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ABSTRACT: The meso and racemic isomers of bis(o-chlorophenyl) 2,4-dimethylglutarate were separated 
by fractional crystallization in hot heptane. The racemic isomer is crystalline with a melting point of 360 
i 1 K whereas the meso is liquid at room temperature. From the analysis of the 'H and 13C NMR spectra 
of both isomers it can be concluded that the former is predominantly in the tt conformation cf,, = 0.82 and 
f,, = O.lS), whereas the latter is in tg conformations. Dielectric measurements were performed at 30 "C in 
benzene solution, giving values of 5.70 D2 and 6.07 D2 for the mean-square dipole moment of the meso and 
racemic isomers, respectively. Critical analysis of the dipole moments was used to obtain information on 
the statistical weights, which account for the two possible rotational angles about the C,-CO bonds, and 
the value of the rotational angle about the ortho phenyl bonds. 

Introduction 
High-resolution NMR spectroscopy has been a power- 

ful tool in the determination of the stereochemical con- 
figuration of a great number of asymmetric polymers.' 
However, the fact that stereoregularity effects may be 
superimposed upon conformational effects, leading to an 
ambiguous resolution of the resonance peaks, makes advis- 
able the analysis of the NMR spectra of model com- 
pounds in order to interpret the spectra of polymers in 
terms of their stereochemical configurations. In this regard, 
several derivatives of 2,4-dimethylpentane and 2,4,6- 
trisubstituted heptanes have been extensively studied from 
a microstructural point of view, as model compounds of 
vinyl and acrylic  polymer^.^-^ However, the isolation of 
the meso and racemic components of the low molecular 
weight model compounds is a difficult task in many cases 
and, consequently, the NMR spectra of only a limited 
number of stereoisomers have been studied so far."" 

Low molecular weight compounds have also been used 
to obtain information on the conformational energies and 
rotational angles of polymers with structural features sim- 
ilar to those of the model compounds.12 Thus, the dipole 
moments of several phenyl and halophenyl derivatives 
of 2,4-dimethylglutaric acid have recently been mea- 
sured,13 and the results were interpreted by using statis- 
tical mechanics procedures as a first step to a further 
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analysis of the conformation-dependent properties of poly- 
(phenyl acrylate) and its halogenated derivatives. It was 
found that the dipole moments of chlorophenyl esters of 
2,4-dimethylglutaric acid are strongly dependent on the 
location (ortho, metha, or para) of the chlorine atom in 
the phenyl ring. Thus, whereas the value of the mean- 
square dipole moment of bis(o-chlorophenyl) 2,4-dime- 
thylglutarate (OCPDG) is 6.17 D2 (close to the value of 
4.40 D2 found for diphenyl 2,4-dimethylglutarate), the 
value of this quantity for bis(m-chlorophenyl) and bis(p- 
chlorophenyl) 2,4-dimethylglutarates amounts to 9.73 and 
10.30 D2, respectively, a t  the same temperature.13 It is 
obvious that knowledge of the dipole moments corre- 
sponding to the meso and racemic components would assist 
the critical interpretation of the polarity of the mole- 
cules and, in addition, would help in the analysis of the 
conformation-dependent properties of poly(pheny1 acry- 
lates) and their phenyl halogenated derivatives. 

This paper reports the synthesis, isolation and char- 
acterization of the meso and racemic stereoisomers of 
OCPDG, which can be considered the dimer analogous 
of isotactic and syndiotactic poly(o-chlorophenyl acry- 
late)s, respectively. The dielectric results were then the- 
oretically interpreted, using the rotational isomeric state 
model, with the aim of obtaining more information on 
the conformations of these diester compounds. 
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Table I 
Summary of Dielectric Results of Racemic and Meso 

Bis(  o-chlorophenyl) 2,4-Dimethylglutarates in Benzene 
Solution 

sample temp, "C de/du: 2n, dnldu; ( p 2 ) ,  D2 
FQC-OCPDG 30 1.782 0.096 6.07 

40 1.745 0.103 6.24 
50 1.657 0.111 6.21 
60 1.600 0.115 6.28 

meso-OCPDG 30 1.676 0.094 5.70 
40 1.654 0.101 5.90 
50 1.565 0.109 5.84 
60 1.500 0.117 5.85 

