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INVITED ARTICLE

Chiral interaction between aromatic aldehydes and
a polymer bearing large chiral rings obtained
by cyclopolymerization of bisacrylamide

Bungo Ochiai!, Satoko Ito! and Takeshi Endo?

This paper describes the investigation of an interaction between chiral induction behavior and a chiral polymer obtained by
cyclopolymerization of a bisacrylamide (1) prepared from a-pinene and acrylonitrile. Poly(1) can interact with aromatic
aldehydes, as confirmed by infrared (IR), circular dichroism (CD), diffusion-ordered nuclear magnetic resonance spectroscopy
(DOSY) and 1-D nuclear Overhauser effect difference (1-D NOE) measurements. The observed induced CD demonstrates that
the chiral framework of poly(1) forced aldehydes to remain in chiral environments. IR, DOSY and 1-D NOE measurements on

mixtures of poly(1) and aromatic aldehydes suggest that carbonyl groups interacted with the polymer.
Polymer Journal (2010) 42, 138-141; doi:10.1038/pj.2009.318; published online 23 December 2009

Keywords: chiral interaction; cyclopolymerization; radical polymerization

INTRODUCTION

Chiral polymers have been used as stationary phases for chiral
separation!1* and as templates for asymmetric reactions.!'"'> To
achieve high performance with a chiral polymer, the polymer needs
appropriate functional groups and a rigid structure. As a candidate, we
designed a chiral polyacrylamide prepared through cyclopolymeriza-
tion of a chiral bisacrylamide (1) (Scheme 1).!¢ The monomer can
easily be prepared by a one-step reaction of o-pinene and acrylo-
nitrile.!” The cyclopolymerization proceeds through the formation of
10- or 11-membered chiral rings. Although the structure of the rings
has not been clarified completely by spectroscopic analyses, computa-
tional calculation suggested that the 11-membered ring formations are
significantly predominant over 10-membered ring formations because
of steric hindrance and the stability of propagating radicals. The
details will be described elsewhere. In spite of the typically unfavor-
able large ring formation, this cyclopolymerization can yield soluble
polymers bearing the desired cyclic units in quantitative yields. The
selectivity of the cyclopolymerization without branching was con-
firmed by matrix-assisted laser desorption-ionization time of flight
mass spectroscopy analysis of poly(1) obtained by reversible addition-
fragmentation chain transfer (RAFT) polymerization, indicating that
poly(1) has only one initiating and terminating group originating
from the chain transfer agent. The circular dichroism (CD) spectra of
the resulting polymers show Cotton effects originating from the amide
moieties in chiral environments and suggest the potential application
of poly(1) as a chiral polymer. The chiral rings in poly(1) contain

chiral cyclic structures capable of straining the functional groups (that
is, amide in this case) at chirally regulated spaces. The effectiveness of
such designs has been proven by many studies on chiral recognition by
polymers bearing both chiral cyclic structures and functional groups
for intermolecular interactions.!®2! For example, stationary phases
based on poly(trans-1,2-cyclohexanediyl-bisacrylamide),'® which has a
dichiral cyclic structure with restricted configuration, can separate
many enantiomers. Accordingly, we evaluated the chiral induction
with poly(1) consisting of units containing a chiral bicyclic structure
and two amide groups by nuclear magnetic resonance (NMR) and CD
spectroscopic measurements. Diffusion-ordered nuclear magnetic
resonance spectroscopy (DOSY) and 1-D nuclear Overhauser effect
difference measurements were used for analysis of intermolecular
interactions.??72°

EXPERIMENTAL PROCEDURE

Materials

The bisacrylamide monomer (1)!7 was prepared according to the reported
procedure. Poly(1) (M,=5400, M,/M,=3.65) was prepared by free radical
polymerization in N,N-dimethylformamide (0.12 M) according to the reported
procedure.'® The polymerization was conducted at 80 °C in a degassed sealed
tube for 24 h in the presence of 2,2"-azobisisobutyronitrile ([1]o/[AIBN](=70),
and the polymer was isolated by precipitation into diethyl ether. 1,4-Dioxane
was dried over sodium and distilled under a nitrogen atmosphere before
use. Dichloromethane was dried over CaH, and distilled under a nitrogen
atmosphere before use. Other reagents were used as received.
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Measurements

