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Abstract
Novel chiral dimeric models of isotactic (meso) and syndiotactic (dl ) dyads of optically active methacrylic polymers containing in the side-
chain the pyrrolidinyl group of one single configuration linked through the nitrogen atom to the azobenzene chromophore, have been synthesized
by functionalization of 2,4-dimethylglutaric acids with known streoisomeric composition.

Their characterization afforded the possibility to investigate the relationship between the chiroptical and spectroscopic properties displayed
by the dimeric model compounds and those of the related homopolymeric derivatives with known main chain stereoregularity.

In particular, the optical rotation values and circular dichroism spectra of the models allow to establish the contribution of main chain micro-
tacticity to the overall optical activity of the polymeric derivative.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

An intense attention has currently arised to investigations
dealing with chiral nanotechnology [1,2] and the amplification
of chirality in polymeric materials [3e6].

Since the 1980s, Mario Farina undertook a deep study of
polymer stereochemistry and its effect on chain conformation
[7]. More recently in literature have been reported several
examples of polyisocyanates whose chains can be induced to
take an helical conformation with a prevailing screw sense,
by incorporation of small enantiomeric excesses of chiral pen-
dant groups in the side chain [8,9] or by photoresolution [10].
Polyisocyanates functionalized with chiral azoaromatic dyes
as side chain resulted capable of a reversible shift of the pre-
ferred helical twist sense by photochemical isomerization of
the chromophores [11].
* Corresponding author. Tel./fax: þ39 051 2093687.

E-mail address: luigi.angiolini@unibo.it (L. Angiolini).

0032-3861/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2008.02.008
Optically active photochromic polymers bearing in the side
chain both a chiral group of one single configuration and the
trans-azoaromatic moiety with a conjugated electron donore
acceptor system, have received considerable attention for their
potential in advanced technological applications, also. Dis-
playing, in fact, both the properties typical of dissymmetric
systems [12] (optical activity, absorption of circularly polar-
ized light in the UVevis spectral region), as well as the fea-
tures of photochromic materials [13e15] (NLO properties,
photoresponsiveness, photorefractivity), they can be proposed
as devices [16e20] for optical data storage, holographic mem-
ories, waveguides, chemical photoreceptors, etc.

We have recently observed [21e23] that it is possible to
photomodulate the chiroptical properties of thin films of chiral
photochromic polymethacrylates by irradiation with circularly
polarized light of one single L or R rotation sense. This unex-
pected new phenomenon seems to open new possibilities for
the use of azobenzene containing materials as chiroptical
switches, besides the usual applications in optics. The synthe-
sis and characterization of polymethacrylates bearing a rigid
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Fig. 1. Chemical structures of model compound (S )-PAP, 2,4-dimethylglutaric dimeric models and the related homopolymer poly[(S )-MAP].
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chiral group of one single configuration interposed between
the main chain and the trans-azoaromatic chromophore has
been previously reported [24,25]. The presence of conforma-
tional dissymmetry in these systems can be detected by chi-
roptical techniques, such as circular dichroism (CD), suitable
to reveal the existence of chiral perturbation induced by the
optically active moieties onto the electronic transitions of
the achiral azoaromatic chromophore. Chiral interactions
among side-groups, in fact, are responsible for the appearance
of an ordered arrangement of the chromophores, with forma-
tion of helical structures of one prevailing screw sense, as
demonstrated by strong CD exciton-couplets observed, both
in solution and in the solid state, in the absorption region of
the azoaromatic chromophore.

A remarkable contribution of the macromolecular structure
to optical activity could be due, in principle, to conformational
and/or configurational effects originated by a prevalent tactic-
ity of the polymeric main chain. To this regard, we have
recently synthesized by ATRP [26] a series of optically active
methacrylic linear homopolymers such as poly[(S )-3-meth-
acryloyloxy-1-(4-azobenzene)pyrrolidine] {poly[(S )-MAP]}
(Fig. 1), the related star shaped polymers of C3 symmetry
[27] with different average polymerization degree (in the
range 10e30), and a series of oligomeric models, such as
dimer, trimer and tetramer [28]. The results suggest that
even few adjacent chiral units are able to produce a remarkable
conformational dissymmetry in the macromolecules, strongly
dependent on their average chain length.

In addition, a recent study [29] disclosed that bis{(S )-(�)-
3-[1-(40-nitro-4-azobenzene)]pyrrolidine}-2,4-dimethylglutarate,
shown in Fig. 1, containing the 32.2% molar amount of meso
form of the 2,4-dimethylglutarate residue {Dim[(S )-DMGAP-
N]-(32.2% meso)} [29], corresponding to the smallest section
of polymer where interchromophore interactions can be pres-
ent, is characterized by a strong CD exciton couplet of inten-
sity about one third of that displayed by the corresponding
polymer. The stereoisomeric composition of Dim[(S )-
DMGAP-N]-(32.2% meso) is by chance similar to the main
chain tacticity usually obtained for the polymeric derivative
poly[(S )-MAP] prepared by radical polymerization (about
30% of isotactic dyads) [24e28,30e32]. Indeed, the meso
and the dl stereoisomers of the 2,4-dimethylglutarate moiety
can be considered as the structural models for the isotactic
and syndiotactic dyads of the related methacrylic polymer,
respectively (Fig. 2).

