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ABSTRACT

Novel diastereomeric anionic amphiphiles basedhenrigid cyclobutangd-amino acid scaffold have
been synthesized and deeply investigated with thre d generating new functional supramolecular-
architectures on the basis of the rational desfgoriginal amphiphilic molecules and the controltbéir
self-assembly. The main interest has been focugeithe effect thatis/trans stereochemistry exerts on
their molecular organization and recognition. ltuiid solutions, the relative stereochemistry nyainl
influences the head group solvation and anionicgghastabilization, i.e. better stabilized in thes
diastereoisomer due to intramolecular hydrogen-tmandnd/or charge-dipole interactions. This proswoke
differences in their physicochemical behavior {pKm¢ conductivity) as well as in the structural
parameters of the spherical micelles formed. Algtoboth diasterecisomers form fibers that evolvid wi
time from the spherical micelles, they display neally different morphology and kinetics of formation
In the lyotropic liquid crystal domain, the gredtdsgferences are observed at the highest conderisa
and can be ascribed to different hydrogen-bondimgraolecular packing imposed by the stereochemical
constraints.

Remarkably, the spherical micelles of the two amiosurfactants show dramatically diverse

enantioselection ability for bilirubin enantiomehs.addition, both the surfactants form heteroagates
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with bilirubin at submicellar concentrations, buittwa different expression of supramolecular cityal
This points out that the unlike relative configuwat of the two surfactants influences their chiral
recognition ability, as well as the fashion in whichirality is expressed at the supramolecularlleye
controlling the molecular organization in both nfi@e aggregates and surfactant/bilirubin
heteroaggregates. All these differential featuras be appropriate and useful for the design and
development of new soft materials with predictadahel tunable properties, and reveal the cyclobutane

motif as a valuable scaffold for the preparatiomedv amphiphiles.



INTRODUCTION

A lot of investigations are being carried out faogsin the search of new amphiphiles with origioal
improved properties due to their growing fields agplications. They are used in supramolecular
chemistry because of their capability to self-oigarinto supramolecular nanostructures from micella
fibers to smart hydrogels, for instarfceSeveral of them are amino acid-based amphiphdegecring
absolute chirality to these molecules. This isvahd because molecular chirality seems to be ing@ipa
associated with the growth of self-assemblies withh aspect ratios and, consequently, with the
formation of hydrogel$.lIt is noteworthy that when an amphiphile contaimsre than one stereogenic
center, their relative stereochemistry strongleeif$ its ability to form nanofibers, their morphgjoand,
therefore, its gelation behavidrMoreover, amphiphile aggregates such as micellpesomes, and
Langmuir monolayers are useful models to investigmblecular and chiral recognition in complex non-
covalent polymolecular assemblies, which is a @uaspect in supramolecular chemistry. These featur
make amphiphile aggregates simple models for shgdythe organization and functions of
biomembrane&! Some investigations have used racemic mixtureapflly interconverting enantiomers,
e.g. biphenylic derivatives and bilirubin, as maskef chirality. They showed that the expression of
chirality in amphiphile self-assemblies cannot bsilg correlated with the chiral information embedd

in the monomer, but it depends on the organizaifdhe whole aggregafe.

Amphiphiles also find application in nanotechnolagd materials chemistry. For instance, conventiona
amphiphile aggregates such as micelles, rods anddlicrystals have been used as templates for
mesoporous silica and zeolite formatirOne of the first mesoporous silicas with inherritality was
achieved by using chiral sodiuNracylalanates$! Both silica and metal oxide nanostructures (ebgré
and tubes) have also been achieved by using amaspds templates, with potential applications in
nanotechnology, as optical devices, in drug dejiwerd ion sensintf*?

Further, there is a growing interest in the appibca of amphiphiles in biological and medicinal
chemistry. For example, peptide-based amphiphil@ge hbeen used in the preparation of materials
mimicking the complex structure and properties ohdl* In addition, conveniently functionalized
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amphiphiles produce assemblies that are good caedidfor drug design or they are used as soft
delivery system$® Lastly, the ability to combine bioinspired stragsgto build artificial molecular
devices with the possibility of imparting resporesi@nd tunable properties has an impressive impact o
nanoscience and soft-matter sciehice.

The chemical nature of the investigated amphiphgesianifold, although many of them are based on
natural amino acids. Besides other relevant proggefe.g. chirality, presence of ionizable groupd a
possibility of hydrogen bonding), they are biodetgtale and biocompatibf&:'°

In this context, the search for new scaffolds forpaiphile molecules, as well as the elucidation and
control of the mechanisms by which the moleculdormation is transferred to the morphology,
organization and functions of complex supramolacatahitectures, are challenging research fielde T
aim is to find out new molecular design rules amaniaster intermolecular interactions, which is @uc
for the generation of novel functional nanostruesuthrough a bottom-up strategy.

Unnatural cyclobutanp-amino acid derivatives, namely 1,2-disubstitutgdabutanes, afford a suitable
chiral frame for the preparation of diverse typésampounds. The rigidity conferred by the cyclane
ring together with the relatives or trans stereochemistry determines not only the prefeccedormation

in solution?® but the mode of aggregation of several kinds ofatumral peptide&: and functional organic
fibers> among other materials. Thus, while oligomers csiitgj of monomers derived ofis-2-
aminocyclobutane-1-carboxylic acid adopt extendedfarmations in solution as the consequence of
intra-residual hydrogen-bondifigthe analogoutrans-oligomers give rise to the formation of helicegdu
to inter-residual hydrogen bon#&fsin both cases, secondary structures result froenfommation of
intramolecular hydrogen-bonds (see Chart S1 in Big influence otis/transstereochemistry has also
been manifested in the tendency of cyclobutaneatoing 3-dipeptides to assemble into nanoscale fibers
that interact with one another (non-covalent irdBoas) to form solid-like networks. In this casmth
experimental and computational studies suggestatiffarent gel packing as the result of distinct
molecular arrangements in the self-assembly foonagirocess leading to helical structures correspgnd

to hydrogen-bonded single chaffis.



