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Summary 

Poly(l,4-cyclopentenylene-5,6-ethylidene-2,3-disodium dicarboxy1ate)s have been 
synthesised from the exo,exo-, endo,endo- and exo, endo- isomers of dimethyl 
bicyclo[2.2.l]hept-5-ene-2,3-dicarboxylates in a three step process involving ring 
opening metathesis polymerisation, hydrogenation and hydrolysis. Exo, exo- and 
eizdo, exo- Pendant functional group stereochemistries were unchanged throughout 
these processes, whereas, the Polymers derived from the endo, endo-monomer 
underwent fragmentation during hydrogenation and isomerisation during hydrolysi s to 
give to the more stable endo,exo- form of the polymer. 

Introduction 

The objective of this work was the controlled synthesis and characterisation of water- 
soluble Polymers with well-defined molecular weights in which the steric relationship 
of Pendant carboxylate groups with respect to each other and the polymer backbone 
were specified. These materials were required for a study of the influence of polymer 
structure and molecular weight on the crystallization of inorganic salts from aqueous 
solutions; the results of that study are reported elsewhere [l, 21. The synthetic route 
selected is shown in Scheme 1. The first step was the living ring opening metathesis 
polymerisation (ROMP) of exo, exo-, endo, eado- and endo,exo- isomers of dimethyl 
bicyclo[2.2.l]hept-5-ene-2,3-dicarboxylates using the Schrock initiator, Mo(CH- 
'BU)(NA~)(O- 'B~)~ ,  following the methodology established by Schrock and co-workers 
[3]. The products of this step were obtained in a range of molecular weights and with 
narrow molecular weight distributions. p-Toluene sulphonylhydrazide, as a precursor 
to diimide [4], allowed complete hydrogenation of the double bonds in the second 
step. This step reduced the risk of oxidative Cross linking and degradation reactions in 
the subsequent manipulations. The final stage was the hydrolysis of the esters using 
aqueous NaOH. 
Significant degradation of molecular weight was observed during the hydrogenation 
step for the polymer derived from the endo,erzdo-monomer but not in the case of the 
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other two polymers. This difference in behaviour can be attributed to the greater 
steric compression in the endo, etzdo-monomer derived polymer compared to the 
Polymers derived from the endo, exo- and exo, exo-monomers. Further evidence 
supporting this hypothesis of steric compression was provided by the isomerisation of 
the endo, endo- carboxylate functionalities to the more stable endo, exo- configuration 
during the hydrolysis stage. 

C0,Me Schrock 

Me0,C C02Me 

ptoluene 
120 OC sulphonhydrazide/ 

pxylene I 
Na' Na+ 

Scheme 1. A schernatic representation of the polymer syntheses undertaken in this study. 

Results and discussion 

Monomers were synthesized via Diels-Alder reaction between cyclopentadiene and 
the appropriate dienophiles and the product stereochemictries confirmed by single 
crystal X-ray structure determinations on the free acids [2, 51. Poly(dimethy1 
bicyclo[2.2.l]hept-5-ene-2,3-dicarboxyiate)s were obtained via living ROMP 
following Schrock's method [3], see Table 1. The Mn values of the hydrogenated 
Polymers derived from exo, endo-and exo, exo-monomers were, within experimental 
error, the Same as those of their precursors. Whereas for the hydrogenated endo,endo- 
polymer the Mn (89,100) was about half that of its precursor (174,100) and the PDI 
was broader, (1.5) compared to (1.01); for lower molecular weight Polymers the effect 
was less significant. This evidence indicates that the polymer fragmented during 
hydrogenation. The reason for this is not clearly understood but merits comment. We 
know from detailed analysis of the 'H and I3C NMR Signals associated with polymer 
repeat units that the cis:traizs vinylene distributions in these unsaturated poly(ecter)s 
varies with monomer structure. For Polyesters derived from the exo, exo-monomers 
high trans vinylene content was found (Schrock et al estimate ca.95% based on the 'H 
NMR spectrum, we estimate 88% based on the 'H and I3C NMR data) whereas for 
both the endo,eizdo- and exo,endo-monomer derived Polymers we estimate a 5050 
distribution of cis and truns vinylenes compared to the Schrock group's estimate of 
80% trans for the erzdo, endo- case (they were unable to analyse the data for the 
exo,endo- case). The discrepancies in the values between our two groups may be a 
consequence of the quality of the spectra and/or the use of different solvents for 
synthesis; however, the general trend is clear, exo, exo-monomer derived Polymers 
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have a very high trans vinylene content (Ca. 90 - 95%) whereas both other Systems 
have a significant Proportion of C i s  vinylenes (20 to 50%). A trans dyad gives 
minimal steric strain and greater flexibility in the backbone of the polymer; whereas, a 
C i s  dyad, which has four contiguous syn substituents on each five membered ring, 
inevitably experiences more steric strain and a stiffer backbone. The conditions for 
diimide hydrogenation, para-xylene at 120°C, are quite severe and a large stiff and 
sterically compressed polymer molecule may experience sufficient Stress to fragment 
under these condition. This explanation is speculative but is consistent with the facts. 