With the aim to confirm that the optical activity of such
polymeric derivatives is essentially ascribed to conformational
arrangement, we retained the interest to evaluate the effects of
the main chain tacticity on their chirooptical properties, by
investigating well-defined configurational models. Thus, we
report in the present paper the synthesis and full characteriza-
tion of several diesters of 2,4-dimethylglutaric acid, as dimeric
models of one repeating dyad of the methacrylic homo-
polymer poly[(S )-MAP], that have been obtained starting
from diastereomeric mixtures of different composition of
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dimethyl-2,4-dimethylglutarate (DDMG) by reaction with
the (S )- or the (R)-enantiomer of 3-hydroxy-1-(4-
azobenzene)pyrrolidine [(S )- or (R)-HAP] (Scheme 1). The
prepared models, namely bis{(S )-(�)-3-[1-(4-azobenzene)]-
pyrrolidine}-2,4-dimethylglutarate at 71.0% and 40.9% of
meso form, {Dim[(S )-DMGAP]-(71.0% meso) and Dim[(S )-
DMGAP]-(40.9% meso), respectively}, bis{(S )-(�)-3-[1-(4-
azobenzene)]pyrrolidine}-2,4-dimethylglutarate at 100% of
dl form {Dim[(S )-DMGAP]-(0% meso)} and bis{(R)-(þ)-3-
[1-(4-azobenzene)]pyrrolidine}-2,4-dimethylglutarate at 67.6%
of meso form of the 2,4-dimethyglutarate residue {Dim[(R)-
DMGAP]-(67.6% meso)} are reported in Fig. 1. Models
Dim[(S )-DMGAP]-(71.0% meso), Dim[(S )-DMGAP]-(40.9%
meso) and Dim[(S )-DMGAP]-(0% meso) have been finally
resolved by HPLC to give the pure stereoisomers bis{(S )-(�)-
3-[1-(4-azobenzene)]pyrrolidine}-(SR/RS )-2,4-dimethylglutarate
{(SR/RS )-Dim[(S )-DMGAP]-(100% meso)}, bis{(S )-(�)-
3-[1-(4-azobenzene)]pyrrolidine}-(SS )-2,4-dimethylglutarate
{(SS )-Dim[(S )-DMGAP]-(0% meso)} and bis{(S )-(�)-3-[1-
(4-azobenzene)]pyrrolidine}-(RR)-2,4-dimethylglutarate {(RR)-
Dim[(S )-DMGAP]-(0% meso)}, labelled as a, b and c,
respectively, in Fig. 3.

Electronic spectra, optical activity and chiroptical proper-
ties of the above products have been compared with those dis-
played by the homopolymer poly[(S )-MAP] with a content of
syndiotactic dyads of about 74% [24], as well as by the low
molecular weight model compound (S )-(þ)-3-pivaloyloxy-
1-(4-azobenzene)pyrrolidine [(S )-PAP] [24] (Fig. 1), repre-
sentative of one single optically active repeating unit of the
polymeric derivative.
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Fig. 3. Modified Fischer’s illustration of the structures of the investigated

dimers: aed, bee and cef are optical antipodes.
1H and 13C NMR spectra were obtained at room tempera-
ture, on 5e10% CDCl3 solutions, using a Varian NMR Gemini
300 spectrometer. Chemical shifts are given in ppm from
tetramethylsilane (TMS) as the internal reference. 1H NMR
spectra were run at 300 MHz by using the following experi-
mental conditions: 24,000 data points, 4.5-kHz spectral width,
2.6-s acquisition time, 128 transients. 13C NMR spectra were
recorded at 75.5 MHz, under full proton decoupling, by using
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the following experimental conditions: 24,000 data points,
20-kHz spectral width, 0.6-s acquisition time, 4000 transients.

The X-ray diffraction spectra were carried out at room tem-
perature on a Bruker APEXII diffractometer equipped with
a CCD detector. Intensity data were corrected for Lorentz
and polarization effects. The absolute configuration of the
asymmetric carbons of the DMG residues was solved on the
basis of the known S absolute configuration of pyrrolidine
moieties in the side chain.

FT-IR spectra were carried out on a PerkineElmer 1750
spectrophotometer, equipped with an Epson Endeavour II
data station, on sample prepared as KBr pellets.

Checking of the liquid crystalline behaviour was carried out
with an Zeiss Axioscope2 polarising microscope through
crossed polarizers fitted with a Linkam THMS 600 hot stage.

Melting points (uncorrected) were determined in glass
capillaries on a Büchi 510 apparatus at a heating rate of
1 �C/min.

UVevis absorption spectra were recorded at 25 �C in the
700e250 nm spectral region with a PerkineElmer Lambda
19 spectrophotometer on CHCl3 solutions by using cell path
lengths of 0.1 cm and concentrations in azobenzene chromo-
phore of about 3� 10�4 mol L�1.

Optical activity measurements were accomplished at 25 �C
on CHCl3 solutions (c z 0.250 g dL�1) with a Perkin Elmer
341 digital polarimeter, equipped with a Toshiba sodium
bulb, using a cell path length of 1 dm. Specific and molar
rotation values at the sodium D line are expressed as
deg dm�1 g�1 cm3 and deg dm�1 mol�1 dL, respectively.

Circular dichroism (CD) spectra were carried out at 25 �C
on CHCl3 solutions on a Jasco 810 A dichrograph, using the
same path lengths and solution concentrations as for the
UVevis measurements. D3 values, expressed as L mol�1 cm�1

were calculated from the following expression: D3¼ [Q]/
3300, where the molar ellipticity [Q] in deg cm2 dmol�1 refers
to one azobenzene chromophore.
2.2. Materials
The azoic alcohol (S )-(�)-3-hydroxy-1-(4-azobenzene)-
pyrrolidine [(S )-HAP], and the model compound (S )-PAP
were synthesized as previously reported [24].

4-Dimethylaminopyridinium 4-toluenesulfonate (DPTS)
was prepared from 4-dimethylaminopyridine and 4-toluene-
sulfonic acid (Aldrich) as previously described [33].

Chloroform, CCl4, CH2Cl2, THF and dimethylacetamide
(DMA) were purified and dried according to the reported pro-
cedures [34] and stored under nitrogen.

All other reagents and solvents were used as received.
2.3. (R)-(þ)-3-Hydroxy-1-(4-azobenezene) pyrrolidine
[(R)-HAP]
The previously reported procedure [24] adopted for the
preparation of (S )-(�)-3-hydroxy-1-(4-azobenzene)pyrroli-
dine [(S )-HAP] was followed for the synthesis of the
azoic alcohol (R)-(þ)-3-hydroxy-1-(4-azobenzene)pyrrolidine
[(R)-HAP] starting from (R)-(þ)-malic acid instead of (S )-
(�)-malic acid, with an overall yield of 79%, m.p. 224e
226 �C.