In this work, we report on the preparation and gtofl new chiral cyclobutan@-amino acid-based
amphiphiles (Figure 1a) accounting for the influeraf cis/trans stereochemistry on their molecular
organization and chiral recognitio@is- andtrans-anionic surfactants were investigated regarding their
aggregation behavior in water as well as theiritghtid form lyotropic liquid crystals. The expressiof
chirality in their aggregates was investigated toylging the chiral recognition of bilirubin. In athses, a

strong effect of the relativas/transstereochemistry was evidenced.
EXPERIMENTAL SECTION

Synthesis ofN-lauroyl amphiphiles. The detailed synthesis and characterization ofastahtsl and

their precursors are reported in Sl.

Sample Preparation. The aqueous samples for surface tension were neepday successive dilution
starting from a concentrated mother solution (~V8t26) obtained by direct weighting of the surfatta
and Millipore water (~ 32.1 mg in ~ 0.97 g of watérhe concentration range investigated was between
0.05 and 100 mmol KY All measurements were performed at 25°C at whioth surfactantd are
totally soluble in water at the investigated conraions, indicating that their Krafft Points areldw
25°C. Samples for pH and conductometric titratiarese prepared by adding successive aliquots of a

surfactant mother solution (~ 100 mmolKdo a known volume of Millipore water.

Surface tension measurements he surface tension of small volumes was measusid) a home-made
pendant drop tensiometer which analysis is basdtie@application of the Young-Laplace equation® t
drop profile ?° In this technique, a surfactant solution droprisated at the end of a straight cut tiny
Teflon tube, which has an internal diameter of /@ and an external diameter of 1.58 mm. The image
of the drop is recorded using a web cam (640x486lgj and corrected for spherical aberration. Titog d
profile is then extracted from the corrected dnoge after background subtraction. The dropletazont

is taken at the point of maximum slope of the istgn This contour is fitted to the Laplace-Young
equation using a home-made Golden Section Seamgbrikim. The input parameters of this algorithm

are the reference framework, an angular corredborthe vertical alignment, the radius of the dedpt



the apex, the deformation parameter, and the adiif tension. Care was taken to ensure a saturated
humidity atmosphere to prevent evaporation. Tentperawas maintained at 25.0+0.5 °C. Pure water
surface tension measurements were found in a m@fig@+2.0 mNnit. Further checking of the setup with
ethanol found values of 21.2+1.0 mNpboth standards agreeing with published valueg2c® mNn*

and 21.9 mNrit at 30 °C

Surface tension was followed as a function of ttithequilibrium was reached (not appreciable viia

of y) which happened within 4-5 h from sample preparati

The surface area per surfactant molecule at tleefatte was calculated from the slope of surfacsioan
versus the logarithm of surfactant concentratiant, glst before the cmc, using the Gibbs adsorption

isotherm (see main text):
An= - (10®nRT/N,) - (d/dInC)* [1]

wherey is the surface tension in NimA, is the minimum surface area expressed irf,nfhis the
surfactant concentratiorR = 8.314 J met K™, N, is the Avogadro’s number, T is the absolute
temperature, and the effective number of dissociated species pelecnte (n = 2 for the anionic

surfactant without added salt).

Conductimetry. The measurements were performed with a ThermonCGsanductimeter model 150
coupled with an Orion 011020 parallel-plate cedll(constant 0.094 ci). The cell was calibrated with
standard sodium chloride solutions. Measurement® wWene at increasing surfactant concentration to
minimize errors from possible contamination of ghectrode. The measurements were performed at 25 °C
and under nitrogen atmosphere to avoid ,C$dlubilization. Thecmc was determined from the

concentration at the intersection of the lineatipas of the conductivity versus concentration plot

pH measurements The pH measurements were performed with a Thédnmn model 720A pH-meter
at increasing surfactant concentration using amrO8103SC Ross Semimicro combination electrode.

The acid-base equilibrium was modelled by the HqunaR for a weak base, assuming dilute ideal



behaviour and complete salt dissociation. Equafiomas obtained taking into account the equilibrium

constant definition, mass and charge balancesamclwater product (see Sl for the detalils).
Co= (Ka+[H']-(Kw[H*-1) 2]

The pK, values both below themc (surfactant as monomer) and above ¢hec (apparent pK) were

evaluated by using Equation 2.

Spectroscopic measurementsCircular Dichroism (CD) spectra were recorded onlasco J-715
spectropolarimeter, using quartz cells with diffardight path (0.01-1 cm), depending on sample
concentration, in order to keep the photomultiplieitage (HT) below a 600 V on the entire waveléngt
range. UV-Vis spectra were recorded on a HP/Agi82i3 Spectrophotometer.
Small-Angle X-ray Scattering (SAXS). SAXS measurements were carried out using a S3-MICRO
(Hecus X-ray systems GMBH Graz, Austria) coupledatdGENIX-Fox 3D X-ray source (Xenocs,
Grenoble), which provides a detector focussed Xagm withh = 0.1542 nm Cu kline with more than
97% purity and less than 0.3%g.KTransmitted scattering was detected using a P8DHé&cus.
Temperature was controlled by means of a Peltig€S-G Hecus. The samples were inserted in a flow-
through glass capillary 1 mm diameter withidr@ wall thickness. The SAXS scattering curves amwsh
as a function of the scattering vector modulus:

g = (4n/2)-sin@/2) [3]
where, 6 is the scattering angle. The q values with thisiseanged from 0.08 rifto 6.0 nnt. The
system scattering vector was calibrated by meagwistandard silver behenate sample. Because of the
use of a detector focussed small beam (300 x00ull width at half maximum) the scattering curves
are mainly smeared by the detector width. This simgamainly produces a widening of the peaks
without noticeable effect on the peak positionha small angle regime. The scattering curves tpridi
samples have been background subtracted and @solute scale by comparison with a water sample
scattering’?® The instrumentally smeared experimental SAXS aiwere fitted to numerically smeared

models for beam size and detector width effectsledst squares routine based on the Levenberg-



