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Optimizing side chains for crystal growth from water: case study
of aromatic amide foldamers

Xiaobo Hu,? Simon J. Dawson,? Pradeep K. Mandal,? Xavier de Hatten,? Benoit Baptiste,>* and Ivan

Huc*?

The growth of crystals of aromatic compounds from water much depends on the nature of the water solubilizing functions

that they carry. Rationalizing crystallization from water, and structure elucidation, of aromatic molecular and

supramolecular systems is of general value across various fields of chemistry. Taking helical aromatic foldamers as a test

case, we have validated several short polar side chains as efficient substituents to provide both solubility in, and crystal

growth ability from water.

New 8-amino-2-quinolinecarboxylic acids bearing charged or neutral aminomethyl,

carboxymethyl, sulfonic acid, or bis(hydroxymehyl)-methoxy side chains in position 4 or 5, were prepared on a multigram

scale. Fmoc protection of the main chain amine and suitable protections of the side chains ensured compatibility with solid

phase synthesis. One tetrameric and five octameric oligoamides displaying these side chains were synthesized and shown

to be soluble in water. In all cases but one, crystals were obtained using the hanging drop method, thus validating the initial

design principle to combine polarity and rigidity. The only case that resisted crystallization appeared to be due to exceedingly

high water solubility endowed by eight sulfonic acid functions. The neutral side chain did provide crystal growth ability from

water but contributed poorly to solubility.

Introduction

Structure elucidation is a necessary step to understand
structure-property relationships and the design of functions at
the molecular level. Among other techniques, X-ray
crystallographic analysis provides unsurpassed accuracy and
stands out as a direct way to gather structural information and
to make further design possible. The first and main difficulty of
crystallographic analysis is crystal growth. In particular, there is
a perception — possibly a misperception — by organic chemists
that growing crystals from water is difficult, despite the
availability of multiple methods, commercial kits and additives
that have been developed to crystallize complex
biomacromolecules® and metallo-organic structures.?2 Water is
a most relevant medium in which to elicit molecular and
supramolecular functions. Indeed, there is a notable trend in
supramolecular chemistry and host-guest chemistry to shift
from traditional organic solvents to protic media including
water.3 If the main structure elucidation method was
complicated in water due to difficult crystallogenesis, this would
constitute a true bottle neck. In the following, we report our
own difficulties in growing crystals of aromatic amide foldamers
suitable for x-ray crystallographic analysis from water and how
we successfully overcame these difficulties through the design
of short and polar side chains that promote both high solubility
in water and high crystal growth ability. This work constitutes a
case study focused on aromatic helical foldamers, but it
certainly has a general value for the crystallization from water
of innumerable aromatic molecular and supramolecular
systems across various fields of chemistry.

In the past two decades, aromatic foldamers and in
particular aromatic amide foldamers have emerged as a new
class of folded molecular architectures distinct from peptidic
and nucleotidic structures.* Aromatic amide foldamers have
been designed to adopt a variety of shapes, including helices,>
macrocycles,® sheets,” linear and zig-zag® ribbons, as well as
bundle-like architectures.® They give access to structures
beyond the reach of biopolymers and find applications in e.g.
molecular recognition.19 Folding in these systems is driven

firstly by polar interactions such as hydrogen bonds and local
electrostatic repulsions, and secondly by interactions
associated with aromatic stacking. By and large, aromatic amide
foldamer structures have been characterized in organic solvents
from which they crystallize well. Crystal growth ability of these
systems, including some of the largest non-biological molecules
ever crystallized,®1! is assigned to their high conformational
stability in organic solvents and to the use of appropriate side
chains. In particular, the isobutoxy side chain has proven
extremely useful in that it endows foldamers with both high
solubility in organic medium and a high crystal growth
ability.5b,5d-8,6d,7.9,10a,11 This observation can be related to the
numerous crystal structures of lipophilic peptides and pseudo
peptides that often contain short branched side chains such as
leucine or valine residues.1?