1H NMR (CDCl3): 7.90 (m, 2H, arom. 20-H), 7.85 (dd, 2H,
arom. meta to amino group), 7.50 (m, 2H, arom. 30-H), 7.35
(m, 1H, arom. 40-H), 6.60 (dd, 2H, arom. ortho to amino
group), 4.65 (m, 1H, 3-CH), 3.70e3.30 (m, 4H, 2- and 5-
CH2), 2.20 (m, 2H, 4-CH2), 1.75 (m, 1H, OH) ppm.

FT-IR (KBr): 3414 (nOH), 3060 (nCH, arom.), 2920 and
2860 (nCH, aliph.), 1605 and 1516 (nC]C arom.), 818 (dCH,
1,4-disubst arom. ring), 763 and 689 (dCH, monosubst arom.
ring) cm�1.

UVevis in THF: 3max� 10�3¼ 35.0 (457 nm) and 15.8
(278 nm) L mol�1 cm�1.
2.4. Synthesis of dimeric models

2.4.1. Separation by fractional distillation of the
diastereoisomers of dimethyl-2,4-dimethylglutarate
(DDMG)

Meso or dl enriched diastereoisomers, dimethyl-2,4-dime-
thylglutarate (91.1% meso form, ratio meso/dl 1/0.09)
[DDMG-(91.1% meso)] (b.p.¼ 91.0 �C/12 mmHg) and di-
methyl-2,4-dimethylglutarate (84.2% dl form, ratio meso/dl
1/5.33) [DDMG-(16.2% meso)] (b.p.¼ 90.0 �C/12 mmHg),
were obtained by fractional distillation under reduced pressure
(12 mmHg) of commercial dimethyl-2,4-dimethylglutarate
(Aldrich, 58.8% meso form, ratio meso/dl 1/0.70) [DDMG-
(58.8% meso)] as previously reported by Achenbach and
Karl [35].

1H NMR resonances used for the determination of the dia-
stereoisomeric compositions are as follows (Fig. 4): 1H NMR
(CDCl3): 3.70 (s, 3H, OCH3 dl ), 3.65 (s, 3H, OCH3 meso),
2.50 (m, 2H, CH), 2.20 and 1.45 (2ddd, 2H, CH2 meso),
1.75 (2 t, 2H, CH2 dl ), 1.20 (d, 6H, CH3 meso), 1.16 (d, 6H,
CH3 dl ) ppm.

2.4.2. 2,4-Dimethylglutaric acid (58.3% meso form) [DMG-
(58.3% meso)]

An excess of KOH (171 mmol, 9.60 g, about 6 equiv. of
KOH for 1 equiv. of ester) in 10 ml of water was added to a so-
lution of commercial DDMG-(58.8% meso) (14.8 mmol,
2.79 g) in 20 ml of ethanol, and the mixture was kept under
reflux, monitoring the progress of the saponification reaction
by FT-IR until the disappearance of the ester absorption at
1730 cm�1, completed after about 30 min. The solvent was
eliminated under reduced pressure and the resulting white
solid was dissolved in water. The solution was acidified
(pH¼ 1) with concentrated aqueous HCl, and the precipitated
material was filtered, dissolved in diethyl ether, dried with
Na2SO4 and the solvent removed under vacuum to give pure
2,4-dimethylglutaric acid (58.3% meso form). Yield of 75%,
m.p. 134e136 �C.

1H NMR (CDCl3): 11.2 (s, 2H, OH), 2.45 (m, 2H, CH),
2.10 and 1.45 (2ddd, 2H, CH2 meso), 1.70 (2t, 2H, CH2

racemic), 1.18 (d, 6H, CH3 meso), 1.16 (d, 6H, CH3

racemic) ppm.



Fig. 4. 1H NMR spectra in CDCl3 of (a) DDMG-(91.1% meso), (b) DDMG-

(16.2% meso) and (c) DDMG-(58.8% meso).
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FT-IR (KBr): 3425 (nOH), 2980 (nCH), 1699 (nC]O), 1457
(dCHas, CH3), 1435 (ds, CH3), 1267 (nCeO), 915 (dCeO) cm�1.
Table 1

Relevant data for the synthesized compounds

DMG diacid Alcohol Dimeric model

DMG-(90.0% meso) (S )-HAP Dim[(S )-DMGAP]-

DMG-(58.3% meso) (S )-HAP Dim[(S )-DMGAP]-

DMG-(18.0% meso) (S )-HAP Dim[(S )-DMGAP]-

DMG-(90.0% meso) (R)-HAP Dim[(R)-DMGAP]-
2.4.3. 2,4-Dimethylglutaric acid (90.0% meso form) [DMG-
(90.0% meso)]

The product was prepared by saponification of DDMG-
(91.1% meso) using the same procedure described above for
the diacid derivate of commercial dimethyl-2,4-dimethylgluta-
rate. The product was obtained in 66% yield, m.p. 140e
141 �C. Lit.: m.p. 142e143 �C (95% meso form) [35].
2.4.4. 2,4-Dimethylglutaric acid (82.0% dl form) [DMG-
(18.0% meso)]

The product was prepared by saponification of DDMG-
(16.2% meso) using the same procedure described above for
the diacid derivate of commercial dimethyl-2,4-dimethylgluta-
rate. The product was obtained in 71% yield, m.p. 129e
130 �C. Lit.: m.p. 127e128 �C (95% dl form) [35].
2.4.5. Bis{(S )-(�)-3-[1-(4-azobenzene)]pyrrolidine}-2,4-
dimethylglutarate (71.0% meso form) {Dim[(S )-DMGAP]-
(71.0% meso)}, bis{(S )-(�)-3-[1-(4-azobenzene)]pyrroli-
dine}-2,4-dimethylglutarate (40.9% meso form) {Dim[(S )-
DMGAP]-(40.9% meso)}, bis{(S )-(�)-3-[1-(4-azo-
benzene)]pyrrolidine}-2,4-dimethylglutarate (0% meso
form) {Dim[(S)-DMGAP]-(0% meso)} and bis{(R)-(þ)-
3-[1-(4-azobenzene)]pyrrolidine}-2,4-dimethylglutarate
(67.6% meso form) {Dim[(R)-DMGAP]-(67.6% meso)}