Table 1. Number average molecular weights and polydispersity indices, PDI = M,,M,, for 
polymers synthesised in this study 

-m __Ix - *_M* w-- 

Step 
I "-" -" I __PiP:t!JL!sE!" l_^ x_ I H&O&en?tedL I-x- -"","HY_ro?2sei: _- "x 

Mn PDI Mn PDI Mn PDf ^ "  

exolexo 182,000 124  184,900 128 160,000 1.47 
7 1,400 112  68,200 111  
7,700 110  7,700 

endolendo 174,000 101 89,100 151 73,000 170  
57,700 102  52,000 105 48,400 1 22 

exolendo 275,400 112 220,500 134  147,200 154  
6,000 112  

68,600 103  65,500 1 04 

%** 'w* ___I m'-I.*I<--M*Y* 

' Viscotek Differential Refractometer/Viscometer dual detector (Model 200), THF solution, ' RI 
detector, CHCl3 solution, for both a & b measurements lOpm mixed styrene/divinyl 
benzene gei columns and PS caiibration Standards supplied by Polymer Laboratories Ltd , 
Church Stretton, plc were used recoided by Polymer Laboratories Ltd using Differential 
Refractometer, aqueous 0 2M NaN03, 0 1M NaH2P04 adjusted to pH 7 with NaOH as 
eluent, 2 x PL aquagel-OH mxed columns 8pm 300 x 7 5 mm, PE0 calibrants 

The hydrogenated Polymers were hydrolysed in refluxing aqueous NaOH. Where the 
Mn of final products were measured (Table 1, ref 6) the values for the hydrolysed 
Polymers were, within experimental error, the Same as the values for their precursors 
although there was some broadening of the dispersity; thus these polymers were not 
substantially degraded during hydrolysis. 
H and 13C NMR spectroscopies were used to characterise the intermediate and final 

polymeric products. Successful hydrogenation is indicated in the 'H NMR spectrum 
(See experimental) by the loss of Signals corresponding to the vinylic hydrogen atoms 
(H5,6.- 5.5ppm) and in the 13C NMR spectrum (Figure 1) by the loss of the vinylic 
carbon atom resonances (c5,6 - 130ppm). These Signals are replaced by peaks 
corresponding to hydrogen and carbon atoms in a saturated environments lppms 
8H5.5',6.6'< 3ppm for 'H NMR and 33.48ppm and 29.96ppm for 13C NMR. Therefore, 
the evidence for hydrogenation is clear and unambiguous from both 'H and I3C NMR 
spectroscopic analyses. Conclusive evidence of full hydrolysis Comes from the 13C 
NMR spectra in which no methoxy methyl carbon atom peaks (29ppm I 8c5,6 < 
39ppm) can be seen. 

1 
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Figure 1. I3C NMR spectra for the products of Step 1 (top), Step 2 (middle) and Step 3 
(bottom) in the synthesis of poly(exo,e,uo-1,4-cyclopentenylene-5,6-ethylidene-2,3-disodium 
dicarboxy1ate)s. Residual solvent, p-xylene, (1) C2,3,5,6 and (2) methylc. 



139 

Since the spectrum of the product of hydrolysis of poly(endo,endo-1,4- 
cyclopentenylene-5,6-ethylidene-2,3-dicarboxylate) is identical to that of poly 
(endo, exo- 1,4-cyclopentenylene-5,6-ethyiidene-2,3-disodium dicarboxylate), See 
Figure 2, it is evident that the hydrolysis of the endo,endo- polymer results in the 
isomerisation of the functional groups to give a polymeric product with 50:50 
eizdo,exo- Pendant functional group content. This epimerization at the CH alpha to the 
ester is consistent with our earlier hypothesis vide supra that the endo, endo- polymer, 
is subject to steric Stress leading to fragmentation during hydrogenation and 
isomerisation during hydrolysis. 