Marquardt scheme was used. Discoidal and cylindrfoam factors were fitted using core-shell
models?**° Hexagonal liquid crystal was fitted using cylindticcore-shell form factdt and structure
factor taken from Ref. 32.

Optical and Electron Microscopy. Polarizing optical micrographs were obtained wdh Zeiss
microscope. The images were taken with a Canon FRiva¢ S90 digital camera opportunely adapted.
TEM images were recorded with a JEOL JEM 2010 dpwyat 200kV and a JEOL JEM 1400 operating
at 120kV. A drop of the surfactant solution (5 pwas placed on a carbon coated copper grid and Xite

s the excess of water was blotted off with filtappr. The images were recorded without staining.

RESULTS AND DISCUSSION

Synthesis of the cyclobutane-based amphiphiles ompoundscis- and trans-1 were prepared
following an analogous route (Figure 1b) startingni the appropriaté&l-Boc protected cyclobutarfe
amino estersis- andtrans-2, respectively, which in turn were prepared in ¢mamerically pure form as
previously reportedd Direct attempts to condensate the free amino awitts lauroyl chloride did not
work. As a matter of fact, the typical acylatiomddions used for the natural amino acids (ofteplyimg

the use of an agqueous medium) were not applicadre, ldue to the instability of the cyclobutane free

amino acids, which easily undergo ring openinguichsconditions>
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Figure 1. (a) Structure of anionic surfactants (b) Synthesis o€is- andtrans-1, reagents and conditiona; TFA, ESiH,
CH,Cl,, 0 °C, 3 h, quantitativeb: C;;H,3COCI, EgN, CH,Cl,, 0 °C, 5 h, 77%gc: 0.25 M NaOH, r.t., 5 h, 95%x:
NaHCGQ;, THF-H,0, ultrasounds, 4 h, 80%.

For that reason, we decided to perform Macylation on the corresponding amino esters. Thhes,
synthetic sequence starts with the selective remof/ahe N-Boc carbamate by treatment of fully
protected amino acid with trifluoroacetic acid in the presence og&tH. The resulting trifluoroacetate
salt, without further purification, was submittedl teaction with lauroyl chloride, in the presende o
triethylamine, to afford est&in 77% vyield over the two steps. Saponificatiortred methyl ester under
mild conditions (0.25 M NaOH) led to the formatiofh acids4 in almost quantitative yield. Finally,
treatment o# with NaHCQ in tetrahydrofurane-water under ultrasounds atitimded to the preparation
of salts1 in 80% yield. IR spectra of the sodium salts shibwee disappearance of the C=0O stretching
around 1700 cfhand the appearance of strong bands near 1600 &t chd’, corresponding to the
antisymmetric and symmetric stretching of the caytate group™ It was possible to easily verify the

complete salification (no acid remains) by compgine*H NMR spectrum of the acid and the salt in



CD3OD. In fact, the corresponding resonance femtdves somewhat from lower to higher fields with

respect to the residual proton of the solvent wgadification.

Aggregation behavior in diluted water solution.In order to investigate the aggregation behaviahef
two diastereomeric anionic surfactawts- andtrans-1 in diluted water solution, their critical micellar
concentrationdmg was determined by surface tension and condugtimgasurements. Moreover, their
acid-base character was investigated at diffenarfidstant concentrations.

The surface tensiony] of the two anionic surfactants decreases proyeygs upon increasing
concentration (Figure 2a) till a break above whichlmost levels to a constant value (~33 mN)m
Because of the small minimum found f@s-1, the sample was purified further by two recrystations
and using the foam purification methddThe minimum could not be reduced even after 24-hou
foaming, which likely suggests that its origin istrdue to the presence of hydrophobic impuritidse T
break corresponds to tloencthat was determined as the intersection of twn§tstraight lines in the
plot of y versus log c. From the slope just before the hrdak minimum area per moleculd.{ was
calculated according to the Gibbs adsorption isothgsing 2 as the number of adsorbing speciestiigece
Experimental Section). Themcand A, values for the two surfactants are reported inl@dab The area
per molecule, as obtained from the Gibbs isotheseems rather large; this could be due to the
overestimation in the number of adsorbed specied usthe equation. In fact, part of the surfactaay
lose the ionic character because of changes iagparent pKinduced by aggregation (see below). Also
we should bear in mind other possible sources rofr @ssociated with the application of Gibbs isatihe

to determine the adsorption of surfactants at fates>

Table 1.Surface and acid-base properties of surfactst@ndtrans-1 in water at 25°C

cmc(mmol-Kg") pKa An (NNT)°
Compound surface tension conductivity 1] € cmc [1] > cmc
cis-1 812 12.#2.5 4.120.05 5.520.05 1.50.1
trans-1 5+2 8.5t1.7 4.3530.05 5.720.05 1.80.1

& Determined from surface tension parameters
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Figure 2b shows the conductivity as a function le# toncentration of aqueous solutions of the two
anionic surfactants. The conductivity increaseshviiicreasing concentration and a clear inflection i
observed corresponding to thenc value. As expected, above thec the slope is lower than below,
being the large and partially charged micelles wanisarge carriers when compared with the surfactant
monomers. Note that themc values obtained by conductimetry are larger tHase¢ obtained from
surface tension measurements (Table 1). The diféee ofcmc measured for the two diastereomeric
surfactants are small but consistent with the dbffie techniques used, which in turn depend onrdisti
physical phenomen. When compared to literature, both values agreé wibse of classical ionic

surfactants with a dodecyl hydrophobic ch¥in.
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Figure 2. Plot of surface tension (a) and conductivity él8)a function of surfactant concentration dt1 (down triangles)

andtrans-1(up trianglesjn water at 25 °C.