General procedure: 2,4-Dimethyglutaric acid (DMG)
(1.55 mmol) and a molar excess of the azoic alcohol [(S )-
or (R)-HAP] (6.20 mmol, 2 equiv. of alcohol for 1 equiv. of
acid) were dissolved in dry CH2Cl2 (600 mL) under a nitro-
gen atmosphere. Then 4-(dimethylamino)pyridinium 4-tolue-
nesulfonate (DPTS, 3.10 mmol, 1 equiv. for 1 equiv. of acid)
and 1,3 diisopropylcarbodiimide (DIPC, 4.03 mmol,
1.3 equiv. for 1 equiv. of acid) were successively added under
magnetic stirring, as condensation activator and coupling
agent, respectively [27], and the mixture was kept for some
days at room temperature under nitrogen flow (as reported
in Table 1). The progress of the reaction was monitored by
thin layer chromatography. The solid N,N-diisopropylurea,
thus formed, was filtered off and the liquid phase was
washed with several portions of aq 1 M HCl, aq 5%
Na2CO3 and water, in that order. After drying the organic
layer on anhydrous Na2SO4 and evaporation of the solvent
under vacuum, the crude product was purified by column
chromatography (SiO2, CHCl3/EtOAc 4:1 v/v as eluent) fol-
lowed by recrystallization in n-pentane to afford the pure
DMGAP derivative. Relevant data for the synthesized prod-
ucts are reported in Table 1.
Reaction time (days) Yield (%)

(71.0% meso) 17 25

(40.9% meso) 5 27

(0% meso) 11 81

(67.6% meso) 13 22
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FT-IR, 1H and 13C NMR characterization data are given
below.

2.4.5.1. Dim[(S )-DMGAP]-(71.0% meso) (yield 27%). 1H
NMR (CDCl3): 7.85 (m, 4H, arom. 20-H), 7.80 (dd, 4H,
arom. meta to amino group), 7.50 (m, 4H, arom. 30-H), 7.30
(m, 2H, arom. 40-H), 6.60 (dd, 4H, arom. ortho to amino
group), 5.40 (m, 2H, pyrrolidine 3-CH), 3.70 and 3.40 (m,
8H, pyrrolidine 2- and 5-CH2), 2.45 (m, 2H, backbone CH),
2.25 (m, 4H, pyrrolidine 4-CH2), 2.10 and 1.45 (2ddd, 2H,
backbone CH2 meso form), 1.75 (2t, 2H, backbone CH2 dl
form), 1.20 (d, 6H, CH3 meso form) and 1.16 (d, 6H, CH3

dl form) ppm.
13C NMR (CDCl3): 176.3 (CO), 153.8, 150.1, 144.6 (arom.

CeN]NeC and CeNeCH2), 130.1 (arom. 40-C ), 129.7
(arom. 30-C ), 125.9, 122.9 (arom. 20-C and 3-C ), 112.3
(arom. 2-C ), 74.3 (CHeO), 54.3 (CHeCH2eN), 46.4
(CH2eCH2eN), 38.4 (backbone CH2eCH) 38.0 (backbone
CH2eCH), 31.9 (CH2eCH2eN), 18.4 (backbone CH3 dl
form) and 17.8 (backbone CH3 meso form) ppm.

FT-IR (KBr): 3069 (nCH, arom.), 2982 and 2947 (nCH,
aliph.), 1734 (nC]O, ester), 1605 and 1516 (nC]C, arom.),
1139 (nCeO), 818 (dCH, 1,4-disubst. arom. ring), 763 and
689 (dCH, monosubst. arom. ring) cm�1.

2.4.5.2. Dim[(S )-DMGAP]-(0% meso) (yield 81%). 1H NMR
(CDCl3): 7.85 (m, 4H, arom. 20-H), 7.80 (dd, 4H, arom.
meta to amino group), 7.50 (m, 4H, arom. 30-H), 7.30 (m,
2H, arom. 40-H), 6.60 (dd, 4H, arom. ortho to amino group),
5.40 (m, 2H, pyrrolidine 3-CH), 3.70 and 3.40 (m, 8H, pyrro-
lidine 2- and 5-CH2), 2.45 (m, 2H, backbone CH), 2.25 (m,
4H, pyrrolidine 4-CH2), 1.75 (2 t, 2H, backbone CH2 dl
form) and 1.17 (d, 6H, CH3 dl form) ppm.

13C NMR (CDCl3): 176.5 (CO), 153.8, 150.1, 144.6 (arom.
CeN]NeC and CeNeCH2), 130.1 (arom. 40-C ), 129.6
(arom. 30-C ), 125.9, 122.8 (arom. 20-C and 3-C ), 112.2
(arom. 2-C ), 74.1 (CHeO), 54.3 (CHeCH2eN), 46.4
(CH2eCH2eN), 38.3 (backbone CH2eCH), 38.1 (backbone
CH2eCH), 31.9 (CH2eCH2eN) and 18.4 (backbone CH3 dl
form) ppm.

FT-IR (KBr): 3067 (nCH, arom.), 2983 and 2952 (nCH,
aliph.), 1734 (nC]O, ester), 1605 and 1516 (nC]C, arom.),
1138 (nCeO), 818 (dCH, 1,4-disubst. arom. ring), 765 and
687 (dCH, monosubst. arom. ring) cm�1.

As an example, the 1H NMR spectra of dimeric models at
71% of meso form and 100% of dl form are reported in Fig. 5.
2.5. Separation of stereoisomers (SR/RS)-Dim[(S )-
DMGAP]-(100% meso), (SS )-Dim[(S )-DMGAP]-(0%
meso) and (RR)-Dim[(S )-DMGAP]-(0% meso)
The diastereomeric forms (SS )- and (RR)-Dim[(S )-
DMGAP]-(0% meso) were obtained from Dim[(S )-DMGAP]-
(0% meso) by semipreparative HPLC separation at 25 �C on a
Waters HPLC Column (Nova-Pak Silica 6 mm), 7.8� 300 mm,
UV detector 254 nm, flow rate 4 mL/min (eluent THF/n-hexane
20:80). A sufficient amount of both the individual isomers was
obtained by collecting repeated elutions of the mixture, originally
composed by 29 and 71% molar contents of each form, as shown
by the chromatogram reported in Fig. 6.