Experimental Part 
Synthesis  of the Diastereoisomers. An equimolecular mix- 

ture of the meso and racemic isomers of bis(o-chlorophenyl) 
2,4-dimethylglutarate was prepared by condensation of 2,4- 
dimethylglutaric acid (Fluka A.G.) with o-chlorophenol (FER- 
OSA) in solution of dried toluene, using p-toluenesulfonic acid 
as catalyst. Other experimental details are given e1~ewhere.l~ 
Both diastereoisomers were isolated by repeating fractional crys- 
tallization in hot heptane. 

Characterization. The isolated meso- and rac-OCPDG dias- 
tereoisomers were characterized by IR (Perkin-Elmer 457), 'H 
NMR (Bruker AM-200, 200 MHz), and I3C NMR (Varian XL- 
300,75 MHz) spectroscopies, using deuteriated chloroform solu- 
tions and T M S  as internal reference standards. The tempera- 
ture was 30 "C. 

The melting temperature and melting enthalpy of rac- 
OCPDG were determined with a Perkin-Elmer DSC-4 calorim- 
eter. Measurements and calibration were carried out a t  heat- 
ing rates of 4, 8, and 16 OC/min. The values of the melting 
temperature and melting enthalpy amounted to 360 k 1 K and 
6.0 i 1 Kcal-mol-', respectively. The meso-OCPDG is a liquid 
a t  room temperature and it does not crystallize a t  lower tem- 
peratures. 

Dielectr ic  Measurements .  Values of the dielectric con- 
stant c of solutions of meso- and FUC-OCPDG were obtained a t  
30,40,50, and 60 "C, using a capacitance bridge (General Radio, 
type 1620 A) with a three-terminal cell, a t  10 kHz. Values of 
the increment of the index of refraction n of the solutions with 
respect to that  of the solvent n, were measured with a He-Ne 
KMX-16 laser differential refractometer (Chromatix Inc, USA), 
operating a t  632.8 nm. Values of the mean-square dipole moment 
were calculated by the method of G ~ g g e n h e i m ' ~  and Smith," 
which results in the equation 

( p 2 )  = [27kTM/4i~pN~( t l  + 2 ) 2 ] [ ( d t / d ~ )  - 2n,(dn/dw)] 

where k is the Boltzmann constant, T is the absolute tempera- 
ture, N ,  is Avogadro's number, p is the density of the solvent, 
u' is the weight fraction of polymer in the solution, and e l  is the 
dielectric constant of the solvent. Values of the required deriv- 
atives are given in the second and third columns of Table I. In 
the fourth column of the table, the values of ( p 2 )  for meso- 
OCPDG and rac-OCPDG are also shown; the uncertainty of 
these values was estimated to be *3%. 

Results and Discussion 
'H NMR Spectroscopic Studies. Racemic Bis(o- 

chlorophenyl) 2,4-Dimethylglutarate. It has been sug- 
gested that the racemic diastereoisomers  of mode l  com- 
p o u n d s  of acrylic a n d  vinyl polymers,  i.e., g lu ta ra tes  and 
2,4-disubst i tuted pentanes,  a r e  i n  tt a n d  gg confor- 
mations.'6-'8 Accordingly, the popula t ions  of these two 
conformational  states should b e  d e p e n d e n t  on tempera-  
tu re ,  the tt conformation being clearly favored at room 
t e m p e r a t ~ r e . ' ~ , ~ ~  Thus ,  f rom the analysis of the 'H N M R  
spec t rum of rac-2,4-dimethylglutarate, Doskocilovh and 
Schneider3 have  concluded that the cent ra l  l ine of t h e  
P-CH, t r ip le t  spl i ts  in to  t w o  components  of s imilar  inten-  
s i ty ,  p robably  caused b y  d y n a m i c  equi l ibr ium between 

Racemic - OCPDG 

( a )  

~ 1 -  CH , 

Meso - OCPDG 

J 

.i - CH2- r 
b -CH2 - 

( b )  