Aromatic amide foldamers may be composed of diverse
units including benzene, pyridine or anthracene based
monomers. Oligoamides of 8-amino-2-quinolinecarboxylic acids
(Q) as those shown in Figure 1 form very stable helices spanning
two turns every five units that have been characterized in
solution?3 and in the solid state.>® Intrigued by the potential use
of these medium-sized objects in a biological context, we and
others have started to explore their interactions with nucleic
acids® and proteins’®> as well as their cell penetration
properties.’® In parallel, other groups have focused on rod-like
architectures for protein surface recognition.l’ A first step was
to endow Q, oligomers, a priori very hydrophobic molecules,
with high (millimolar range) solubility in water. This was
successfully achieved by introducing cationic (Q°™) or anionic
side chains (QAsp),16:18 3s well as neutral oligoethylene glycol
side chains (QTe8).1° Remarkably, we found that the helical
conformations were considerably more stable in methanol than
in non protic organic solvents, and were further stabilized upon
adding water presumably due to the hydrophobic component
associated with aromatic stacking,®@ to eventually result in
kinetic inertness of some P and M helices in pure water.1°¢ This
property should have been an advantage for growing crystals,
but a considerable number of attempts all proved unsuccessful.
Regardless of their length, neither anionic, nor cationic nor



zwitteranionic helical sequences yielded crystals suitable for x-
ray analysis. This was despite the use of multiple screens and a
great deal of experience including success at solving difficult
cases.?0 In the best scenarios, crystals were obtained that could
be shown to be of the foldamers but that did not diffract
sufficiently or were polycrystalline. Eventually, crystal
structures of the helical foldamers were obtained from water
when these were bound to the surface of a protein or a nucleic
acid.14b15a  |n  the case of linear aromatic foldamers,
crystallization from water has been achieved through the
assistance of transition metal coordination.?! A few other
structures of water soluble oligomers have been reported.?2
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Figure 1. Structures of (a) Q®* and (b) Q¥** amino acid monomers, and summary of (c)
aromatic amide foldamer sequences 1 - 6. New side chains developed in this study are

shown in red. The terminal 8-nitro group of oligomer 3 replaces the terminal NH function.

We hypothesized that the reason for these failures might be
the relative flexibility of the side chains of QAsP and Q°™. Flexible
groups create an entropic barrier to crystallization. They give
rise to disorder within the crystal lattice and may perturb long
range order. This phenomenon is known to protein
crystallographers who have developed surface entropy
reduction mutagenesis, targeting mainly side chains such as
lysine and glutamates.23 In the following, we describe the design
and synthesis of new Q¥* monomers bearing short and more
rigid water solubilizing side chains, their incorporation into
octameric or tetrameric helical sequences, and the successful
growth of crystals suitable for x-ray diffraction analysis. We find
that a single atom removal from each side chain may lead to
dramatic changes in crystal growth behaviour.

Results and discussion
Monomer design and synthesis

Four new side chains for Q monomers were considered in
position 4 and, for two of them, in position 5 as well. For the
purpose of the subsequent solid supported synthesis (SPS)8 of
the oligoamide sequences, each new monomer was produced
as an Fmoc-protected amine having a free carboxylic acid
function. Furthermore, in anticipation that the targeted
monomers would serve both the purpose of solubility and
crystal growth, and thus that their incorporation in foldamer
sequences could become frequent, multigram scale syntheses
were developed.

Sulfonic acid was identified as a desirable function due to the
rich background of crystal structures afforded from aryl
sulfonates2424 including in complex with proteins.?s It is short,
rigid, very polar, and anionic over a wide pH range. Among
several possible synthetic approaches, two appeared to be
suitable to introduce a sulfonic acid on 8-amino-2-quinoline
carboxylic monomers: thiol oxidation or direct sulfonation.
Synthesis was first successful with the latter route thanks to a
short and simple synthetic protocol (Scheme 1a). Only three
steps were needed from commercially available methyl 8-
aminoquinoline-2-carboxylate to monomer 9 which has a
sulfonic acid group in position 5 (overall yield 60%). Sulfonation
is made easy by the donor effect of the amine in the para
position. Unfortunately, this eventually turned into a
disadvantage: the reciprocal electron withdrawing effect of the
sulfonic acid on the amine dramatically reduced its reactivity.
Even under harsh coupling conditions (60 °C, DBU, 9 equiv of
acid chloride, repeated couplings), chain extension from the
amine was too inefficient for SPS and the use of 9 was limited
to that of an N-terminal monomer.