XRD analysis allowed us to assign the RR configuration to the
asymmetric carbon atoms of the dimethylglutarate moiety of the
predominant isomer [crystal data for (RR)-Dim[(S )-DMGAP]-
(0% meso): crystal system: orthorhombic; space group:
P2(1)2(1)2(1); a¼ 10.232(2) Å; b¼ 10.699(3) Å; c¼
32.075(7) Å; cell vol. 3511.2(13) Å3; Z¼ 4; density¼
1.246 g cm�3; F(000)¼ 1376; a, b, g¼ 90�].

The elution by HPLC of Dim[(S )-DMGAP]-(71.0% meso)
and -(40.9% meso) having a molar composition, respectively,
of (SS )-, (RR)-Dim[(S )-DMGAP]-(0% meso) and (SR/RS )-
Dim[(S )-DMGAP]-(100% meso) forms of 11, 18 and 71%,
and 23, 38 and 39%, was carried out under the same



Fig. 6. HPLC chromatographic resolution of Dim[(S )-DMGAP]-(0% meso) in

its two deastereoisomers (SS )- and (RR)-Dim[(S )-DMGAP]-(0% meso).
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conditions as above and allowed us to obtain the pure (SR/RS )-
Dim[(S )-DMGAP]-(100% meso) isomer (elution time 9 min).
3. Results and discussion
3.1. Synthesis and structural characterization of dimeric
models
Fractional distillation under reduced pressure of commer-
cial dimethyl-2,4-dimethylglutarate containing the 58.8% of
the meso form [DDMG-(58.8% meso)] allowed to achieve,
as previously reported by Achenbach and Karl [35], two frac-
tions of DDMG containing an amount of meso form equal to
91.1% and 15.8% [DDMG-(91.1% meso) and DDMG-(15.8%
meso)], respectively, as determined by 1H NMR (Fig. 4). The
two methylenic protons of glutaric moiety, in fact, result mag-
netically equivalent in the dl isomer, giving rise to a well-de-
fined double triplet centered at about 1.75 ppm. On the other
hand, the same protons are unequivalent in the meso isomer
and appear as two double doublets of doublets centered at
2.20 and 1.45 ppm. Thus, the molar amount of meso and dl
forms of 2,4-dimethylglutarate can be evaluated from the inte-
grated values of these signals. Analogous assessment is
obtained by analysis of the methyl groups resonances in the
13C NMR spectra.

The above DDMG derivatives, as well as commercial
DDMG, were successively hydrolyzed in the presence of an
excess of KOH to the corresponding 2,4-dimethylglutaric
acid (DMG) derivatives [35]. The reaction progress was mon-
itored by FT-IR until disappearance of the signal at 1730 cm�1

related to the glutarate methyl ester. 1H and 13C NMR analyses
confirmed that the diastereomeric composition of the diacid
derivatives remains substantially analogous to that of the dies-
ter precursors, with no relevant change of composition
(Scheme 1).

The diacidic DMG derivatives have been finally esterified
to the related DMGAP products (Scheme 1) at room temper-
ature, in the presence of DIPC and DPTS as coupling agent
and catalyst [36], respectively, by reaction with the azoic alco-
hol (R)-HAP, prepared in the present work, or with its enantio-
mer (S )-HAP, previously reported [24].

The chemical structures of the obtained DMGAP products
have been confirmed by FT-IR, 1H and 13C NMR spectra and
their relevant data are reported in Table 1.

1H NMR analysis (Fig. 5) allowed us to estimate the molar
amounts of meso and dl forms of the dimethylglutarate residue
in all the synthesized dimeric models, similarly to DDMG and
DMG derivatives (Table 1). Analogous values of composition
have been obtained by analysis of the methyl groups reso-
nances in the 13C NMR spectra.

As the functionalization of diacidic DMG with alcohol (S )-
HAP gives a mixture of meso (SRSS/SSRS ) and dl (SSSS and
SRRS ) diastereoisomers (forms a, b and c, respectively, in
Fig. 3), semipreparative HPLC chromatography allowed us
to achieve their separation with a satisfactory purity and to
estimate their relative molar composition (see Section 2).

From the obtained results the following considerations can
be made:

(i) The stereoisomeric composition of Dim[(S )-DMGAP]-
(40.9% meso) resembles that usually obtained for
polymethacrylic derivatives prepared by radical poly-
merization (30% of isotactic dyads in the main chain)
[20,25e27,30e32], as well as for poly[(S )-MAP] (con-
tent of isotactic dyads about 26%) [24].

(ii) Dim[(S )-DMGAP]-(0% meso) constituted only by the
dl stereoisomer, matches perfectly the syndiotactic
dyad of poly[(S )-MAP].

(iii) Dim[(S )-DMGAP]-(71.0% meso) and Dim[(R)-
DMGAP]-(67.6% meso) are composed by similar
amounts of optical antipodes with opposite chirality.

(iv) the molar ratio between (SS )- and (RR)-Dim[(S )-
DMGAP]-(0% meso) models, results approximately
constant.

Also, the final compositions of the synthesized models, re-
ported in Table 1, as well as the different reaction yields
obtained, indicate that a variation of the relative amount of ste-
reoisomers of the DMG residue after the functionalization of
the diacids with the azoic alcohols has occurred. For instance,
Dim[(S )-DMGAP]-(40.9% meso) is obtained by esterification
of DMG-(58.3% meso), derived from commercial DDMG-
(58.8% meso). Therefore, it appears that an enrichment in
the dl component has occurred. A similar enrichment, about
17e21%, of the amount of dl form is also shown by other
derivatives, yet with unchanged molar ratio of (SS ) and (RR)
diastereoisomers. In particular, Dim[(S )-DMGAP]-(0%
meso) is obtained from DMG-(18.0% meso) almost totally
as the dl form (Table 1).

