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Herein we present the first unequivocal evidence of the ability

of isotactic N-alkyl acrylamide oligomers to assume self-

assembled sheet-like structures that are reminiscent of protein

b-sheets.

Poly-N-acrylamides as a class of functional polymers have come

into prominence primarily due to their enormous potential for

high-technology applications in various fields.1 Further interest in

this class of polymers stems from the fact that the reversible

thermo-precipitation displayed by some of the members in the

class has close proximity, mechanistically, to protein denatura-

tion.2 Notwithstanding the considerable advancement made in the

understanding of poly-N-alkyl acrylamide tacticity,3 its exact

correlation with conformational and hydrogen-bonding propen-

sities largely remains to be clearly understood.4

In this communication, we present the first unequivocal evidence

of the ability of isotactic N-alkyl acrylamide oligomers to assume

self-assembled sheet-like structures that are reminiscent of protein

b-sheets.5 Remarkably, such a structural feature for isotactic

N-alkyl acrylamide oligomers/polymers has never been considered

before, even by computer modeling studies. The robust supramo-

lecular self-assembly-driven sheet formation is clearly evident even

under a non-propitious environment, as seen in the crystal

structure of a sterically demanding isotactic N-methyl acrylamide

oligomer 1e (vide infra). The result described herein will have far

reaching implications in the deeper understanding of the correla-

tion between poly-N-alkyl acrylamide-tacticity, conformation and

hydrogen bonding propensities. Furthermore, this finding also

provides new insights that can be used to guide future attempts to

engineer oligo-N-acrylamide-based novel protein secondary struc-

tural mimics that exclusively employ side chain amide groups for

their secondary structure stabilization.5

In an effort to provide insights into the relationship between

poly-N-acrylamide tacticity and conformation, we set out to

generate a series of N-acrylamide oligomers of well-defined length

and backbone stereochemistry by non-polymerizing synthetic

strategies6 and correlate unambiguously their conformational

preferences and hydrogen bonding propensities with the backbone

stereochemistry (tacticity). Herein we report the synthesis, and

structural studies of a series of N-alkyl acrylamide tetramers 1a–e

(Fig. 1) having the side chain amide groups in a 1,3 syn

configuration (isotactic) and show unambiguously by single crystal

X-ray diffraction and NMR studies that such a stereochemical

arrangement on the oligomer backbone can lead to the formation

of self-assembled sheet-like structures.

N-Alkyl acrylamide tetramers 1a–e were synthesized by multi-

step non-polymerizing synthetic procedures, in moderate yields. It

should be noted that synthesis of N-alkyl acrylamide oligomers

(telomers) of well-defined length/size by polymerizing strategies

continues to be an overwhelming challenge and diverse efforts

made in the past to synthesize N-alkyl acrylamide oligomers, larger

than dimers, by various polymerizing strategies have so far been

unsuccessful.6 4,6-Bis-methoxycarbonyl-nonanedioic acid dimethyl

ester 3, a key intermediate in the synthesis of the N-acrylamide

tetramers 1a–d, was synthesized by a modified Robinson protocol

as follows (Scheme 1, details in ESI{). The b-keto ester 2,7

obtained by the reaction of methyl acetate with methylacrylate in

the presence of LDA at 278 uC, was subjected to a one-pot DBU-

mediated Michael addition-ring opening reaction sequence by

reacting it with methylacrylate in methanol to afford the tetra-ester

3 in good yield. The tetra-acrylamide 1a could be readily obtained

in excellent yield by the amidation of the ester 3 with saturated

methylamine solution in methanol. Similarly, 1b was obtained by

reacting 3 with excess hydrazine in methanol. The tetra-acrylamide

oligomers 1c and 1d were obtained by following the acyl azide

procedure (method B), a strategy extensively used in solution-

phase peptide coupling. The tetra-acrylamide oligomer 1d could

also be obtained by the reaction of tetra-ester 3 with AlMe3-

isobutyl amine complex (method A),8 though the low yield of this

strategy discouraged its further application in the synthesis of other

oligomers.
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Fig. 1 Isotactic N-alkyl acrylamide tetramers 1a–e synthesized by multi-

step non-polymerising synthetic procedure.
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The tetra-acrylamide oligomer 1e having terminal gem-

disubstitution was obtained in high yield, following a different

strategy using Mukaiyama–Michael addition9 as a key reaction

step (Scheme 2). Tetra-n-butylammonium bibenzoate (TBABB)-

catalyzed10 bis-conjugate addition of silyl ketene acetal 7 to the

a,b-unsaturated bis-olefin 6, obtained in three steps from methyl

acrylate through a Baylis–Hillman protocol,11 furnished cleanly

the terminal gem-disubstituted tetra-ester 8 in 88% yield.

Presumably due to high steric hindrance, the amidation of the

terminal gem-disubstituted tetra-ester 8 could be carried out only

under drastic conditions (steel bomb, 75 uC, 4 days).

The oligomers 1a–e were highly resistant to yield to crystal

formation under ordinary conditions used for crystallizing small

organic compounds, as most of them formed gels in various

organic solvents (SEM images in ESI{). However, 1a and 1e could

be forced to yield crystals suitable for single crystal X-ray

diffraction studies by slow evaporation of a mixture of water

and ethylene glycol, a condition frequently used for crystallizing

proteins.12 1a crystallized in triclinic space group P-1. Analysis of

the single crystal X-ray diffraction data revealed a fascinating self-

assembled arrangement of the isotactic N-methyl acrylamide

tetramer 1a in the solid state (Fig. 2).

