic polymer obatined by isomerization
polymerization of 3: 3C NMR (100 MHz, CRQOD) 6 179.0 (br,

muconic acid monomethyl ester was isolated by the photoirradiation C=0), 131.4 (br, €&C), 56.7 (br, CH), 47.1 (Cp), 11.1 (CH).

of the correspondin{Z,Z)-acid in dichloromethane or methanol in the

Poly(8) derived from poly(5): *3C NMR (100 MHz, CRROD) 6

presence of iodine at room temperature for 8 h. After isomerization, 178.0 (C=0), 174.3 (G=0), 133.4 (G=C), 129.6 (C=C), 57.4 (CH),
the solvent and iodine were removed under reduced pressure. The54.8 (CH), 52.1 (OCH), 47.0 (CH), 10.5 (CH).

residue was allowed to react with 1-naphthylmethylamibewas
isolated by recrystallization from methanol.

(Z,Z2)-Muconic acid monomethyl ester:needles if-hexane); mp
78-79 °C; 'H NMR (400 MHz, CDC}) ¢ 8.01 (t,J = 12.2 Hz,
CH=CHCO,, 1H), 7.87 (t,J = 11.6 Hz, CH=CHCO,, 1H), 6.03 (dd,
J=11.2 and 4.4 Hz, B=CHCG,, 2H), 3.77 (s, CH, 3H); IR (KBr)
1718 6/(;=o), 1686 6/(;=o), 1587 Q/c=(;) cm L

(E,E)-Muconic acid monomethyl ester: 'H NMR (400 MHz,
CDCly) 6 7.42 (m, CH=CHCO,, 1H), 7.34 (m, CH=CHCO,, 1H), 6.24
(t, J = 15.4 Hz, GH{=CHCO;, 2H), 3.80 (s, CH, 3H).

Methyl 1-naphthylmethylammonium (Z,Z)-muconate (4):powder
(methanol); mp 124126°C; *H NMR (400 MHz, CxOD) ¢ 8.10 (d,
J = 8.8 Hz, Ar, 1H), 7.96 (dJ = 10.4 Hz, Ar, 2H), 7.57.7 (m,
CH=CHCQ; and Ar, 6H), 6.12 (dJ = 10.4 Hz, GH=CHCQ,, 1H),
5.78 (d,J = 12.0 Hz, GH=CHCOQ,, 1H), 4.60 (s, CH, 2H), 3.70 (s,
CHjs, 3H); IR (KBr) 1713 ¢rc—0), 1631 ('c—0), 1585 frc—c) cm 2.

Methyl 1-naphthylmethylammonium (E,E)-muconate (5):powder
(methanol);*H NMR (400 MHz, CB;OD) ¢ 8.10 (d,J = 8.4 Hz, Ar,
1H), 7.96 (dJ = 8.0 Hz, Ar, 2H), 7.5-7.7 (m, Ar, 4H), 7.31 (ddJ =
15 and 12 Hz, CH-CHCO,, 1H), 7.06 (ddJ = 15 and 12 Hz, E=
CHCO,, 1H), 6.26 (d,J = 15.6 Hz, G-{=CHCOG;, 1H), 6.13 (d,J =
15.6 Hz, ({=CHCQ,, 1H), 4.61 (s, CH 2H), 3.74 (s, CH, 3H); IR
(KBr) 1710 (’Vc:o), 1638 @c:o), 1612 Q/c:c) Cmﬁl; uv (CHsoH) A
262 nm ¢ = 38 900).

Monomers6 were prepared from a commercig,E)sorbic acid

and the amine, followed by recrystallization from methanol to provide

needle crystals.
1-Naphthylmethylammonium (E,E)-sorbate (6): needles (metha-
nol); mp 108°C dec;H NMR (400 MHz, CQyOD) 6 7.34 (m, Ar,

(31) (a) Tsuji, J.; Takayanagi, H.etrahedronl978 34, 641—-644. (b)
Bankston, D.Organic Syntheses$reeman, J. P., Ed.; Wiley: New York,
1993; Vol. VIII, pp 490-492.

Poly(9) derived from poly(6). *C NMR (100 MHz, CRQOD) 6
181.8 (G=0), 137.2 (C=C), 130.1 (G=C), 62.0 (CH), 39.7 (CH), 18.5
(CHg), 46.9 (CH), 11.0 (CH).

Measurements.The IR and NMR spectra were recorded on JASCO
FTIR-430 and JEOL JMN A-400 spectrometers, respectively. Intrinsic
viscosity was determined in methanol or aqueous NaCl &C30sing
an Ubbelohde-type viscometer. An optical rotation was determined with
the D line from a sodium lamp in methanol at room temperature using
a JASCO DIP-181 photometer. The powder X-ray diffraction data were
collected using a Shimadzu XD-610 diffractometer with monochro-
matized Cu Kx radiation @ = 1.5418 A). Single-crystal X-ray data
were collected on a Rigaku R-AXIS RAPID diffractometer using Mo
Ko radiation monochromated by graphite. The structure was solved
by the direct method with the program SAPI91 and refined by full-
matrix least-squares procedures. All calculations were performed using
the TEXSAN crystallographic software package of the Molecular
Structure Corporation.
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