The pH was measured as a function of surfactant coret@m at 25°C as shown in Figure 3. Below the
cmg when surfactants are in the monomeric form, ttid-base behavior was modeled with that of a
weak base according to Equation 2 in the Experiadeé®éction, from which the pkKof the conjugated
acid was obtained (Table 1). Interestingly, monortierl behaves as a slightly weaker base than
monomertrans-1. However, an increase in basicity (increase ofdapparent pk) is observed for both
surfactants around thenc The change appears at lower concentratioréms-1 than forcis-1 (Figure

3) as expected from themc values obtained from conductivity and surface itnsThis increase in

basicity is reasonable because more and more @@ captured by the carboxylate anion in order to
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shield partially the electrostatic repulsion (hagnsity of negative charge) between the anionifastant

heads on the surface of the aggregates.

0.1 1 10 100

¢ (mmol Kg™)
Figure 3. Plot of pH as a function of surfactant concemrafor cis-1 (down triangles) anttans-1 (full up triangles) in water
at 25°C. The curves represent the variation of pth dunction of concentration of weak bases with p&ues of 4.35 (full
line) and 5.72 (dashed line) calculated accordingduation 2.
This effect becomes less important as the ionength increases. In Figure 3 one can observe #giaivb
thecmcthe pH oftrans-1 solutions changes with surfactant concentratidioiong reasonably Equation
2 with pKy = 4.35:0.05. The basicity increases continuously up t@ p&.72:0.05 around 6-8 mmol-Kg
! The behavior otis-1 is analogous to that afans-1 with slightly lower values of pK(4.12:0.05 and
5.59t0.05, respectively). Similar conclusions can bewtravhen considering the apparentgiotted as
a function of surfactant concentration (Figure 8%he Sl). While below themcthe pkK, is constant,
above themcthe pK, trend changes and progressively diminishes agaoiably due to the increase in
ionic strength. The differences in pKetween the two diastereoisomers (behaviari®il as a weaker
base thartrans-1) can be attributed to the different stabilizatiohthe acid-base species by hydrogen
bonding and/or charge dipole interactions. Thus,ahionic form ofis-1 has a higher stability compared
with that oftrans-1. This different stability agrees with the negattigarge of the carboxylate group
being partially stabilized by intramolecular hydemgbonding. The difference is also maintained adoun

thecmc,butcis-1 shows a smaller net charge per molecule thams-1 well above themc(i.e. stronger
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basicity) This would seem contrary to what is shown in Fegifor the conductivity. However, while the
pH measurements concern only the acid-base equitibrthe conductivity reflects the global
conductivity of species present in solution inchgliprotons and hydroxide anions as well as their
counterions. Taking into account the pH measuresehe expected conductivity can be calculated
below thecmcusing the ionic equivalent conductivity and expental values of surfactant concentration
and pH. Above themcthe counterion binding can be estimated assunhiaigthe micellar conductivity is
small compared to the others. The results imply tha counterion binding is slightly stronger fbet
trans-1 micelles than for those ofs-1 (0.42 compared to 0.31).

To sum up, the higheamcand area per molecule at tb@c of cis-1, as well as its weaker basicity as a
monomer, are both consistent with a more stabilibeait charge. This suggesasstronger hydrophilic
character otis-1 when compared witkrans-1, probably due to a different solvation patterntad polar
heads imposed by the different relative stereocsteyniwhich also influences their pkshifts upon

micellization.

Small-angle X-Ray scattering (SAXS) studiesSAXS profiles of 3.3 wt % solutions of the surfatta
diluted in water are shown in Figure 4, where thstliits are also shown. The scattering patterrsotf
surfactants show a band at intermedgtealues, which are lower fdrans-1. The behavior ofrans-1
samples and freshly prepareid-1 samples is similar at loweyvalues (Figure S2 in the Sl), while there
is a clear increase for 24 hours agedl samples (Figure 4, and S3 in the Sl). The bestda obtained
with a core-shell spherical micelles modiel the case ofrans-1 and freshly preparedis-1 samples,
while, for agectis-1, improved fits (especially at smaj) were obtained by usingare-shell cylindrical
model From the models, two main parameters were oldaim@mely the micellar core and the micellar

radii (Table 2).
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Figure 4. Intensity as a function of scattering vector maduor trans-1 (full symbols) and 24 h agegis-1 (open symbols).
The full lines show the best fit of core-shell spse The up arrows show the fitting range tfans-1 while the down arrows
show the fitting range fatis-1. The dashed line corresponds to the core-shetids fit for cis-1; in this case the left pointing

arrow marks the left limit of the fitting range. &lerror bars are not shown for clarity and corraegpmughly to the dispersion
of the experimental points.

The micellar radius is bigger farans-1 than forcis-1. These differences also correspond to different
aggregation numbers (51 fsans-1 compared to 29 for the fresis-1 and bigger for the cylinders). The
corresponding area per molecule is very similartier spherical micelles (Table 2) and the evolutmn

cylinders implies only a small change (a reducfiom the 0.65 nrhto 0.54 nrf).