NMR spectroscopy measurements were determined using a JEOL ECX-400
instrument (JEOL, Tokyo, Japan) using tetramethylsilane as an internal
standard at ambient temperatures (400 MHz for 'H and 100 MHz for '3C).
The 1-D difference nuclear Overhauser effect measurements were determined
at 35°C with a relaxation delay of 2s and an irradiation time of 0.2s. Both
parameters were optimized using arrayed experiments by changing the para-
meters with a step of 0.1s. DOSY spectra were measured under the following
conditions: 35°C; diffusion time, 18-20ms; duration of magnetic-field-
gradient pulse, 1 ms; and relaxation delay, 8s. Two-dimensional spectra were
processed using the CONTIN method with Delta 4.3.4 software (JEOL).
Ultraviolet visible spectra were measured using a JASCO V-550-DS instrument
(Jasco, Tokyo, Japan). CD spectra were measured using a JASCO J-720
WI instrument at an ambient temperature (~25°C). Molar ellipticity was
calculated on the basis of molecular weight per unit. Fourier transfer infrared
(IR) spectra were recorded using a Horiba FT-IR 210 instrument (Horiba,
Kyoto, Japan) equipped with a SensIR Technologies DuraScope attenuated total
reflectance accessory (SensIR Technologies, Danbury, CT, USA). The mixtures
of equimolar amounts of poly(1) and aldehydes for IR spectrometry were
prepared by drying the chloroform solutions of mixtures.

RESULTS AND DISCUSSION

CD spectroscopy analysis of mixtures of poly(1) and aromatic

substrates

In the previous report, we demonstrated that poly(1) contains chiral

structures, as confirmed by its CD spectrum in methanol.!6 We

expected the hydrogen-bonding ability of the amide moieties in

poly(1) to be important for interactions between poly(1) and

substrates for chiral induction or chiral resolution. Accordingly,
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Scheme 1 Radical polymerization of a chiral bisacrylamide (1).
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we measured the CD spectra of poly(1) in 1,4-dioxane (Figure la).
Poly(1) obtained by free radical polymerization was used because the
visible absorption of the terminal pyrrole dithiocarbamate moieties in
poly(1) obtained by reversible addition-fragmentation chain transfer
polymerization makes the CD spectroscopic analysis difficult. The
NMR spectra of the polymer used were identical to those of the
polymer obtained by selective reversible addition-fragmentation chain
transfer cyclopolymerization. This result suggests that the ring-closing
efficiency of the polymer used is also quantitative. The Cotton effect of
poly(1) is very weak in 1,4-dioxane. The very weak and positive signal
at 220-240 nm is assignable to the n—m* transition of the carbonyl
group in the amide, and no significant Cotton effect was observed at
longer wavelengths (Figure 1). Accordingly, we choose aromatic
aldehydes with absorptions at a longer wavelength region as guests.
We measured the CD spectra of equimolar mixtures of poly(1) and
achiral aromatic aldehydes in 1,4-dioxane to discover compounds
capable of interacting with poly(1). The mixtures containing
aldehydes showed clear negative CD signals (Figure 1), whereas the
mixture containing phenol showed a CD spectra identical to that of
the solution of poly(1). The CD signals observed in the wavelength
region longer than 240 nm are attributable to the induced CD of
achiral aromatic aldehydes by poly(1), with an absorption spectrum
cutoff of approximately 240 nm. This result clearly demonstrates that
p-methoxybenzaldehyde and 2-naphthaldehyde were forced to remain
in chiral environments by poly(1). The CD spectra of the mixtures
containing benzaldehyde and p-trifluoromethylbenzaldehyde showed
Cotton effects at 220-250 nm, in which the absorptions of carbonyl
groups in both amide and aldehyde moieties are present. Although we
could not conclude that the observed Cotton effects originated from
the chiral induction of the aldehyde groups or the changed chiral
environments of poly(1), the appearance of Cotton effects supports
the presence of interactions between aldehydes and poly(1), by which
chiral induction or a conformational change in poly(1) occurred.
Radical copolymerization of 1 and N-vinylcarbazole provides an
alternating copolymer. Its CD spectrum in 1,4-dioxane shows negative
CD signals at 230-250 nm, the shape of which resembles the CD signal
of the mixture of poly(1) and benzaldehyde. Details of the alternating
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Figure 1 Circular dichroism (CD) and ultraviolet visible spectra of poly(1);

the mixture containing poly(1) and p-methoxybenzaldehyde; the mixture

containing poly(1) and benzaldehyde; the mixture containing poly(1) and p-trifluoromethylbenzaldehyde; and the mixture containing poly(1) and
2-naphthaldehyde in 1,4-dioxane (0.5 mgmi~! of poly(1), [aldehydel/[poly(1) unitl=1.0).
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polymerization behavior and the CD spectrometry study will be
described elsewhere. If the observed Cotton effects are induced CD,
the absence of CD signals at longer wavelengths may be attributed to
the weaker steric regulation (as discussed later).