The synthesis of monomer 14 was then planned (Scheme 1b)
with the expectation that a sulfonic acid in position 4 should not
alter much the reactivity of the amine function. The starting 4-
bromo-quinoline’> was first substituted by thiourea.
Subsequent hydrolysis yielded quinoline mercaptan 11. After
oxidation of the thiol and hydrogenation of the nitro group,
Fmoc protection was installed to afford monomer 14. Particular
care must be taken to control temperature during the oxidation
step with hydrogen peroxide because of the inherent risk of
explosion associated with this reagent, in particular on large
scales. All reactions proceeded efficiently, yet the overall yield
was not as high as expected. This was mainly because of the
high polarity and water solubility of the sulfonic acid
intermediates, which impeded the use of classical work-ups
such as extraction or column chromatography. For example,
water solubility was surprisingly high for the Fmoc-protected
final product 14 which proved difficult to extract and even
harder to isolate by chromatography. Isolation was eventually
achieved by direct precipitation from the reaction mixture but,
by this method, high purity was possible only by collecting part
of the material.
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Scheme 1. Synthesis of a) Fmoc-Q%©H-OH (9) and b) Fmoc-QS°3H-OH (14).
Reagents and conditions: (a) CISO3TMS, dioxane, 100 °C, overnight; (b) NaOH,
THF/H,0, r.t., 1h; (c) Fmoc-Cl, dioxane/H,0, 0 °C to r.t., overnight; (d) Thiourea,
acetone, reflux, overnight; (e) NaOH, MeOH/THF, r.t., 3h; (f) 30%
0°C, 2h; (g) H,, Pd/C, MeOH, r.t., 1d.

We initially thought that sulfonic acid protection would be
necessary during SPS, but this proved not to be the case. This
was fortunate because our trials to make sulfonate esters were
all unsuccessful. Thus, the activation of 14 into a carbonyl
chloride and its coupling to amines proceeded normally. The
SPS procedure nevertheless required some slight changes: once
one or more monomer 14 have been added to a sequence, the
sulfonic acid may retain some of the piperidine used for
subsequent Fmoc deprotections, even after several solvent
washes. Being a secondary amine, piperidine may consume part
of the acid chlorides added in the next steps, causing a drop in
yield that we found to be disastrous when multiple sulfonic
acids were present. To address this problem, an additional
DIPEA wash after Fmoc deprotection was introduced in the SPS
protocol to exchange piperidine with DIPEA.
isobutoxy group at
promoting both solubility in, and crystallization from organic
solvents,>b.5d-6d,7,9,10a,11 gyjded the design of monomer 19
(Scheme 2). It was hoped that the branching along with two
hydroxyl functions of a side chain derived from 2-
hydroxymethyl-1,3-propanediol may result in similar properties
in aqueous media. The identification of a protecting group
suitable for SPS proved to be delicate. Acetals were found to be
too acid labile (cleavage during acid chloride activation with
Ghosez’s reagent!8) or not enough (low lability in presence of
TFA). Eventually, the di-tert-butylsilylene (DTBS) group was
found to be stable during monomer synthesis and under SPS
conditions. It resists TFA treatments normally used for resin
cleavage but can conveniently be deprotected in the presence
of TBAF. The preparation of 19 entailed usual protocols for side
introduction.5b-15a,16a,18a Mitsunobu reaction,
saponification, hydrogenation and Fmoc installation provided
19 in an overall 45% yield. SPS proceeded normally (see below).

The extraordinary success of the
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Scheme 2. Synthesis of Fmoc-Qd°!(°™5)-0H (19). Reagents and conditions: (a) DTBS
ditriflate, anhydrous pyridine, anhydrous THF, -78 °C to r.t., 4h; (b) 15, DIAD, PPhs,
anhydrous THF, 0 °C to 50 °C, 5h; (c) LiOH, THF/H;0, r.t., 1h; (d) H,, Pd/C, THF, r.t.,
overnight; (e) Fmoc-Cl, dioxane/H,0, 0 °C to r.t., overnight.