Experimental 

Organic reagents were purchased from Aldrich Chemical Co. and used as received. 
Polymerisations and manipulations were carried out under a dry nitrogen atmosphere. 
'H and I3C NMR spectra were recorded using a Varian VXR 400 MHz spectrometer 
run at 400MHz and 100 MHz respectively. Chemical shifts are given in parts per 
million (6) and referenced to TMS at 0 ppm or to the HOD peak at 4.75ppm in 
spectra where D20 was used. Coupling constants are in Hertz. SEC chromatography 
measurements were carried out at 308K as specified in the footnote to Table 1. 
Samples were dissolved in degassed THF (O.l%wlw) and filtered through a 0 .2pn 
polypropylene-backed PTFE filter. Full assignment of the 'H and I3C NMR spectra 
was carried out with the aid of DEPT, 'H COSY and HETCOR spectra and the 
analyses of Polymers synthesised in step 1 were consistent with literature data [3,7]. 
The starting monomers were synthesised following established routes [2,3]. Details of 
polymer syntheses, yields and analytical Parameters are recorded below for typical 
experiments. Analogous samples, See Table 1, had similar yields and analytical 
characteristics. 

Step 1. Preparation of poly (bicyclo[2.2.l]hept-5-ene-2,3-dicarboxylic acid dinzethyl 
ester) 

This reaction involved the living ring opening metathesis polymerisation of the three 
isomers of dimethyl bicyclo[2.2.l]hept-5-ene-2,3-dicarboxylate using the initiator, 
Mo(CH-'Bu)(NAr)(O-'Bu)2, as reported by R.R. Schrock [3]. The only difference was 
that dry benzene was used as the solvent in this work as opposed to toluene or THF in 
the earlier study. 
Exo,exo-Poly(dimethy1 1,4-cyclopentenylene-5,6-ethylidene-2,3-dicarboxylate) was 
obtained as white fibrous material after reprecipitation twice from THF into methanol 
and drying; yield 88%; M, 182,000, PDI 1.24 (SEC); found C,62.33; H,6.75% calc. 
for (C10H604)~ C, 62.85; H,6.71%. 'H NMR, (CDC13, 400MHz) 6(ppm): 5.39 (s, 
1.7H3 H5,6 trans), 5.22 (m, 0.3H, H5.6cis), 3.61 (s, 6H, Hs,9), 3.30 (bm, 0.3K Hi,4 Cis), 2.93 
(bm, 1.7H, H2.3 trans), 2.81 (bm, 1.7H, H1,4tra,s), 2.81 (bm, 0.3H, H2,3cis, assigned from 
COSY spectrum) 2.04 (bm, lH, H7 7 ' ) ,  1.26 (bm, lH, H7 oI 7 , ) .  I3C NMR, (CDC13, 
100MHz) 8(ppm): 173.09 (S, C8.9trans), 172.92 (s, C ~ . 9 ~ i ~ ) ,  132.80 (S, (25.6 u.ans/cis), 131.96 
(S, c 5 . 6  transitrans), 128.28 (S, c5.6 cisitrans), 53.07 (S, C2,3 cisiuans), 52.42 (S, c2,3 tmns/trans), 
51.74 (S, C i o , i i ) >  45.22 (S, c1.4 transicis), 45.16 ( ~ 3  c1,4 trans/trans)> 40.58 (S, c1,4 cisitrans)> 
39.15 ( s ,  C7). 
Endo, endo Poly(dimethy1 1,4-cyclopentenylene-5,6-ethylidene-2,3-dicarboxylate) was 
obtained as white material with the texture of crepe paper after reprecipitation twice 
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Figure 2. I3C NMR spectra for poly(dimethy1 eizdo, e~zdo-1,4-cyclopentenylene-5,6-ethylidene- 
2,3-dicarboxylatej (top); its hydrolysis product (middle) and poly(endo,exo-1,4- 
cyclopentenylene-5,6-ethylidene-2,3-disodium dicarboxylate) Residual solvent, p-xylene, (1) 
C1,4; (2) c2,3.5,6 arid (3) meWs 