The effect of the electron density of carbonyl groups was evaluated
by IR spectrometry. The absorption of the amide I C=0O stretching
vibration of poly(1) was observed at 1644 cm~!, which is a very low
wavenumber for a secondary amide and implies the strong hydrogen
bonding between the amide moieties. The absorption shifted toward
the higher wave number region with the addition of equimolar
amounts of the aldehyde; that is, the absorptions were observed at
1646, 1650 and 1650-1660 by the addition of p-trifluoromethylbenz-
aldehyde, benzaldehyde and p-methoxybenzaldehyde, respectively. The
absorption of the amide group in the presence of p-methoxy-
benzaldehyde overlapped with the absorption of the aldehyde group
originally observed at 1681 cm~ !, and we could not determine the
exact absorption maximum of the absorption of the amide groups.
The higher wavenumber shifts demonstrated the weakened hydrogen
bonding between the amide groups in poly(1). By contrast, the
absorption of the C=0 stretching vibration of the aldehyde moieties
shifted to a lower wave number. Although the absorption of
p-methoxybenzaldehyde overlapped the absorption of poly(1), the
estimated low wave number shift was between —7 and —12cm~L
The shifts of benzaldehyde and p-trifluoromethylbenzaldehyde were
—8cm™L. This result supports the aforementioned presumption that
the Lewis basic C=0O groups in aldehydes interacted with amide
protons. The release of the carbonyl groups in amide groups because
of hydrogen bonding signifies that amide protons changed their
electron-donating carbonyl groups from those in amide groups to
those in aldehyde groups as the electron density increased.

NMR spectroscopy analysis of interactions between poly(1)

and aromatic aldehydes

The interactions between poly(1) and benzaldehyde derivatives were
evaluated by NMR spectroscopic analysis. First, 1-D nuclear Over-
hauser effect measurements were determined for the mixtures of

poly(1) and aldehydes (0.9 equivalent with respect to the unit of
poly(1)). Irradiation at 5.6 p.p.m., at which the signal of the alkene
proton in poly(1) is observed, resulted in decreased intensities of the
aromatic aldehydes. The signal intensities depended on the electron
donating abilities of substituents, agreeing well with the intensities of
induced CD signals (Table 1). The higher intensities can be correlated
to the closer distances between the corresponding protons and
poly(1). In all cases, the relative intensities are higher as the protons
are closer to the aldehyde moieties. This result also confirms that
aldehydes interacted with poly(1) by their carbonyl groups.

We attributed the significantly higher signal intensities in the case of
p-methoxybenzaldehyde to an interaction stronger than that of others.
A stronger interaction can lead to a greater strain of the aldehyde,
which restricts the rotation between aldehyde moieties and the
aromatic ring. The weaker interactions between aromatic aldehydes,
benzaldehyde and p-trifluoromethylbenzaldehyde in this study and
poly(1) resulted in a weaker rotational restriction. We attributed the
absence of CD signals at longer wavelengths in the mixtures contain-
ing these aldehydes to the longer distances between poly(1) and these

Table 1 Relative intensities of protons of aromatic aldehydes in the
1-D nuclear Overhauser effect measurement of the mixtures of
poly(1) and aromatic aldehydes in CDCl3 at 35 °C

Relative intensity?®

R—)-cHo RQCHO R@CHO R—_)-CHO
H H

aldehyde
MeO—_)~CHO 0.171 0.140 0.123 0.095
)-cro 0.016 0.016 0.015 0.015
Fs¢—(_)-CHO 0.0090 0.0085 0.0007 —

2Relative intensities per one hydrogen atom with respect to the signal
intensity of the peak at 5.6 p.p.m.
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Figure 2 Diffusion-ordered nuclear magnetic resonance spectroscopy spectra of the mixture of poly(1) (6 mmoll=1) and p-methoxybenzaldehyde (6 mmol I-1)
in CDCl3 at 35°C. The asterisks and plus marks in the 1-D 1H nuclear magnetic resonance spectra indicate the signals of p-methoxybenzaldehyde and

poly(1), respectively.
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Table 2 Diffusion coefficients of aromatic aldehydes and poly(1) in
CDCl3 at 35°C (6 mmol -1 each)?