The series of polar side chain functionality was further
expanded from sulfonic acid (14) and diol (19) to ammonium (25,
Scheme 3) and carboxylic acid (31 and 36, Scheme 4). The
purpose was to cover a range of functionalities and to provide
side chains resembling those of QA and Q°™ which have
proven to be useful in nucleic acid recognition!* and protein
recognition,15cd yet being shorter and therefore more rigid. A
novel feature in this chemistry shared by the aminomethyl chain
of 25 and the carboxymethyl chains of 31 and 36 is that they are
connected to the quinoline ring by a carbon-carbon bond. In the
context of biological applications, this linkage may confer a
better metabolic stability than hydrolytically cleavable ethers,
but the validation of this hypothesis is beyond the scope of the
present study.

The synthesis of 25, equipped with a Boc-protected side chain
amine and an Fmoc-protected main chain amine, s
straightforward (Scheme 3). The yield of each step was above
90% on a multi gram scale. It is noteworthy that the protocol
required no column chromatography which should make scale
up easy. All six steps of the synthesis and final purification can
be achieved in one week with an overall yield as high as 75%.
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Scheme 3. Synthesis of Fmoc-Q'HB°9-OH (25). Reagents and conditions: (a) Tf,0,
anhydrous pyridine, anhydrous DCM, r.t., overnight; (b) KCN, Pd(PPhs),, anhydrous
toluene/DMF, 100 °C, 2h; (c) H,, Pd/C, AcOH/THF, r.t., overnight; (d) Boc,0, DIPEA,
DCM/CH3CN, r.t., overnight; (e) LiOH, THF/H,0, r.t., 1h; (f) Fmoc-Cl, dioxane/H,0, 0 °C to
r.t., overnight.

In contrast, the syntheses of 31 and 36, which possess a
carboxymethyl side chain protected as an acid labile tert-butyl
ester, was less easy. The key step is the aryl-alkyl carbon-carbon
bond formation via a Pd-catalyzed a-arylation of the zinc
enolate of tert-butyl acetate.2® The synthetic route and
conditions were first developed and optimized for monomer 31



(Scheme 4a). In order to install the side chain in position 5, the
5-bromo quinoline precursor 28 was prepared in three steps
from commercial 5-bromo-2-nitroaniline. The substitution of
the bromide by freshly prepared Reformatsky reagent 2-tert-
butoxy-2-oxoethyl zinc (ll) bromide is delicate. The key to
success was to strictly avoid oxygen. Operating this reaction in
a glove box helps ensure a high and reproducible yield and
avoids wasting costly catalyst and precursors. The purity of
product 29 was found to be crucial to obtain a final Fmoc
monomer sufficiently pure (> 97%) for multi-step SPS coupling.
Indeed, amino acid 30 and final product 31 are both difficult to
purify. When all necessary care is taken, monomer 31 can be
prepared on a 10 g scale with a yield of 7% over six steps.

Introduction of the same carboxymethyl side chain in
position 4 was achieved starting from methyl 4-bromo-8-
nitroquinoline-2-carboxylate which was prepared following
previously published protocols.’>@ Synthesis was initially
considered from the methyl ester via its subsequent
saponification (LiOH) or demethylation (Lil). However, in both
cases, purification of the final product 36 was problematic,
possibly due to some tert-Bu ester cleavage. Instead, the two-
step introduction of a benzyl ester proved to be rewarding
(Scheme 4b). The subsequent aryl-alkyl cross-coupling,
combined benzyl ester hydrogenolysis and nitro group
hydrogenation, and final Fmoc introduction all worked as for
compound 31. Monomer 36 was obtained in good purity (RP-
HPLC purity > 97%) and good yield (overall 31% after 5 steps)
without any column chromatography purification. The synthesis
of sequences comprised of this monomer was successful (see
below). However, we found that decarboxylation of the side
chain may occur under relatively mild conditions for the C-
terminal monomer, for example in pure DMSO at room
temperature.?” We suppose that this decarboxylation is assisted
by the neighbour main chain terminal carboxylic acid function
(Scheme 4c). The use of this monomer is thus fine within an
oligoamide sequence but it should be avoided as a C-terminal
unit. In principle, such decarboxylation may also occur under UV
irradiation.2® Although we did not encounter any degradation
under normal laboratory conditions, protection from UV light is
advised.
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Scheme 4. Synthesis of a) Fmoc-Q3¢02(t84)-0H (31) and b) Fmoc-Q°2(tBu-OH (36). Reagents
and conditions: (a) Ethylvinylether, H,SO4, AcOH, 70 °C to 120 °C, 30min; (b) SeO,,
pyridine, 80 °C, 2d; (c) Benzyl bromide, K,CO;, DMF, r.t., 12h; (d) 2-tert-butoxy-2-
oxoethyl zinc (ll) bromide, bis(dibenzylidene acetone)-palladium [0], 1,2,3,4,5-
pentaphenyl-1’-(di-tert-butylphosphino)ferrocene, THF, 70 °C, 12h; (e) H,, Pd/C, THF, r.t.,
1d; (f) Fmoc-Cl, dioxane/H,0, 0 °C to r.t., overnight; (g) LiOH, THF/H,0, r.t., 1h; (h) 2-tert-
butoxy-2-oxoethyl zinc (I1) bromide, bis(dibenzylidene acetone)-palladium [0], 1,2,3,4,5-
pentaphenyl-1’-(di-tert-butylphosphino)ferrocene, anhydrous THF, r.t., 4h. c) Possible
decarboxylation mechanism.