Such a behaviour could be ascribed to the occurrence of
a partial isomerization of the asymmetric carbon atoms of
DMG, during the esterification process, however, previous
data concerning the optical purity of analogous optically ac-
tive products prepared through a similar synthetic pathway
[31], exclude the possibility, at room temperature and in the
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presence of DIPC and DPTS, of an alteration of the stereo-
isomeric balance as a consequence of isomerization. Another
possibility could be given by different reactivity of the 2,4-
dimethylglutaric acid isomers (see Fig. 2) towards the azoic
alcohol, attributable to the steric hindrance of the initially
produced mono-azo ester that could differently slow down
the subsequent functionalization. Indeed, reaction mixtures
relatively rich in the meso form of DMG give incomplete
esterification of the diacid substrate, with formation of
complex mixtures of several unknown products. In addition,
the possibility of formation of meso-2,4-dimethylglutaric
anhydride [36] from the meso diacid cannot either be
excluded. As a result, the reactant meso substrate could display
slower diesterification rate than the dl form, therefore leading
to a significant decrease of the meso content in the final
product.
3.2. UVevis properties
The UVevis spectra of chiral 2,4-dimethylglutaric deriva-
tives (Table 2 and Fig. 7) in dilute CCl4, CHCl3, CH2Cl2
and DMA solutions display, in the 250e700 nm spectral re-
gion, two absorption bands centered around 403e412 and
258e260 nm. The former one, more intense, is attributed to
several electronic transitions such as nep*, pep* and inter-
nal charge transfer of the azobenzene chromophore, the latter
to the pep* electronic transition of aromatic ring [37]. The
above mentioned solvents have been selected as representa-
tives of nonpolar, slightly polar, polar and strongly polar
media, respectively.

A weak bathochromic effect (red shift) occurs for the
intense first band of all samples, upon increasing solvent
polarity from CCl4 to DMA, as shown, for example, for
Table 2

UVevis spectra at 25 �C

Samples Solvent 1st

lm

Dim[(S )-DMGAP]-(71.0% meso) CHCl3 408

CH2Cl2 410

Dim[(S )-DMGAP]-(40.9% meso) CCl4 403

CHCl3 408

CH2Cl2 410

DMA 412

Dim[(S )-DMGAP]-(0% meso) CHCl3 407

CH2Cl2 410

Dim[(R)-DMGAP]-(67.6% meso) CHCl3 408

CH2Cl2 410

(SR/RS )-Dim[(S)-DMGAP]-(100% meso) CHCl3 408

(SS )-Dim[(S )-DMGAP]-(0% meso) CHCl3 409

(RR)-Dim[(S )-DMGAP]-(0% meso) CHCl3 408

(S )-PAP CHCl3
c 409

CH2Cl2 412

DMAc 416

Poly[(S )-MAP] CHCl3
c 408

CH2Cl2 411

DMAc 413

a Wavelength of maximum absorbance, expressed in nm.
b Expressed in L mol�1 cm�1 and calculated for one single chromophore.
c See Ref. [24].
Dim[(S )-DMGAP]-(40.9% meso), while the maximum
absorbance wavelengths of the second band remain almost
constant. This positive solvatochromism, previously reported
for the model compound (S )-PAP and poly[(S )-MAP] in
CHCl3, THF and DMA solutions [24], is usually observed
for pushepull chromophores with a neutral ground state,
whose polarity increases during the electronic transition [38].

A similar, but larger, red shift was previously also observed
for the 40-nitro substituted dimeric derivative Dim[(S )-
DMGAP-N]-(32.8% meso) (Fig. 1) (46 nm on passing from
CCl4 to DMSO) [29] with respect to those shown by the
dimeric models investigated here [12 nm for Dim[(S )-
DMGAP]-(40.9% meso) on passing from CCl4 to DMA]
(Table 2). This effect is clearly related to the variation of
dipole moment induced by the increase of the electron-
withdrawing character of the substituent, on passing from H
to NO2 in the 40 position of azobenzene. As in these systems
the ground state is less polar than the excited state [39], it
appears that the polarity of the solvent employed favours the
bathochromic shift of the absorption band.

Significant hypochromic shifts of the first band were for-
merly observed passing from the model (S )-PAP to the corre-
sponding polymer poly[(S )-MAP], regardless of the solvent
employed [24]. Such a behaviour, frequently noticed in several
polymers bearing side chain aromatic chromophores [40e42],
is attributed to the occurrence of electrostatic dipoleedipole
interactions between the neighbouring aromatic chromophores
[43e45].

As shown in Table 2, the molar absorption coefficients
(3max) related to the first absorption band of the individual di-
meric isomeric forms appear different between each other with
intermediate values with respect to those observed for (S )-
PAP and poly[(S )-MAP], in agreement with a reduced extent
band 2nd band

ax
a 3max� 10�3b lmax

a 3max� 10�3b

28.8 259 10.8

29.6 259 10.6

25.9 n.d. n.d.

28.7 259 10.9

30.4 259 11.0

29.0 260 11.6

30.4 259 10.7

31.1 259 10.4

28.8 259 10.9

29.5 259 10.8

29.4 259 10.9

28.5 258 10.8

29.4 258 10.9

29.8 258 11.6

31.4 258 10.6

29.5 258 11.7

28.3 258 10.5

29.4 259 10.8

29.1 260 10.7



Table 3

Specific and molar optical rotation data of dimeric derivatives in CHCl3
solution

Samples [a]D
25a [F]D

25b

(SR/RS )-Dim[(S )-DMGAP]-(100% meso) þ40 þ134

(SS )-Dim[(S )-DMGAP]-(0% meso) þ355 þ1191

(RR)-Dim[(S )-DMGAP]-(0% meso) þ6 þ20

Dim[(S )-DMGAP]-(71.0% meso) þ69 þ232

Dim[(S )-DMGAP]-(40.9% meso) þ101 þ340

Dim[(S )-DMGAP]-(0% meso) þ124 þ415

Dim[(R)-DMGAP]-(67.6% meso) �75 �252

(S )-PAPc þ4.0 þ14.0

Poly[(S )-MAP]c þ410.0 þ1374.0

a Specific optical rotation, expressed as deg dm�1 g�1 dL (c z 0.250 g/dL).
b Molar optical rotation, expressed as deg dm�1 mol�1 dL and calculated as

([a]D
25M/100), where M represents the molecular weight of (S )-PAP or the mo-

lecular weight of the repeating unit of poly[(S )-MAP] or the half molecular

weight of the dimers; in other word, the molar optical rotation calculated

for chromophoric unit.
c See Ref. [24].
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Fig. 7. (Bottom) UVevis spectra in chloroform solution of (SS )- (---) and