The self-complementary individual strands of 1a undergo self-

assembly through intermolecular N–H…OLC hydrogen bonding

interactions forming 16-membered ring hydrogen-bonded net-

works. The hydrogen-bonding interactions are stronger with

D–H…A distances [d(N–H…O)] in the range 1.95–1.99 Å and

the D–H…A angle [/(N–H…O)] in the range 173–179u. The

N-methyl groups of the adjacent self-assembling modules are

uniformly separated by the a-axis translation (4.897 Å). Further,

we also note the fraying of the terminal amide groups, presumably

due to the absence of further substitution at the terminal

a-methylene carbons connecting them.13 The isotactic N-methyl

acrylamide oligomer 1e, having gem-disubstitution at both the

terminal methylene carbons, crystallized in orthorhombic space

group P212121. Analysis of the crystal data revealed a self-

assembled arrangement of the self-complementary individual

molecules through intermolecular N–H…OLC hydrogen-bonding

interactions forming 16-membered ring hydrogen-bonded net-

works, as found in 1a. However, unlike in 1a, fraying of both the

terminal amide groups is prevented in 1e, apparently due to gem-

disubstitution at the terminal methylene carbons (Thorpe–Ingold

effect).14

Presumably due to supramolecular self-assembly,15 the isotactic

N-acrylamide oligomers 1a–e were highly insoluble in non-polar

solvents under ambient conditions, which impeded the solution-

state NMR investigations of the self-assembling process in such

solvents. However, the terminal gem-disubstituted isotactic

oligomer 1e readily dissolved in polar solvents such as water and

Scheme 1 Synthesis of 1a–d. Reagents and conditions: (a) LDA, THF,

278 uC; (b) methyl acrylate, THF, 278 uC; (c) methyl acrylate, MeOH,

DBU, 40 uC, 36 h; (d) MeOH, MeNH2, RT, 24 h; (e) AlMe3, isobutyl

amine complex, toluene, 90 uC, 12 h; (f) H+; (g) NH2NH2, MeOH, RT,

24 h; (h) NaNO2, AcOH, 5N HCl, DCM; (i) R1NH2, Et3N, DMAP, RT.

Scheme 2 Synthesis of 1e. Reagents and conditions: (a) CH2O (37 wt.%),

aq. Et3N, 60 uC, 6 h; (b) 48% HBr, H2SO4, DCM, 12 h; (c) methyl

acrylate, DABCO, RT, 7 days; (d) TBABB (3 mol%), THF, RT, 1 h; (e)

1 N HCl : THF (1:9); (f) MeOH, MeNH2, steel bomb/75 uC, 4 days.

Fig. 2 Single crystal X-ray structures of 1a (top) and 1e (bottom)

showing arrangement of the individual strands in the hydrogen-bonded

self-assembled sheet-like supramolecular network. H-bonding is high-

lighted in black dots. Colour: C green, H grey, N blue, O red.
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DMSO, under ambient conditions. The one-dimensional 1H

NMR (500 MHz) spectra of 1e, in H2O : D2O, (90 : 10, v/v),

and DMSO-d6 were highly dispersed and showed a single set of

well-resolved signals, suggesting the existence of a single conformer

in these solvents. The observed nOe pattern in two-dimensional

nuclear Overhauser spectroscopy (2D NOESY, Fig. 3) of 1e

(detailed data in ESI{) in both the solvents strongly suggested

the prevalence of its solid-state extended conformation (of the

individual molecule) in solution-state as well. Interestingly, the nOe

patterns in both the solvents had a close resemblance to one

another, implying that 1e displays similar conformational features

in both DMSO and H2O.

In summary, the result reported herein constitutes the first

unequivocal evidence of the ability of isotactic N-alkyl acrylamide

oligomers to undergo hydrogen-bond-mediated supramolecular

self-assembly, even under a non-propitious environment, forming

robust sheet structures that are reminiscent of protein b-sheets.5

The findings, supported unambiguously by single crystal X-ray

diffraction (see crystal data{) and 2D NOESY studies, would fuel

intense research interests in delineating the exact correlation

between poly-N-acrylamide tacticity, conformation, and hydrogen

bonding propensities. In addition, this finding also provides new

insights that can be used to guide future attempts to engineer oligo-

N-acrylamide-based novel protein secondary structural mimics

that exclusively employ side chain amide groups for their

secondary structure stabilization.5 Interestingly, a prominent

question pops up eventually: what would have been the

conformation and consequently the hydrogen-bonding arrange-

ment if the oligo-N-alkyl acrylamide carbon backbone had the

amide side chains in an 1–3 anti (syndiotactic) configuration? In

order to answer such a question unambiguously, it is essential to

generate N-alkyl acrylamide oligomers having the amide side

chains in an 1,3 anti configuration; a work that we are rigorously

pursuing at present.
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Fig. 3 Partial 2D NOESY spectra (500 MHz) of 1e in H2O : D2O (90 :

10). For aiding spectral interpretation, the crystal structure of 1e with

selected labelled atoms is also shown. (a) Single crystal X-ray structure. (b)

Partial spectrum showing nOe of NH vs. aliphatic region. (c) Partial

spectrum showing nOe in aliphatic region (1.1–2.4 ppm).
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