Oligomer synthesis and crystallography

In order to test the effect of these new side chains on the
solubility and crystal growth ability of oligomers in water,
oligoamides 1-6 (Figure 1) were synthesized from Fmoc acid
monomers 14, 19, 25, 31, 36 and Fmoc-Q®Me-OH using the
previously reported SPS methods!® (see Supporting
Information). As discussed above, the amino group of monomer
9 was too unreactive to elongate an oligoamide sequence. This
monomer is only suitable as an N-terminal unit which much
limits the scope of its applications. Also, as mentioned above,
we have observed decarboxylation of the carboxymethyl side
chain in position 4 when placed at the C-terminus of the
sequence (as in monomer 36, see Scheme 4c). This degradation
is faster in DMSO and in aqueous acidic medium but it does not
occur during TFA mediated resin cleavage and side chain
deprotection. Fortunately, it is very slow under slightly basic
conditions (pH > 8). According to LC-MS monitoring, sequence 6
had undergone less than 5% degradation after six months. The
recommendation is nevertheless to avoid placing this monomer
at the C-terminus. Eventually, all oligomers but sequence 1
produced crystals from aqueous media by a standard hanging
drop technique (see Supporting Information for crystallization
conditions).



Tetraamide 3 derived from the branched neutral diol side
chain was synthesized first. SPS as well as side chain
deprotection and RP-HPLC purification proceeded smoothly
(Figure 2b and Supporting Information). The product, however,
had a disappointingly low solubility in water, barely reaching 1
mM. This was enough to measure an NMR spectrum, but we
inferred that this side chain, while compatible with water, does
not confer sufficient water solubility to help dissolve sequences
that would also contain hydrophobic residues. Nevertheless,
crystals of 3 grew, though not from pure water but from an
acetonitrile/aqueous ammonium sulfate mixture. The design
that led to propose a branched di-hydroxyl side chain by
analogy with the isobutyl group thus proved to be valid. The
structure could be solved and is shown in Figure 2c. It is
centrosymmetric and thus contains both right-handed (P) and
left-handed (M) helices. Helices of each handedness pile-up in
head-to-tail infinite stacks. Side chains are projected away from
the helices. Inter-helix hydrogen bonds occur directly. Some
inter-helix contacts also appear to be mediated by hydrophobic
patches of the main chain and side chains (Figure 2c bottom).
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Figure 2. Formula (a), RP-HPLC chromatogram (b) and crystal structure (c) of 3.
Carbon, nitrogen and oxygen atoms are shown in green, blue and red, respectively.
Hydrogen atoms have been omitted for clarity. C- and N-termini and helix
handedness are indicated in cartoons.
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Figure 3. (a) Formulae of octamers 4-6. Diffraction pattern (b) and crystals (c) of 4. Crystal structures of 5 (d) and 6 (e-f). In (d), some side chains have been omitted for clarity.
Hydrogen bonds (dashed grey lines) connect two stacked helixes of 6 at their C-termini (f). Carbon, nitrogen, and oxygen atoms are shown in green, blue, and red, respectively.