Table 2 Micellar radius, micellar core radius, cylindedius, aggregation number and area per moleéy)lededuced from
SAXS studies omis- andtrans-1

Micellar radiug | Micellar core radius| Aggregation A,

Compound (nm) (nm) number (nn?)
trans-1 3.1+0.3 1.60.1 5%10 0.6@0.06
fresh  2.1+0.2 15+0.1 236 0.6%0.10
cis1
aged 1.9+0.2 1.20.1 - 0.54+0.07

& According to acore-shell spherical micelles mogder cylinder radius determined according tcoae-shell cylindrical model
for the agedis-1 samples.

The diversity in thé?, values calculated from the surface tension slgpe Table 1) or from SAXS can
arise from overestimation of the number of adsorgmeties in the Gibbs isotherm, while for the SAXS

value it depends on the exact definition of theap@alpolar dividing interface, here taken at the Cigy
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bond. However, as stated before, one should beocautoncerning the values of area per molecule
obtained by application of Gibbs isotherm to swefeension measuremerits.

The differences in the aggregates formed by thedhastereoisomers can be explained by the diffe®nc
in packing of the polar heads and the interplayvben the pKvalues and pKshift, which can be also
affected by intermolecular hydrogen bonding comstsasee below). However, it should be noted that
amount of the anionic deprotonated form dominatgih the contribution of the protonated speciesl wel
below one percent, at the concentrations considdreds, the contribution of these last specieshto t
area per molecule is limited. This induces to thimit the strongest effect should be due to th&ipgc
and the charge repulsion. It is noteworthy thathmcase dfrans-1 and fresttis-1 the hydrophobic core
radius corresponds to fully extendéti;-hydrophobic chains while the hydrophobic radius té
cylinders at longer times corresponds to 80% ofsgpigere radius. This implies a more relaxed state f
the hydrophobic chain and could be one of the dgforces for this transformation. Moreover, tharfg

of cylinders extends the fitting range to smalievalues but fails to cover the whole range. Theste
increase at the smallgrvalues has to be interpreted as correspondingdcegation processes, such as
the formation of fibrils from cylinders (see belovlowly growing cylindrical structures have alseeh
evidenced before, for example in gemini arginindasiant$® and are thought to be the origin of gelation
by small molecule&®

Formation of fibrous assemblies. Both surfactantsis- and trans-1 dissolve easily in water at the
investigated concentrations, up to the liquid @algstdomain (30 wt %), giving clear homogenous
solutions at 25°C without heating or vortex agdatiHowever, visible fibrous aggregates appeahén t
micellar samples otis-1 after almost 24 h incubation and remain suspendesbiution for months.
Fibers can grow up to many millimeters length, ammbn strong shaking they break into 2-3 mm
fragments but do not dissolve at all. In one cHs®jnsoluble fibrous material from the solutiorultbbe
separated, using a small hook, as a skein. Afesrzi drying, the resultant solid was analyzed byR\NM
IR, and ESI(-) MS, which confirmed that it is cahgied by the anionic surfactant. This ruled ow th

possibility that the insoluble fibers may be fornigdsome degradation product or the insoluble aisid
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deriving from the partial carboxylate protonati@n the other hand, in the case of surfactearis-1 the
appearance of visible insoluble fibers is obsereslly after 2-3 weeks from sample preparation.
Furthermore, their morphology is strikingly diffetefrom cis-1 aggregatess evidenced both by optical
and transmission electron microscopy (see below).

The formation of insoluble fibrous-like aggregatesm vesicular solutions of anionM-acylamino acid
surfactants has been previously observed uponfigeitton at pH 5-6 (i.e. protonation of carboxylate
group) and/or temperature decrease, and their mtmgy including helical aggregates was found to
depend upon the head group structure (type of aauit)>**° The formation of hydrogen bonds and of
cooperative hydrogen-bond chains between secondargle groups in the heads of neighboring
molecules have been invoked as important requiresnfem the formation of a variety of organized
supramolecular assemblies in amphiphiles, includiingrs, ribbons, helices and tutfed.In the case of
surfactantsl, it is remarkable the spontaneous formation okrBbupon aging from a perfectly
homogeneous micellar solution, without any chanigexperimental conditions, since micelles are well-
known equilibrium systems that formed spontaneobsiydissolving the surfactants. The hypothesis is
that after the fast dissolution and formation ohespcal micelles driven mainly by non-directional
entropic and energetic contributions, a slower gaoization of surfactant molecules at the aggregate
surface may occur, triggered by molecular recogniprocesses and consequent formation of hydrogen-
bond chains. This would correspond to slow 2D afiightion at the aggregate surface in which
stereochemical constraints play a crucial role étednining the organizatioll.Note that the binding
forces between the head groups in the fiber canpeasate (balance) the electrostatic repulsion $orce
inducing the formation of aggregates with lowervature such as disk micelles and rods and eveptuall
long fibers. This would also explain the increaB&AXS intensity at smallj observed with time igis-1
samples, which is sterically more constrained tthendiastereomdrans-1. To validate this hypothesis,
TEM experiments were conducted with both freshiparred 1% micellar solutions of the two surfactants
as well as on aged samples. Whereas in fresh sartimes was no evidence of any type of structured

surfactant aggregate (2-3 nm micelles are hardiijpd by TEM and broke into an amorphous organic
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layer upon drying), nice fibrous aggregates wergeoled in aged samples of both surfactants as shrown

Figure 5 for unstained samples.

cis-1 trans-1

Figure 5. Electron micrographs from 1% water solutiarisis-1 (left side): after 24 h incubation (a-c) and 3 weageing (d),
and oftrans-1 (right side) after 3 weeks ageing (a-d). All imagesrespond to unstained samples deposited onhbercar

coated copper grid.