Hg- CIS HA-  trans 

F i g u r e  1. 200-MHz 'H NMR spectra of bis(o-chlorophenyl) 
2,4-dimethylglutarate. (a) racemic isomer; (b) meso isomer. 
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I 
Figure  2. Schematic representation of racemic and meso iso- 
mers of bis(o-chlorophenyl) 2,4-dimethylglutarate in the most 
probable staggered conformations. 

the tt and gg conformations.  In the s a m e  way, f rom the 
critical in te rpre ta t ion  of the 'H NMR spec t rum of 2,4- 
dibenzoylpentanes,  on t h e  basis  of the m o s t  probable  tt 
and gg conformations,  Merle- A u b r y  and Merlelg consid- 
ered  the 0-CH, coupled wi th  the a - m e t h i n e  pro tons  as a 
four-spin sys tem AA'XX'. 

A n  i n s p e c t i o n  of the  'H N M R  s p e c t r u m  of r a c -  
OCPDG, represented in  Figure 1 indicates  that the CY- 

m e t h i n e  pro tons  give rise to a r a t h e r  complex mul t ip le t  
cen tered  at ca. 3.05 p p m .  T h e  0-methylene  pro tons  give 
a well-resolved quadruple t ,  which has been analyzed o n  
the basis  of an AA'XX' s p i n  coupling system. 

The observed vicinal coupling cons tan ts  JAX and JA'x 
a r e  the resu l t  of the rotat ional  averages of the coupling 
cons tan ts  of trans J t  and gauche J ,  conformations (see 
Figure a), the sum JAx + J M X  = J ,  + Jt  being little affected 
b y  the t e m p e r a t u r e  and ~ o l v e n t . ' ~ ~ ~ ~  Since  t h e  individ- 
ual coupling cons tan ts  J ,  and J ,  c a n n o t  b e  de te rmined  
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from the NMR spectra, it is necessary to consider Val- 
ues taken from measurements on model compounds with 
well-defined ge~metry.’”’~ According to NMR studies 
performed by Merle-Aubry and Merlelg on 1,3,5-triben- 
zoylcyclohexane, Jt  = 12.0 Hz and Jg  = 3.30 Hz, whereas 
Booth and Thornburrow2’ have reported Jlaaa = 12.23 
Hz and JlaZe = 3.75 Hz, for phthalimidocyclohexanes; 
recently Abe et  a1.” have found J ,  = 11.84 and J ,  = 3.64 
Hz for 2,4-di-N-carbazoylpentane. In view of these results 
we consider J ,  = 12.00 Hz and J ,  = 3.60 Hz as likely 
values for meso- and rac-OCPDG. 

In order to determine the most reliable values of JAX 
and JA’x that reproduce the resonance signals of 0-CH, 
for the racemic isomer (Figure la) ,  the NMR spectrum 
was analyzed by using the LAOCOON 111 program on the 
basis of the four-spin system AA’XX’. The optimized 
vicinal coupling constants were JAX = 10.02 Hz and JAtx 
= 4.60 Hz. These values are similar to those reported by 
Abe et  ale2’ for a rather similar system, 2,4-di-N-carba- 
zolylpentane, which is a model compound of the sequences 
of diads in poly(N-vinylcarbazole). The whole fraction 
a t  30 “C of tt and gg conformers was evaluated from the 
values of JAX, JA’X, J,, and J ,  indicated above, using the 
method described by Bovey et al.,7 obtaining for f,, and 
fgg values of 0.82 and 0.18, respectively. 

meso-Bis(o-chlorophenyl) 2,4-Dimethylglutarate. 
As is well documented in studies of glutaric esters and 
2,4-disubstituted pentanes,24 the @-protons of a meso meth- 
ylene group are magnetically nonequivalent, giving rise 
to multiplets with different chemical shift. As is shown 
in Figure lb ,  the P-methylene protons of meso-OCPDG 
give two multiplets centered at  1.79 and 2.53 ppm from 
TMS. According to assignments proposed by Yoshino 
et aL5 and by Schuerch et al.25 for other model com- 
pounds of polyacrylates, it seems that one of the meth- 
ylene protons responsible for the higher field signals of 
the ‘H NMR spectrum of meso-OCPDG is the &proton 
oriented trans (anti or threo) to the carboxyl group, in 
the planar zigzag skeletal conformation of the Me-C-C- 
C-Me chain, whereas the lower field multiplet may be 
assigned to the @methylene proton oriented cis (syn or 
erythro) to the carboxyl group. This is in fact the pre- 
ferred spatial arrangement for isotactic  chain^,'^-^' which 
has been demonstrated for polyacrylates by Yoshino et 
ala5 and polymethacrylates by Bovey et  al.” 