Calcium is shown as purple balls. Hydrogen atoms have been omitted for clarity. C- and N-termini and helix handedness are indicated in cartoons.

Several of the features of the structure of 3 were found to be
recurrent in other crystals: the centro-symmetrical nature of
the lattice which is common in racemic foldamer helices1022°
and the tendency of the helices to form cylindrical stacks that
hide the hydrophobic aromatic cross-sections.152150.30 For
oligomers 4-6, crystals grew easily. Disappointingly, none of the

datasets recorded for crystals of cationic octaamide 4 could be
solved, even though crystal growth was the fastest for this
sequence (3 days) and two differently shaped crystals were
obtained (Figure 3c). Resolution (at best 1.48 A) remained too
low to solve the structure using ab initio methods and molecular
replacement was never successful in our hands despite the



availability of high quality models. The diffraction frames
(Figure 3b) with intense diffraction near 3.5 A and unit cell
dimension unambiguously indicated the presence of the
oligoamide in the lattice. We considered this to be sufficient
evidence to validate our design approach, and therefore we did
not proceed further with efforts to solve the structure of this
particular sequence.

Single crystals of 5 suitable for X-ray crystallographic analysis
were obtained from a Ca(OAc), solution. This time, the
arrangement of the helices within the cylindrical stacks were
head-to-head, thus creating two distinct interfaces: N-terminus
to N-terminus, and C-terminus to C-terminus (Figure 3d). This
arrangement is held together by calcium bridges involving side
chains carboxylates of different helices and a main chain C-
terminal carboxylate. In fact, calcium chelates almost all
carboxylate functions in the structure, bridging the side chains
to other helices or to amide carbonyl groups of the same helix.

X-ray quality crystals of 6 were obtained under conditions
different from those that yielded crystals of 5, despite the
related nature of their side chains (see Supporting Information).
This structure was resolved as shown in Figure 3e. In the
absence of calcium bridges, hydrogen bonds between helices
seems to be a prevalent interaction in the crystal lattice,
including at the C-terminus/C-terminus aromatic interface
within the stacks where hydrogen bonds form between
carboxylic acid and quinoline functions (Figure 3f). Other
differences between the structures of 5 and 6 include the
packing of the helices, which is pseudo-hexagonal in the
structure of 6 (Figure S3), whereas it is square for 5.

The difference of crystallization behaviour between on one
hand oligomers 5 and 6, and on the other hand oligomers
containing the QAs* monomer!8 is noteworthy. The side chains
of Q”sP is only a single oxygen atom longer than those of 5 and
6. In absolute terms, the side chain of QA% is not very flexible;
for such aryl-alkyl ethers, rotation about the aryl-oxygen bond
is restricted and the first carbon of the side chain is generally
found in the plane of the quinoline ring (see the structure 3 in
Figure 2). In addition, the side chain of Q”sP is isosteric to an
isobutoxy group that provides crystal growth ability from
organic solvents. The different effects of -OCH,CH(CHs), in
organic solvents and -OCH,CO,~ in water may reflect the
involvement of solvent or counter ions effects in addition to the
inherent flexibility of the side chain. In water, shortening -
OCH,CO,;~ to -CH,CO,~ is found to greatly facilitate
crystallization.

Another feature worthy of comment is the potential role of
the diethyleneglycol tail 4-6. Its intended purpose was not to
enhance solubility in water. A single short tail has little influence
on the solubility of such large molecules and even multiple
ethylene glycol side chains do not provide solubility in pure
water if they are not long enough.1%b The intended purpose
was to attempt to decrease aggregation in solution through
stacking of the aromatic cross-section of the helices that we
have observed to occur in water,> in particular to obtain sharp
NMR spectra in water. The effect of ethylene glycols chains on
crystallization is presumed not to be favourable, as opposed to
terminal nitro groups (as in 3) that are present in the crystal

structures of many organic soluble aromatic foldamers. The
crystallization of 4-6 thus occurred despite the presence of a
diethylene glycol tail. Also, the structures of 5 and 6 reveal that
the tail is not effective at preventing stacking of the aromatic
cross-sections of the helices in the solid state.