(RR)-Dim[(S )-DMGAP]-(0% meso) (d); (up) CD spectra in chloroform solu-

tion of (SS )- (---), (RR)-Dim[(S )-DMGAP]-(0% meso) (d), (SR/RS )-

Dim[(S )-DMGAP]-(100% meso) (/) and model compound (S )-PAP (-,,-).
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of intramolecular interactions between chromophores as com-
pared to the polymeric derivative. However, no clear behav-
iour related to the configuration of the stereomeric centers of
the DMG residue is observed, the conformational arrangement
of the chromophores in solution resulting probably the domi-
nating factor affecting the absorption coefficient value.
3.3. Optical activity, CD spectra and chiroptical
properties
The specific [a]D
25 and molar [F]D

25 optical rotations of the
synthesized dimeric derivatives have been determined in
CHCl3 solution at the sodium D line and compared with the
values obtained by the model compound (S )-PAP and the cor-
responding homopolymeric poly[(S )-MAP] (Table 3).

The reaction of optically inactive diacid DMG with the chi-
ral alcohol (S )-HAP gives a mixture of meso and dl diastereo-
isomers a (SRSS h SSRS ), b (SSSS ) and c (SRRS ); the same
reaction with (R)-HAP, instead, gives the diastereoisomers
d (RRSR h RSRR), e (RRRR) and f (RSSR) (Fig. 3). The indi-
vidual diastereoisomers a, b and c (Fig. 3), separated by
HPLC, show specific optical rotation values very different
from each other (Table 3); isomer b (SSSS ) displays a [a]D

25

value surprisingly high (þ355 deg dm�1 g�1 dL), much higher
than those of a (SRSS/SSRS ) and c (SRRS ) (þ40 and þ6, re-
spectively). Such a behaviour could be due to a different con-
formational arrangement of the chromophores with respect to
the main chain plane, as represented in Fig. 2 for the syndio-
tactic and isotactic dyads, and these results indicate that the
optical activity of these derivatives may depend on the chiral
interactions between a couple of chromophores only: indeed,
the monomeric model (S )-PAP, containing only one chromo-
phoric unit, displays negligible optical activity, as reported in
Table 3.

The optical activity of all the dimeric mixtures results
strictly related to the % amount of each form. Being the acidic
precursors meso and dl DMG optically inactive [35], the mea-
sured [a]D

25 values of the azoaromatic derivatives reported in
Table 3, are to be attributed to the presence in the molecule
of the two pyrrolidine chiral centers with the same absolute
configuration.

Increasing the % of the meso form of DMG residue (from
0 to 71.0%), the amount of stereoisomer b ([a]D

25¼þ355) in
the mixture is progressively reduced and the overall optical ac-
tivity decreases. The experimental values of specific optical
rotation are consistent with the diastereomeric compositions
determined by chromatographic separation, thus excluding
any influence on optical activity by intermolecular interactions
in solution between different diastereomeric forms. In fact,
Dim[(S )-DMGAP]-(0% meso), 100% of dl form of the
DMG residue, constituted by 71% of stereoisomer c
([a]D

25¼þ6) and 29% of b ([a]D
25¼þ355), displays

[a]D
25¼þ124.
Considering now that the stereoisomer pairs a vs. d and be

c vs. eef are optical antipodes (Fig. 3), Dim[(R)-DMGAP]
(67.6% meso), constituted by deeef diastereoisomers show,
as expected, optical activity very close and with opposite
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Fig. 8. CD spectra in chloroform solution of Dim[(S )-DMGAP]-(0% meso)
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sign of Dim[(S )-DMGAP] (71.0% meso) ([a]D
25¼�75 and

þ69, respectively).
On the basis of the above determined values of þ355 and

þ6 for the dl (SS ) and (RR) diastereoisomers, respectively,
and þ40 for the meso model compound, poly[(S )-MAP],
which is constituted by 74 and 26% of syndio (dl ) and isotac-
tic (meso) dyads [24], should display a specific optical activity
similar to that one of Dim[(S )-DMGAP]-(40.9% meso)
(around þ100), much lower than the value of þ410.0, experi-
mentally found (Table 3).

This finding thus suggests that a substantial contribution to the
overall optical activity of poly[(S )-MAP], is given by the pres-
ence of longer sequences of optically active co-units, as previ-
ously observed for oligomeric poly[(S )-MAP] derivatives [28].

To evidence the presence of conformationally ordered
trans-azobenzenic chromophores, the dimeric model com-
pounds have been investigated by CD in chloroform solution
in the spectral region between 250 and 700 nm (Table 4,
Figs. 7 and 8).

In contrast with the monomeric model (S )-PAP [24], dis-
playing weak negative and positive signals centered at about
410 and 258 nm, respectively (Table 4 and Fig. 7), related to
the first and second UVevis absorptions, the CD spectra of
all the samples synthesized here show, in the spectral region
connected to the first UVevis band, two dichroic bands of op-
posite sign and slightly different intensity (Table 4, Figs. 7 and
8), with cross-over points close to their UVevis maximum
absorptions (Table 2).

Such a behaviour is indicative of exciton splitting deter-
mined by cooperative dipolar interactions between the neigh-
bouring optically active azoaromatic chromophores [46e48]
disposed in a mutual chiral geometry of one prevailing hand-
edness [24,26e29].