Dpoiy1) (M?s~1)° Darcro (m?s~1F D arcHo/Dpoly(1)
p-MeOCgH4CHO 4.7x107° 6.2x1072 1.3
CgH5CHO 4.2x10°9 7.7x107° 1.8
p-CF3CsHaCHO 3.4x10°° 7.5%x109 2.2

aThe diffusion constants involve inherent errors of £0.2x109m2s~1,
bCalculated on the basis of the signal at 5.4 p.p.m.
CCalculated on the basis of the signal assigned to the -CHO moieties.

aldehydes. The IR and NMR measurements suggested hydrogen
bonding between the NH groups in poly(1) and the carbonyl groups
in aldehydes, whereas the dipole—dipole interaction between the
carbonyl groups in poly(1) and aldehydes also contributes to the
interaction between the amide and aldehyde moieties. Other possible
interactions are the m—n interaction between the double bond moieties
in poly(1) and the aromatic rings in aldehydes and hydrophobic
interactions. The NOE experiment suggested that the contributions of
these interactions are weak.

The effect of the intermolecular interaction on diffusion behavior
was also evaluated using DOSY experiments on the basis of the
assumption that the strong intermolecular interactions cause the
diffusion of poly(1) and aldehydes to be similar (Figure 2). Experi-
ments were conducted using CDCl; solutions containing equimolar
amounts of aldehydes and poly(1) units (~6mmoll~! each) at
35°C. The DOSY spectrum of the mixture containing poly(1) and
p-methoxybenzaldehyde shows that each component diffused at
4.7%107? and 6.2x10"?m?s 1, and these diffusion coefficients indi-
cate that p-methoxybenzaldehyde diffused slightly faster. The diffusion
coefficient of poly(1) in the mixture is higher than that of poly (1) in
the CDCl; solution without additives (~9-10x10"1"m?s™1). We
attributed the faster diffusion of poly(1) with p-methoxybenzaldehyde
to the increased mobility of poly(1) because of interactions that
weaken the inter- and/or intramolecular hydrogen bonding between
different poly(1) units. The DOSY spectra of the mixtures containing
poly(1) and other aldehydes indicate that aldehydes diffused faster
than poly(1) with a decreasing electron density of aldehyde moieties.
This behavior also supports the assertion that the interactions between
aldehydes and poly(1) depend on the electron density of carbonyl
groups (Table 2).

CONCLUSIONS

The chiral polyacrylamide obtained by cyclopolymerization of 1
interacted with Lewis-basic aromatic compounds. The interacting
aromatic aldehydes remained in chiral environments, as confirmed
by the induced or changed CD signals, whereas phenol did not
interact with poly(1). The hydrogen bonding between the protons
of amide groups in poly(1) and the carbonyl groups in aldehydes
proved to be the most important factor for the interaction. This
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pg)

unique behavior implies the possibility that poly(1) can serve as a
chiral template or as a chiral separator.

Kotake, M., Nakamura, N., Sakan, T. & Senoh, S. Resolution into optical isomers of
some amino acids by paper chromatography. J. Am. Chem. Soc. 73, 2973-2974
(1951).

2 Pirkle, W. H. & Pochapsky, T. C. Considerations of chiral recognition relecant to the
liquid chromatography separation of enantiomers. Chem. Rev. 89, 347-362 (1989).

3 Ward, T. J. Chiral separations. Anal. Chem. 72, 4521-4528 (2000).

4 Maier, N. M., Franco, P. & Lindner, W. Separation of enantiomers: needs, challenges,
perspectives. J. Chromato. A 906, 3-33 (2001).

5 Whitcombe, M. J. & Vulfson, E. N. Imprinted polymers. Adv. Mater. 13, 467-478
(2001).

6 Michaud, M., Jourdan, E., Villet, A., Ravel, A., Grosset, C. & Peyrin, E. A DNA aptamer
as a new target-specific chiral selector for HPLC. J. Am. Chem. Soc. 125, 8672-8679
(2003).

7 Yamamoto, C. & Okamoto, Y. Optically active polymers for chiral separation. Bull.
Chem. Soc. Jpn. 77, 227-257 (2004).

8 Buchmeiser, M. R. Methathesis polymerization-derived chromatographic supports.
J. Chromato. A 1060, 43-60 (2004).

9 Gubitz, G. & Schmid, M.G. Recent advances in chiral separation principles in capillary
electrophoresis and capillary electrochromatography. Electrophoresis 25, 3981-3996
(2004).