In the sulfonic acid series, octaamides 1 and 2 bearing eight
and four sulfonic acid groups, respectively, were synthesized
from monomer 14 and Fmoc-Q®Me-OH. Octamer 1 was
synthesized first and, quite disappointingly, did not yield any
crystal. Instead, crystals of additives (e.g. salts) recurrently grew
from the hanging drops. This observation hinted at a possible
high solubility of 1 which we endeavoured to rigorously assess
(see Supporting Information). Remarkably, solubility in basic
and neutral aqueous solutions was so high that we failed to
reach saturation with the limited amount of material available.
We then measured a maximum solubility of 1 of 108 mM in 0.1
M aqueous HCI. The absence of crystals of 1 was thus not due
to direct detrimental effects of sulfonic acid residues but due to
enhanced solubility. Oligomer 2 was thus designed in which four
sulfonic acid side chains have been replaced by four
hydrophobic side chains (-OMe). Oligomer 2 was still well
soluble in water, but it eventually crystallized from a CacCl,
aqueous solution after three weeks. Its crystal structure could
be solved as shown in Figures 4 and 5. Packing somewhat
resembles the structure of 6 (head-to-head stacks of helices
having the same handedness in a pseudo-hexagonal
arrangement). Inter-helix interactions are mediated by: (i)
aromatic stacking between helix cross-sections; (ii) some
hydrophobic contacts between methoxy groups which form a
linear array in the crystal lattice (Figures 4 and S4); (iii)
intermolecular calcium ions and water mediated bridges
between sulfonic acids and main chain amide carbonyl groups
(Figure S4d).

Figure 4. Crystal structure of 2. Carbon, nitrogen, and oxygen atoms are shown in green,
blue, and red, respectively. Calcium is shown as purple balls. Hydrogen atoms have been
omitted for clarity. C- and N-termini and helix handedness are indicated in cartoons.
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Figure 5. (a) Formula of octamer 2. (b) Five-pointed star showing the usual positions of
side chains in quinoline-based helices counting monomers from 1 to 8. Top views of the
crystal structure of 2 (c), and of 6 (d) in which carboxylic acid side chains have been
replaced by the side chains of 2. All side chains are shown as golden (sulfonic acid) or red
balls (methoxy).

A remarkable aspect of the structure of 2 was its curvature.
Oligoamides of 8-amino-2-quinolinecarboxylic acids normally
form helices comprised of almost exactly five units per two
turns (Figure 5b). This is recurrently observed in crystals grown
from organic solvents®® and has also been shown in solution.!3
The solid state structures of water soluble 3, 5 and 6 described
above make no exception. In contrast, the structure of 2
deviates from this pattern and possesses a slightly larger
curvature —i.e. fewer units per turn —revealing a certain degree
of flexibility of these helices (Figure 5c,d). It is not clear whether
this is the result of the packing interactions mentioned above or
a direct outcome of intramolecular interactions between side
chains and the main chain (a related effect was observed upon
introduction bromine substituents in position 511).

Conclusion

In summary, synthetic protocols have been developed to
prepare quinoline monomers bearing new short polar — neutral,
anionic or cationic — side chains on multigram scales. Side chain
protections (or their absence) were made to be compatible with
SPS. One tetrameric and five octameric oligoamides displaying
these side chains were synthesized and shown to be soluble in
water. In all cases but one, crystals were obtained using the
hanging drop method, thus validating the initial design principle
to combine polarity and rigidity. The only case that resisted
crystallization appeared to be due to exceedingly high water
solubility endowed by eight sulfonic acid functions. The neutral
side chain did provide crystal growth ability from water but
contributed poorly to solubility. The difference in crystal growth
ability of oligomers 5 and 6 on one hand, and oligomers of QAsP
(Figure 1) on the other hand, is striking considering that the side
chains of the latter are just one atom longer than those of the
former.

The results presented here in the case of helical aromatic
amide foldamers may certainly be extrapolated to other
aromatic molecular and supramolecular systems. Extrapolation
to other short and rigid polar functionalities may also be
considered. These developments will be particularly useful to
elucidate structures in projects where remarkable properties of
foldamers have been observed in aqueous media, including
endomolecular recognition and double helix formation.3! Along
this line, the investigation of helix bundles constructed from
monomers bearing the new side chains is in progress in our
laboratory.
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