The presence of exciton couplets points out that the inter-
chromophoric interactions, responsible for the intensity and
the shape of the dichroic bands, are similar in the model dyads
to those occurring in the related poly[(S )-MAP] [24]. As
shown in Fig. 7, the different intensity of the CD absorptions
displayed by the three diastereoisomers a, b and c, appears
Table 4

CD spectra in CHCl3 solution at 25 �C

Samples 1st absorption band

l1
a D31

b

(S )-PAPd 410 �0.51

(SR/RS )-Dim[(S )-DMGAP]-(100% meso) 423 þ1.25

(SS )-Dim[(S )-DMGAP]-(0% meso) 440 þ6.07

(RR)-Dim[(S )-DMGAP]-(0% meso) 415 þ1.24

Dim[(S )-DMGAP]-(71.0% meso) 430 þ1.11

Dim[(S )-DMGAP]-(40.9% meso) 431 þ1.98

Dim[(S )-DMGAP]-(0% meso) 432 þ2.31

Dim[(R)-DMGAP]-(67.6% meso) 431 �1.10

Poly[(S )-MAP]d 445 þ7.35

a Wavelength of maximum dichroic absorption, expressed in nm.
b D3 expressed in (L mol�1 cm�1) and calculated for chromophoric unit.
c Wavelength of the cross-over of dichroic bands, expressed in nm.
d See Ref. [24].
e Not determinable due to low intensity of the signals.
strongly dependent on the absolute configuration of the two
chiral carbons of the DMG residues, and in agreement with
the results obtained by polarimetry (Table 3): stereoisomer
b displays, in correspondence to the first UVevis absorption
band, an intense excitonic couplet; in contrast, a and c show
spectra with the same shape but of reduced intensity.

As a consequence, the CD spectra of Dim[(S )-DMGAP]-
(71.0% meso), Dim[(S )-DMGAP]-(40.9% meso) and Dim[(S )-
DMGAP]-(0% meso) result strongly dependent on their
diastereoisomeric composition (Table 4 and Fig. 8). Indeed, by
increasing the amount of dl compounds (in particular of b)
(Fig. 3), model of the syndiotactic dyad of poly[(S )-MAP], a pro-
gressive enhancement of dichroic bands intensity and therefore of
the overall optical activity is observed.

In this context, and in agreement with polarimetric data
(Table 3), the integrated area of the dichroic bands connected
2nd absorption band

l0
c l2

a D32
b l3

a D33
b

e e e 258 þ0.22

397 380 �0.37 n.d.e n.d.e

408 386 �4.90 271 �0.31

393 372 �0.67 n.d.e n.d.e

404 382 �1.08 n.d.e n.d.e

405 385 �1.99 n.d.e n.d.e

405 382 �1.98 n.d.e n.d.e

405 383 þ1.12 n.d.e n.d.e

409 387 �6.42 258 �0.32
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to the first UVevis absorption band, measured for Dim[(S )-
DMGAP]-(40.9% meso) is about one fourth of the related
band area measured for poly[(S )-MAP].

Recently, we have established that the positive Cotton effect
observed in the CD spectra of the dimeric model compound
Dim[(S )-DMGAP-N]-(32.8% meso) is related to a right-handed
chiral conformation of the azoaromatic chromophores [29]. The
observation of Cotton effects with the same sign for the dimers
reported in Figs. 7 and 8 would therefore indicate a right-handed
helix sense of the conformational arrangement of the azobenzenic
moieties. In this context, the CD spectra of Dim[(S )-DMGAP]-
(71.0% meso) and Dim[(R)-DMGAP]-(67.9% meso) (Table 4
and Fig. 9) are, as indicated by polarimetric data, the mirror image
of each other, thus indicating an opposite conformational screw
sense of the chromophores in these samples.

Such a behaviour is due to the functionalization of the
DMG residue with the azoic alcohol (S )-HAP or its enantio-
mer (R)-HAP which gives rise to a mixture of aebec and
deeef stereoisomers (optical antipods having similar optical
activity but opposite sign, as represented in Fig. 3), respec-
tively, as discussed above.

It can be therefore concluded that the presence of pyrroli-
dine moieties of different absolute configurations (S or R) in
the side chain is fundamental to originate a well-determined
helix-sense of neighbouring chromophores.

This behaviour confirms that the CD signals exhibited by
this class of optically active polymers may be attributed to
the presence of relatively short chain segments with a well-de-
fined prevailing helical conformation strongly depending on
chain length, as previously shown for some methacrylic oligo-
mers [28] and polymers with different average polymerization
degrees (in the range 10e30) [26e28].

To better clarify this point and to further explore how the
macromolecular tacticity affects the optical activity it would
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Fig. 9. CD spectra in chloroform solution of Dim[(R)-DMGAP]-(67.6%

meso) (d) and Dim[(S )-DMGAP]-(71.0% meso) (/).
be, however, necessary to prepare and investigate fully isotac-
tic and syndiotactic polymers and the related oligomers as
models of stereoregular triads, tetrads, etc.
4. Conclusions

Well-defined new optically active meso and dl compounds
containing the optically active residue of 3-(S )-pyrrolidine
have been synthesized by functionalization of 2,4-dimethyl-
glutaric acid as dimeric models for isotactic and syndiotactic
dyads of the related photochromic methacrylic polymers con-
taining azoaromatic moieties in the side chain. By HPLC we
have been able to separate the three diastereoisomeric com-
pounds (SS )-, (RR)-Dim[DMGAP]-(0% meso) and (RS/SR)-
Dim[DMGAP]-(100% meso). All the obtained compounds
have been fully characterized with the aim to establish the ef-
fects of diastereoisomeric composition on their optical activity
and to correlate the (micro)tacticity to the chiroptical proper-
ties of the corresponding polymeric materials.

In agreement with the results obtained by polarimetry, the
CD spectra of the dimeric models display approximately the
same shape as the related polymer, but with reduced intensity.

CD spectra and optical rotation values shown by the pair
Dim[(S )-DMGAP]-(71.0% meso) and Dim[(R)-DMGAP]-
(67.9% meso) confirm that the chiroptical properties of the
related macromolecules are connected to the configurations
(S ) and (R), respectively, of the side chain of optically active
azoaromatic pyrrolidine moiety, which determines the confor-
mational screw sense assumed by the dimers and by chain
sections with one prevailing helical conformation of the corre-
spondent methacrylic macromolecular main chain.

On the basis of the chirooptical properties shown by the
three diastereoisomeric models, poly[(S )-MAP], which is
constituted by 74 and 26% of syndio (dl ) and isotactic
(meso) dyads, respectively [24], should display an overall chi-
rality much lower than that experimentally found. This con-
firms that although an important contribution to optical
activity is given by the prevalent (micro)tacticity of the poly-
meric backbone, the prevailing chirality of the macromole-
cules is determined by the conformational arrangement of
the azoaromatic chromophores.
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