Therefore, the difference in the chemical shift of both 
-CH,- protons arises from the relative spatial orienta- 
tion of the corresponding methylene protons with respect 
to the substituents in the a-position, the separation of 
the two multiplets being of 0.74 ppm, even higher than 
that found by Yoshino et al.5 for the meso-methylene 
group of poly(methy1 acrylate) where the multiplets due 
to the methylene protons are separated by about 0.5 ppm. 

A detailed analysis of the expanded multiplet cen- 
tered at  1.79 ppm from TMS (Figure Ib) reveals that it 
consists of five peaks, which are the result of two well- 
defined triplets, as a result of the contribution of the gem- 
inal coupling between the magnetically nonequivalent p- 
methylene protons and the vicinal coupling with both a- 
methine protons, which can be considered as a typical 
ABX, spin system. From the expanded spectrum, Val- 
ues of J,,,. = -13.95 Hz and Jvic = 6.92 Hz were obtained. 
The magnitude of the coupling constant of the geminal 
methylene protons is very close to that reported by 
Fujishige2 for dimethyl 2-(methoxymethyl)-2,4-dimeth- 
ylglutarate (J,,, = -14.0 Hz) in benzene-d, at  35 “C and 
it is comparable to that of meso dimethyl 2,4-dimethyl- 

(t,O) 

k , O )  
(g ,d  

u,,, = (t,T) 
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glutarate (J,,, = -13.1 Hz) in carbon tetrachloride at  20 
o c a 3  

The analysis of the fine structure of the multiplet cen- 
tered at  2.53 ppm (Figure l b )  suggests that  i t  corre- 
sponds to the overlapping of two triplets, with a cou- 
pling constant J,,, = -13.95 Hz for the &methylene pro- 
tons. The values of the vicinal coupling constants between 
the P-methylene and a-methine protons, determined by 
using the LAOCOON 111 program on the basis of the spin 
system ABX,, were JAX = 7.02 Hz and JBX = 7.60 Hz, 
which correspond to the contribution of the energeti- 
cally equivalent g-t and tg+ conformational states. 

From the critical interpretation of the IR spectra of 
me~o-2,4-dichloropentane~~ and the NMR spectra of 
meso-2,4-pentanodiol d i a ~ e t a t e , ~  meso-2,4-diphenylpen- 
tane, and dimethyl g l ~ t a r a t e , ’ ~  it can be considered that 
two rotational conformers are possible at  room temper- 
ature, which correspond to the energetically equivalent 
g-t and tg+ rotamers. The conformational arrangment 
represented by the rotamers g-t and tg+ agrees ade- 
quately with the NMR pattern of the 0-methylene pro- 
ton resonances represented in Figure 1. The slight dif- 
ference between the values of JAX and JBX presumably 
arises from a very small contribution of the tt conforma- 
tion. 

1 Y 1 0 0  
Y1 Yz 0 0 
0 0 a 
0 0 a a 

Dipole Moments 
Values of the dipole moment of both the rac- and meso- 

OCPDG were theoretically calculated by assuming that 
each skeletal bond in Figure 2 is restricted to two states 
(t and g), each of these states being, in turn, split into 
another two states in order to account for the two possi- 
ble orientations 0 and 180” in which the carbonyl oxy- 
gen is respectively synperiplanar and antiperiplanar with 
the methine hydrogen. Accordingly, the statistical weight 
matrix for the CH,-CH-CH, bond pair is31732 