10 lkai, T., Yamamoto, C., Kamigaito, M. & Okamoto, Y. Immobilized polysaccharide-based
chiral stationary phases for HPLC. Polym. J. 38, 91-108 (2006).

11 Baiker, A. Chiral catalysts on solids. Curr. Opin. Solid State Mater. Sci. 3, 86-93
(1998).

12 Fan, Q. H., Li, Y. M. & Chan, A. S. C. Recoverable catalysts for asymmetric organic
synthesis. Chem. Rev. 102, 3385-3465 (2002).

13 Guibal, E. Heterogeneous catalysis on chitosan-based materials: a review. Prog. Polym.
Sci. 30, 71-109 (2005).

14 Holbach, M. & Weck, M. Modular approach for the development of supported,
monofunctionalized, salen satalysts. J. Org. Chem. 71, 1825-1836 (2006).

15 Dioos, B. M. L., Vankelecom, I. F. J. & Jacobs, P.A. Aspects of immobilisation catalysts
on polymeric support. Adv. Synth. Cat. 348, 1413-1446 (2006).

16 Nagai, A., Ochiai, B. & Endo, T. Cyclopolymerization of bisacrylamide derived from
a-pinene through larger chiral ring formation. Macromolecules 38, 2549-2551
(2005).

17 Nair, V., Rajan, R., Balagopal, L., Thomas, S. & Narasimlu, K. A novel CAN-mediated
oxidative rearrangement of monoterpenes. Tetrahedron Lett. 43, 8971-8974 (2002).

18 Okamoto, Y. & Nakano, T. Asymmetric polymerization. Chem. Rev. 94, 349-372
(1994).

19 Zhong, Q., Han, X., He, L., Beesley, T. E., Trahanovsky, W. S. & Armstrong, D. W.
Chromatographic evaluation of poly(trans-1,2-cyclohexanediyl-bis acrylamide) as a
chiral stationary phase for HPLC.. J. Chromato. A 1006, 55-70 (2005).

20 Sanda, F., Kawano, T. & Masuda, T. Cyclopolymerization of amino acid-based diynes
and properties of the obtained polymers. Chiral recognition and metal ion extraction.
Polym. Bull. 55, 341-347 (2005).

21 Wang, J., Zhu, X., Cheng, Z., Zhang, Z. & Zhu, J. Preparation, characterization, and
chiral recognition of optically active polymers containing pendent chiral units via
reversible addition-fragmentation chain transfer polymerization. J. Polym. Sci., Part A:
Polym. Chem. 45, 3788-3797 (2007).

22 Johnson, C. S. Jr. Diffusion ordered nuclear magnetic resonance spectroscopy:
principles and applications. Prog. Nucl. Magnet. Res. Spectr. 34, 203-256 (1999).

23 Wu, H., Kawaguchi, S. & Ito, K. H-1 NMR studies on intermolecular association of
amphiphilic cationinc polyelectrolyte micelles induced by hydrophobic conteranions in
water. Colloid Polym. Sci. 283, 636-645 (2005).

24 Brand, T., Cabrita, E. J. & Berger, S. Intermolecular interaction as investigated by NOE
and diffusion studies. Prog. Nucl. Magnet. Res. Spectr. 46, 159-196 (2005).

25 Bagno, A., Rastrelli, F. & Saielli, G. NMR techniques for the investigation of solvation
phenomena and non-covalent interactions. Prog. Nucl. Magnet. Res. Spectr. 47,
41-93 (2005).

26 Zhang, Y., Li, M., Chandrasekaran, S., Gao, X., Fang, X., Lee, H. W., Hardcastle, K.,
Yang, J. & Wang, B. A unique quinolineboronic acid-based supramolecular structure
that relies on double intermolecular B-N bonds for self-assembly in solid state and in
solution. Tetrahedron 63, 3287-3292 (2007).

Polymer Journal



	Chiral interaction between aromatic aldehydes and a polymer bearing large chiral rings obtained by cyclopolymerization of bisacrylamide
	Introduction
	Experimental procedure
	Materials
	Measurements

	Results and discussion
	CD spectroscopy analysis of mixtures of poly(1) and aromatic substrates
	NMR spectroscopy analysis of interactions between poly(1) and aromatic aldehydes

	Conclusions
	References