from THF into methanol and drying; yield 92%; M, 174,000, PDI 1.01 (SEC); found 
C,61.98; H,6.73% calc. for (C1&&j04)n C, 62.85; H,6.71'%. 'H NMR (CDC13, 
400MHz) G(ppm): 5.51 (bm, 2H, H5.d, 3.64 (bm, 6H, H8,9), 3.09 (bm, 2H, H2,3), 2.84 
(bm, 2H, H I , ~  assigned from COSY spectrum), 1.92 (bm, 2H, H7,73). 13C NMR 
(CDC13, 100MHz) 6(ppm): 172.64 (m, C8,9), 131.77 (m, c5,6), 51.31 (s, C l ~ , l ~ ,  
assigned from COSY spectrum), 5 1.28 (m, C 2,3),  44.61 (m, Ci.4), 37.96 (m, C,). 
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Endo,exo Poly(dimethy1 1,4-cyclopentenylene-5,6-ethylidene-2,3-dicarboxylate) was 
obtained as white material with the texture of crepe paper after reprecipitation twice 
from THF into methanol and drying; yield 62%; M, 275,400, PDI 1.12 (SEC); found 
C62.49; H,6.80% calc. for (C10H604)n C, 62.85; H,6.71%. - 'H NMR, (CDC13, 
400MHz) G(ppm): 5.32 (3 x bm, 2H, Hj,g), 3.67 (dm, 6H, H8,9), 3.24 (bm, 1H, H2,3), 
2.96 (bm, 2H, H1,4 &nd 2,3), 2.70 (bm, 1H, H L ~ ) ,  1.97 (bm, lH, H7 ), 1.49 (bm, 1H, H7%). 
l3 C NMR , (CDC13, 100MHz) G(ppm): 174.28 (m, c8.9 exo), 173.21 (m, Cs.9 endo), 

132.54 (dm, c5.6cis ~ r t r a n s ) ,  130.08 (m, C5.6cis or ti.„), 52.50 (m, ci,4 Cis)> 52.31 (bd, c2.3 C i s  

o r u a d ,  51.75 (m, Cio,ii), 46.74 (m, Ci,atrd, 44.43 (m, C2,3cisoruans)> 39.13 (m, C7). 

Step 2. Hydrogerzatioiz of poly(bicyclo[2.2.1]lzept-5-ene-2,3-dicarboxylic acid 
dimethyl ester) 

The Polymers synthesised in step 1 were hydrogenated by heating with p-toluene 
sulphonylhydrazide at 120°C in p-xylene Solution under a dry nitrogen atmosphere 
and with continuous stirring. The duration of heating was varied according to the 
amount of polymer used and was carried out until all vinylenes were hydrogenated as 
judged by 'H NMR analysis 
Exo, exo-poly(dimethy1 1,4-cyclopentenylene-5 ,6-ethylidene-2,3-dicarboxylate was 
obtained as a colourless, transparent, adhesive solid after precipitation from hot p- 
xylene into methanol, decantation and drying under vacuum. 57% yield, M, 184,900, 
PDI 1.28 'H NMR (CDC13, 400MHz) G(ppm): 3.68 (bm, 6H, H8,g), 2.67 (bd, 2H, 
H2,3), 2.21 (2bm, 2H, H1.J, 1.55 (bm, 2H, H5.6), 1.17 (bt, lH, H7), 0.80 (bm, lH, H7.). 

C NMR, (CDC13, 100MHz) G(ppm): 173.95 (m, Cs,g), 134.51 (s, p-xylene, Cl), 
128.74 (s, p-xylene, C2), 52.52 (s, Clo.ll), 51.68 (s, CZ., ), 42.27 (d, C1.4 ), 38.69 (s, C7 
oI 6 alld 51, 33.73 (s, C7 oI 6 and 5 ), 20.82 ( s ,  p-xylene, CMe). 
Endo, erzdo-poly(dimethy1 1,4-cyclopentenylene-5,6-ethylidene-2,3-dicarboxylate was 
obtained as a colourless, transparent, adhesive solid after precipitation from hot p- 
xylene into methanol, decantation and drying under vacuum. 88% yield, M, 89,100, 
PDI 1.51 'H NMR (CDC13, 400MHz) G(ppm): 3.68 (bm, 6H, Hs,9), 3.05 (bm, 2H, 
Hz,~) ,  2.08 (2bm, 4H, H1.4 C i s  alld trans, j.d, 1.40 (2bm, 4H, H7,7',5.6) l3C NMR [See 
appendix B191 (CDC13, 100MH.z) G(ppm): 173.10 (m, cg,9), 134.51 (s, p-xylene, Cl), 
128.74 (s, p-xylene, C2), 51.12 (s, Clo.il), 50.07 (s, C2,3 ), 41.20 (m, ), 37.05 (s, C7 
O r 6 a n d 5 1 ,  30.18 ( s ,  C7Gr6andj ),20.82 (s,p-xylene, CMe). 
Endo, exo- poly(dimethy1 1,4-cyclopentenylene-5 ,6-ethylidene-2,3-dicarboxylate was 
obtained as a colourless, transparent, adhesive solid after precipitation from hot p- 
xylene into methanol, decantation and drying under vacuum. 98% yield, M, 220,500, 
PDI 1.34 'H NMR (CDC13,400MHz) G(ppm):3.67 (dm, 6H, H8,9), 3.15 (bm, lH, Hz,~),  
2.78 (bm, 1H, H2.3 ), -2.0 (bm, lH, H1,4), 1.20 (bm, 2H, H1,4 md 5 ,6 ) ,  1.63 (bm, 1H, 