(t,O) ( t , r)  k , O )  ( g , d  

I P  P 0 01 
A and P are defined as A = w”(6,/6,) and = ( 1 / ~ ) 6 , ? w ”  
representing the weight for the second-order interaction 
between two ester groups juxtaposed as in the meso tt 
state, q is the first-order statistical weight for trans ver- 
sus gauche, and 6, and 6, represent Boltzmann factors 
of the Coulombic interactions in the ( t ,O) ,  ( t ,O)  side- 
chain orientations of meso and racemic diads. Average 
values of (@Jtt = (@,Itt = 16O, (@& = (@2)9  = 3O, and 
(al)& = (a2), = 114’ were used for the meso diad, whereas 
(@Jtt = = 3 O  and = = 114’ were used 
for the racemic diad. Values of the mean-square dipole 
moment of the meso and racemic OCPDG were obtained 
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I a)  

C I  

Figure 3. Orientation of the dipoles associated with the bond 
of the side groups (a) and rotational angle about different bonds 
of bis(o-chlorophenyl) 2,4-dimethylglutarate (b). 

by assuming that the dipole moment associated with the 
side groups, drawn in Figure 3, is the result of three con- 
tributions chosen to reproduce the dipole moment of o- 
chlorophenyl p r ~ p i o n a t e , ~ ~  namely, pl = 1.757 D with 7 

= 123O, p2 = 0.3 D, and p3 = 1.6 D. The value of the 
dipole moment associated with the ester group is a func- 
tion of the rotational angle \k governing the rotation about 
the 0-Ph bond; the allowed positions for this angle were 
found to bel3 \k = i75".  Standard methods were used 
to transform the vectors associated with the side groups 
into the coordinates affixed to skeletal bond C,-CH, for 
x = 0 and x = 180' orientations of both ester groups. 

Recent studies on the polarity of meso/racemic (50,' 
50) diastereoisomers of bis(o-chlorophenyl) 2,4-dimeth- 
ylglutarate suggest that the experimental dipole moments 
of these compounds can be reproduced by using for the 
statistical weight parameters p,  j3, yl, y2, and y the val- 
ues of 1.1, 0.3, 2,0.2, and 2.3, respectively. The value of 
the statistical weight parameter a, associated with the 
gg conformation in the racemic OCPDG, was obtained 
from the fraction fgg of gg conformations, evaluated from 
the analysis of the 'H NMR spectrum of this isomer 
described above. Actually, since fgg. = Z,,/Z, where 2 
and Z,, represent the total conformational partition func- 
tion and the conformational partition function of the gg 
conformations, respectively, a is given by 

fgg 1 + 2Y,P + P2Y2 
1 - fgg 1 + 2p + p2 

a = -  

From this equation and by using the value of the param- 
eters given above one obtains a = 0.41 if fgg is assumed 
to be 0.18. 

An inspection of the curves of Figure 4 reveals that 
meso-OCPDG is more sensitive to p than rac-OCPDG. 
In the former case, the value of ( p 2 )  diminishes as p 
increases, reaching a minimum a t  p = 1, and then it goes 
up with increasing values of p .  An increase in p raises 
the stability of the (tx,ta) conformations in the racemic 
compound, which depends on p2,  but it also stabilizes 
(t0,tn) and (tn,tO), which depend on p ,  and the net result 
is a small increase in ( p ' )  with increasing p.  Fair agree- 
ment between theory and experiment is found for values 

7.0 

N 
0 6.5 

4 
v' 

6.0 

Figure 4. Influence of the statistical weight parameters on the 
mean-square dipole moments of meso and racemic bis(o-chlo- 
rophenyl) 2,4-dimethylglutarates. 

1 .o 2.0 3.0 yor p 4.0 

Figure 5. Dependence of the mean-square dipole moment on 
the skeletal weight parameters a and p for meso bis(o- 
chlorophenyl) 2,4-dimethylglutarate. 

of p in the vicinity of unity, the value reported by Flory 
et al.32 for this quantity in the analysis of the conforma- 
tion-dependent properties of poly(methy1 acrylate). 