Thecis-1 fibers (left side) are ramified, have differentrdigters and lengths (which increase with ageing)
and feature a peculiar irregular scaly surfaceyhich the scales are actually formed by sheetsindles

of thinner fibers, likely corresponding to the miaerods (see Figures S4-S5 in the Sl for more Térid
SEM images). This morphology is compatible with siteep increase at the smabjevalues observed in
the scattering curves of ageid-1 samples (Figure 4Dn the other handrans-1 fibersare cylindrical in
shapeand show much more defined contours with reguldsemd smooth surface, though they can have
different diameters. Fibers with thicker diameteppear to be more rigid thars-1 fibers; however, the
thinner ones are still flexible enough to curve.eTtylindrical aggregates can burst in a string thus
revealing that they are made by bundles or riblmdegular filaments in strong contact through dige

side interactions.

Interestingly, analogous morphological differentetween fibrous aggregates of surfactamss and

trans-1 were also observed at the greater length scalthefinsoluble fibers as shown by optical
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microscopy (Figure S6 in the Sl). In addition, optimicrographs show thats-1 insoluble fibers are
extremely long and flexible forming in some casamsgtes, whereasans-1 insoluble fibers are shorter
and more rigid with a rod-shaped morphology.

A detailed investigation of the kinetics of fibarifnation is out the scope of this article, buthibsld be
stressed that the faster evolution ad-1 micellesto fibers, i.e. greater tendency to evolve to lower
curvature species, might depend on the smallertretdatic repulsion due to the intermolecular

stabilization of the carboxylate charge.

To sum up, the differences in the physicochemiadiavior of the investigated surfactants in diluted
water solution (micellar solutions) should be myiakcribed to differences in the head group sawati
and charge stabilization induced by the differeateochemistry. In turn, these features affecedtly

the hydrophilic/hydrophobic balance of the two aaténts. This is reasonable if we take into accthait
micelles are loose dynamic structures in whichsteeeochemical constraints hardly affect their pagk
and organization. However, such constraints seerorte into play in the evolution of micelles torbhs
aggregates driven by intermolecular hydrogen banptiecause they influence the recognition processes
at the bases of self-organization, and the podgikid form stable hydrogen-bonded networks at the
aggregate surface. This stereochemical demandtisefuamplified by the presence of the cyclobutane

moiety that restrains the amide and the carboxygedaps at fixed relative orientations.

With the aim of investigating how the relatigis/transstereochemistry affects molecular organization in
more “condensed” aggregation states, the lyotrdgjaid crystalline behavior of the two anionic

surfactantgis- andtrans-1 in water was studiedy SAXS and polarized optical microscopy.

Formation of lyotropic liquid crystals from anionic surfactantscis- and trans-1.

The SAXS profiles otis-1 mixtures with water at increasing surfactant conegions and of the pure
solid samples are shown in Figure S7 in SI. Then§itof a hexagonal structure for the samples at th
lower concentrations is reasonable in view of tihetedd samples characterization. Between 30% afél 45

the only significant difference in the parametefrshe fit, apart from the inter cylinder distancearked
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by theq value of the first peak), corresponds to the iaseeof order in the sample induced by the increase
of concentration (see Table 3 for the specific gaJu The 60% sample, however, does not follow the
pattern expected for a hexagonal structure, that Is 3, 4% 7 9”.. peaks position sequence. Instead,
the sequence is*68% 14* 33* 54“.., in which the first three positions agree watiicontinuous la3d
cubic phasé? This corresponds to a body-centered unit cellesponding to the gyroid infinite minimal
periodic surface which is formed by rods. This rigpic cubic structure has also been evidenced by
polarizing optical microscopy as a nonbirefringfirige in a solvent penetration experiment as shown
the photomicrograph of Figure S7 (right) in Sl. Bese of the sequence of first maxima in the scagfer
curves, the structure of this phase seems to gmnelsto the oil-in-water type. The fitting of the
combined la3d structure factor with nearly the same-shell cylinder form factor obtained for thH&4
water content sample seems also to favor this vAdthough the fitting is far from being perfect,eth
main features of théa3d liquid crystal structure are captured. The diffexes may arise from the

incipient formation of a more concentrated phase.

Table 3.Structural parameters of liquid crystals mesophasesf surfactantscis- and trans-1 at 25°C

cis1 trans-1
Surfactant content  30% 45% 62% 30% 45%
mesophase H H, la3d H H,
R, (nm) 2.85 2.79 2.95 3.11 2.78
R, (nm) 0.78 0.93 0.94 0.90 1.0
A () 0.84 0.70 0.69 0.72 0.65
Oma(nm™) 1.45 1.67 1.77 1.29 1.42

R, = polar radiusR, = hydrophobic radiusA, = area at the polar/non-polar interface

At 80%, the peaks corresponding to the cubic plse smeared to form a wide band and smaller
structures appear. Further in the dry sample, #relthas almost completely disappeared and the peaks
are neater (Figure S7 in Sl). The precise struadfitbis solid has not been elucidated; howevereisd

of the peaks could be indexed by a square struetithepeaks ordered in the sequence” &, 5% 8"...

with some additional peaks. This arrangement cooldespond to quasi square structure of cylindrical
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units. Moreover, information about the direct owvarse nature of these structures could not be
determined. Because of the limitations of the uS&XS system, further research to elucidate this
structure should use synchrotron radiation ancebeti/stals.