13 

H63,5$), 1.35 (bm, 2H, H5,g &,d 7), 1.09 (bm, 2H, H5.6 a,d 7.). I3C NMR (CDC13, 100MHz) 
45.22 ( s ,  Ci,4trans/cis)> 45.16 ( s ,  Ci,4 transitrans), 40.58 ( s ,  c1,4cis/uans), 39.15 ( s ,  C7). 

Step 3. Base hydrolysis of po1~(I,4-cycloperzterzylerze-5,6-etlzylidene-2,3-dicarboxylic 
acid dirnethyl esterj 

Poly( 1,4-cyclopentenylene-5,6-ethylidene-2,3-dicarboxylic acid dimethyl esters), 
were hydrolysed in refluxing aqueous NaOH (10% wlw), reactions were terminated 
when full dissolution of the polymer had occurred, ca. 4 hrs. 
Exo,exo-poly(disodium 1,4-cyclopentenylene-5,6-ethylidene-2,3-dicarboxylate) was 
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obtained as a white powdery hygroscopic solid after precipitation from aqueous 
Solution into a three fold excess of methanol, centrifugation, decantation and drying 
under vacuum. Yield 80%. M, 160,000 PDI 1.47. Elemental analysis proved 
unsatisfactory but the hydrolysis was shown to be complete by the absence of -0CH3 
Signals in the 'H NMR spectrum. 'H NMR, (DzO, 400MHz) G(ppm): 2.36 ( bm, 2H, 
Hz,3), 1.91 (bm, 3H), 1.31, 1.25, 1.04, 0.96, 0.60 (bm, 5H). 13C NMR, (DzO, 
100MHz) G(ppm): 183.46 (s, Cg9), 57.21 (s, C2,3), 43.00 (d, C1,4), 38.34 (s, C,), 33.55 

Endo,ex-o- poly(disodium 1,4-cyclopentenylene-5,6-ethylidene-2,3-dicarboxylate) was 
obtained from the hydrolysis of the endo, endo-Polyester, see Results and Discussion 
section and Figure 2, as a white powdery hygroscopic solid after precipitation from 
aqueous Solution into a three fold excess of methanol, centrifugation, decantation and 
drying under vacuum. Yield 92%. M, 73,000, PDI 1.70. Elemental analysis proved 
unsatisfactory but the hydrolysis was shown to be complete by the absence of -0CH3 
Signals in the 'H NMR spectrum. 'H NMR, (D20, 400MHz) G(ppm): 2.70 (t, lH, Hz), 
2.30 (t, lH, Hj), 2.01, 1.90, 1.70 (bm, 4H), 1.37, 1.30, 1.19, 1.03, 0.90, 0.78 (bm, 4H). 

C NMR, (D20, 100MHz) G(ppm): 185.26 (s, C9 ), 183.17 (m, C8), 58.22 (s, 
C2),55.97 (s, Cz), 44.75 (m, Ca), 40.69 (m, CI), 38.23 (m, C,), 32.94 (m, C5 6 ) ,  30.68 

Eizdo,exo--poly(disodium 1,4-cyclopentenylene-5,6-ethylidene-2,3-dicarboxylate) was 
obtained as a white powdery hygroscopic solid after precipitation from aqueous 
Solution into a three fold excess of methanol, centrifugation, decantation and drying 
under vacuum. Elemental analysis proved 
unsatisfactory but the hydrolysis was shown to be complete by the absence of -0CH3 
Signals in the 'H NMR spectrum. 'H NMR, (DzO, 400MHz) G(ppm): 2.70 (t, 1H, Hz), 
2.30 (t, lH, H3), 2.01, 1.90, 1.70 (bm, 4H), 1.37, 1.30, 1.19, 1.03, 0.90, 0.78 (bm, 4H). 
C NMR, (D20, 100MHz) G(ppm): 185.24 (s, C9), 183.16 (m, C8), 58.18 (s, C,), 
55.97 (s, C2), 44.65 (m, C4), 40.73 (m, Cl), 38.27 (m, C7), 32.92 (m, C50r6), 31.01 (m, 

(bd, cj,6 1. 
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(m, c5 01 6 ) .  

Yield 82%. M, 147,200, PDI 1.54. 

13 

c5 or 6). 
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