The dipole moment of meso-OCPDG is more sensitive 
to y than to fl  and the changes that take place in ( p ' )  
with variations of the same sign in these two statistical 
weight parameters are opposite (Figure 5). Thus increas- 
ing y from 0.2 to 3 causes the mean-square dipole moment 
to decrease from ca. 7.8 to 5.8 D2, whereas the same vari- 
ation in j3 raises the value of ( p ' )  from 5.9 to only 6.5 
D2. Comparison of theoretical and experimental results 
reveals that in order to reach agreement between theo- 
retical and experimental results it is necessary to postu- 
late that t0,tx (or ta,tO) Conformations are strongly favored 
over t0,tO conformations; moreover, t0,gO and t0,gn should 
have about the same conformational energy as t0,tO con- 
formations. 

As for the dependence of the mean-square dipole 
moment of ruc-OCPDG on y1 and y2 (the statistical weight 
parameters that account for the incidence of t0,tx or tx,tO 
and tx,tx with respect to t0,tO conformations), the cal- 
culations indicate that ( p 2 )  moderately increases and 
decreases with increasing values of the y1 and y, param- 
eters, respectively. The occurrence of gg conformations 
in this isomer increases the polarity of the compound, 
the value of ( p ' )  increasing from 6.17 D2 for a = 0 to 
6.76 D2 for a = 0.41. In any case the theoretical value of 
the meso/racemic (50/50) mixture, which amounts to 6.37 
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Figure 6. Variation of the mean-square dipole moment with 
the rotational angle \k governing the rotation about 0-Ph bonds 
for meso and racemic bis(o-chlorophenyl) 2,4-dimethylglut- 
arate. 

D2, is in good agreement with the experimental result, 
which was found to be 6.17 D2. 

The sensitivity of the dipole moments of both diaste- 
reoisomers to the statistical weight parameters is rather 
small in comparison with the sensitivity of this confor- 
mation-dependent property to the rotational angles about 
0-Ph bonds. As shown in Figure 6, the curves that rep- 
resent the dependence of (11') on \k are similar for val- 
ues of \k lying in the range 0-60°, but for 60' < \k < 
180' the mean-square dipole moment of rac-OCPDG 
exceeds the value of this quantity for meso-OCPDG. In 
both cases, however, the variations of (11') with \k are of 
considerable magnitude, since the value of the mean- 
square dipole moment increases from 0.25 to ca. 12.8 D2 
for meso and rac-OCPDG, when \k increases from 0 to 
180'. 

Temperature coefficients obtained from experimental 
results are lo3 d In ( p 2 ) / d T  = 0.7 and 1.0 K-l for meso 
and racemic stereoisomers, respectively. Theoretical val- 
ues of these coefficients are 0.6 and 0.1. Thus in the case 
of the meso isomer the agreement between theory and 
experiment is very good, whereas in the racemic isomer 
the experimental value is much larger than the theoret- 
ical one. I t  should be stressed, however, that  the exper- 
imental results are not accurate enough; for instance, 
neglecting the experimental result a t  30 'C for the race- 
mic isomer lowers the temperature coefficient to ca. 0.3 
K-I. 

As was indicated in the Experimental Part, crystalline 
rac-OCPDG has a melting enthalpy of ca. 6.3 kcal/mol 
and its melting temperature is 360 K; accordingly, the 
melting entropy AS, of the compound is ca. 18 cal/(mol 
K). One of the principal contributions to AS,,, in high 
molecular weight compounds such as polymers is the con- 
formational entropy s, and there are some experimen- 
tal results suggesting that S, = (AS,),, the melting entropy 
at  constant v o l ~ m e . ~ ~ , ~ ~  The high conformational entropy 
that most polymers exhibit is therefore responsible for 
their relatively low melting temperatures. This, how- 
ever, may not be the case for low molecular weight com- 
pounds. The conformational partition function for rac- 
OCPDG is 

z = 1 + 2py1 + p2y2 + c u ( l ' +  2p + p2) 

The conformational entropy could be expressed by 

s, 3 R(ln 2 + 
Evaluation of the conformational entropy using this equa- 
tion with the main set of statistical weights given above 
leads to S, = 2.7 cal/(mol K). This result suggests that 
the contribution of the conformational entropy to the 
melting entropy is negligible in comparison with the long- 
range disorder  contribution^^^ and the change in volume 
contribution. 
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