The results for diastereocisomérans-l do not differ markedly from those dfis1 at the lower
concentrations (Figure S8 in Sl). In fact, the ®meatg curves also correspond to cylinders in ado0
hexagonal packing for the 30% sample and increaseer is observed for the 45% sample. The peak
positions, however, differ significantly. The pasits for thetrans-1 compound correspond to 15%
thicker cylinders. In turn, this corresponds to exréase in area per molecule and an increase in the
hydrophobic length of the cylinders (Table 3). A@ad aspect corresponds to the degree of ordéein t
hexagonal phase, which is higher for thans-1 diastereoisomers, if the higher order is attridute
higher net charge. The latter would agree withstialler pK, as determined at concentrations well above
the cmc (see Figure S1 in the Sl). However, an increaseherge should also be associated with an
increase of the area per molecule, which is noctise. On the other hand, the increase in ionength
helps in decreasing the ion-ion repulsions. Theegfthe ionic aspects may play only a minor roléhis
structuring, and hydrogen bonding and steric effeoculd be the dominant forces. The sample with 60%
showed the evolution of the structure from thattleé hexagonal phase to a structure that can be
considered as a swollen form of the dry struct@@ncerning the slow transformation from hexagooal t
the swollen dry structure, one is tempted to tlohk simple rearrangement of the cylinders, howeiner
inversion of the cylinder structure is also possilNeither it is clear the relationship betweendheand
swollen sample. The decrease in linear distancdiethfpy the change in peak position is close td tha
expected for a tridimensional isometric shrinkagieich could agree with some cubic structure. Howgeve
the observed spacing does not correspond to arlgeoknown structures for lyotropic liquid crystals.
Moreover, taking the tridimensional shrinkage aguale, the second peak of the 60% sample should
move to the right of the wide bump present in the shmple (see the straight lines in Figure S81)n S
while the third peak should appear ar& nmi'. Otherwise, it is difficult to accommodate the eh&d

position of the peaks to the described lyotropystiline structures.
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Chirality and chiral recognition in micellar aggregates of surfactantscis- and trans-1. In order to
investigate the expression of chirality in surfatt@s- andtrans-1 aggregates, Circular Dichroism (CD)
spectra were recorded for their water solutionsoaicentrations both below (monomers) and above thei
cmc(see Figure S9 in the STihe observed CD bands in the 190-240 nm specingkraorrespond to the
contribution of the Cotton effects of the amide thoand the carboxylate chromophdteThe CD
spectrum ofcis-1 in non-aggregative conditions shows an intenseatineg monosignate band with a
minimum at 206 nm. On the other hand, the spectofitrans-1 diastereoisomer shows an apparent
positive couplet (bisignate band) centered at 200 Wpon aggregation, the CD spectra did not change
significantly, and only a reproducible increasebahd intensity was observed for both surfactants wi
slight blue shift in the case ais-1. The latter is likely due to changes in micropolamround the
chromophores at the surface of the aggregatesaaddoyg solvation and electrostatic interactions.

It is well known that CD bands are extremely séwesito changes in the “chiral environment” closehe
chromophore to which they are allied and to intssotophoric interactions (coupling between
chromophores disposed in chiral arrangements) praswolecular aggregatés.For example, strong
changes in the sign and intensity of CD bands Haeen observed upon micellization of soixe
acylamino acid surfactant$®® and have been interpreted as due to the formafian ordered chiral
arrangement of amide bond planes on the micellHas stabilized by a network of intermolecular
hydrogen-bonds between adjacent molecules. Nevestein many cases, changes are limited to a
simple increase of intensityln the present case, the absence of drastic cadnghe CD spectra upon
aggregation suggests the formation of loose micedlggregates in which molecules (and thus
chromophores) feature a high degree of rotatiorsalrder?® We should remark that this finding does not
preclude the chiral nature of the surfactant asigpeesponsible for the formation of fibrils in tlees
systems because the amount of surfactant preséme fibers corresponds only to a moderate propaorti

In any case, the lack of any detectable orderedhlchrrangement of amide chromophores does not
exclude the investigated surfactant aggregates;hndnie chiral entities, from featuring chiral reoiign

abilities. In fact, it has been previously showrattthe expression of a chiral function, like chiral
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recognition, in surfactant aggregates depends upany parameters and is triggered by a complex
sequence of recognition proces&2dn some cases, it was found that micelles canridigtate the
enantiomers of a chiral solute in sites in the bptiobic domaini.e. far from the stereogenic centres of
the chiral headS.

In order to assess the ability of the micellar aggtes of the two diastereomeric surfactaht®
recognize chiral solutes, chiral recognition exmemts were performed using bilirubindXBR) as probe

of chirality, which is a racemic mixture of rapidiyterconverting enantiomers (see Scheme S1 isthe
The deracemization of bilirubin (i.e. the shift thle 1:1 enantiomeric equilibrium) has been observed
upon its interaction with chiral selectors suclpaateins?’ chiral amines?cyclodextrins!® and cholic salt
micelles® Further, it was reported that micellar aggregafemionic and cationic chiral surfactants, such
as N-acyl prolinate¥ and ephedrine derivativeéscan also induce deracemization of bilirubin.
Interestingly, in these cases the extent and thectthn of the enantioselection was shown to depend
strongly on the length of the hydrophobic chaintleé surfactant and on the concentration conditions,
which affect the aggregate organization and hemeexpression of chirality.

Figure 6 (top) shows the CD spectra of 10 uM Hiinuin the presence of micellar aggregates of
surfactantscis- andtrans-1 (40 mM solutions at spontaneous pH). The CD spectadl bilirubin in
aggregates dafis-1 shows a bisignate band (a positive couplet) cedtatr¢he absorption maximum of the
pigment. On the other hand, solutions of bilirumnaggregates ofrans-1 are almost CD silent. The
occurrence of such an exciton couplet for bilirupmthe absence of other chromophores absorbitigein
same spectral region) can be safely ascribed tdehscemization of its racemic mixture. In partula
positive couplet is associated to the preferencénfeP-enantiomer?

The corresponding UV-Vis spectra (Figure 6 botteonggest that bilirubin is present as a monomeen t
surfactant aggregates. Moreover, they show the thapsitions of exciton splitting of comparable
intensity implying a similar ridge tile conformatidor pigment inside the aggregates formed by both
surfactants. This fact rules out the possibilitgtthilirubin is adopting a flattened, CD silent tmmation

in aggregates dfans-1.°%° As a result, it can be safely claimed that théedéint CD spectra observed for
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bilirubin in aggregates of surfactantsactually results from their markedly different ahaselection

ability.>®
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Figure 6. CD (top) and UV-Vis (bottom) spectra of 10 pM BRthe presence of 40mkls-1 (solid line) and 40 mMrans-1
(dashed line); optical path 1 cm.

To rule out the possibility that the observed eiwaelection arises from the interaction of the ahgrobe
with surfactant monomers, the CD spectra of sampidslirubin in the presence of surfactacts- and
trans-1, respectively, at high concentration (40 mM) inthamol and below themc (1.6 mM) in water,
i.e. in non-aggregative conditions, were registeredil®\#amples in methanol are almost CD silent for
both surfactants, samples in water below ¢he display complex CD spectra (convolution of several
Cotton effects), different from that observed abthecmc (Figure 7 top). In particular, the CD spectrum
of bilirubin in the presence dfans-1 shows an asymmetric negative couplet with a renidykeed
shifted lowest energy component. On the other hanthe presence ais-1, the spectrunshows a more
intricate pattern, probably arising from the supgrosition of two exciton couplets with oppositersand

slightly different positions, and an additional i shoulder at 489 nrif.
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Figure 7. CD (top) and UV-Vis (bottom) spectra of 20 uM BRthe presence of 1.6 mbis-1 (solid line) and 2 mMrans-1
(dashed line).

These spectral features suggest that the optitiaitgcat surfactant concentration below tbeac, does
not arise from the enantioselective interactiomitifubin with the chiral surfactant as a monom€dore
likely, it results from the formation of surfactdmtirubin heteroaggregates featuring
enantiodiscrimination, evidently induced by the flamral surfactants. Actually, the strong red suft
CD band in the presence éns-1, as well as the component at 489 nm in the presehcdes-1, jointly
with the increase in absorption at about 500 nrithécorresponding UV-Vis spectra (Figure 7 bottom),
indicate the occurrence of inter chromophore imtvas inside the aggregatese( intermolecular
electric dipole coupling between bilirubin molea)leA similar kind of heteroaggregates responditte
enantioselection has been previously reported Herinteraction of bilirubin with cholic salts (anic
amphiphiles) at concentrations below thairc® In the present case, it should be stressed thahdue
of interaction of the diastereomeric surfactahtwith bilirubin at submicellar concentrations is hait
different. In fact, whilerans-1 likely induces the formation of heteroaggregatew/imch deracemization
occurs with a preference féd-enantiomer (enantioselection), deracemizationotsctearly observed in
the case of the interaction of bilirubin witis-1. A possibility is thatcis-1 forms heteroaggregates with

racemic (or almost racemic) bilirubin in which theo enantiomersM and P) feature non perfectly
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mirror image CD spectra due to their diastereomiatieractions with the chiral surfactant, and maybe
different conformations. Thus, a non-vanishing Qiecrum is obtained even in the presence of a
racemate as a result of enantiodiscriminatfoNote that similar results below teencwere also obtained
working at pH 8.7 (diluted NaOH solutions) chosersimulate the spontaneous pH of micellar solutions
This excludes the possibility that the differenh&@or below and above tleencdepends on a different
state of charge of the pigment. Moreover, it sttkegs the hypothesis that the spectra beloveiheare
due to surfactant/bilirubin heteroassociation, eatthan to bilirubin diacid self-aggregation, whichs
been observed at neutral and acid pH. As a mattefaci, the formation of surfactant/bilirubin
heteroaggregates might also explain the surprigseigtance to photo bleaching observed for sangtles
surfactant concentration below tbc Indeed, their UV-Vis spectra remained unchandes a week of
exposure to direct light, while it is known thatidibin monomers undergo rapid photodegradatiomeve
under dim light.

To sum up, the stereochemistry of the anionic stafdascis- andtrans-1 has a dramatic influence on the
extent of enantioselection, as well as on the @asim which chirality is expressed at the suprammub
level, by controlling the molecular organization both inicaetlar aggregates as well as in the

surfactant/bilirubin heteroaggregates.

CONCLUSIONS

Through the systematic comparisonaodd and trans diastereoisomers of a new family of amphiphiles
based on the cyclobutang&amino acid structure, we have shown the relevaoiceahe relative
stereochemistry and of the stereochemical conssraimposed by the cyclobutane ring on the aggregati
properties of these compounds at different aggi@gyatates. In diluted micellar solutions of theoaic
surfactantgis- andtrans-1, the general outcome from the different techniquastwe rationalized on the
basis of the influence of stereochemistry on thieraa charge stabilization and headgroup solvation.
Namely, the results suggest a better stabilizatibthe anionic charge in the case of surfactastl,
likely due to intra-molecular hydrogen-bonding amdfharge-dipole interactions. This causes diffeesn

in pK, cmc,and conductivity, as well as in the structural paeters of the spherical micelles at small
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concentrations (number of aggregation, dimensitwysirophobic radius). However, the effect of the
stereochemical constraints (the cyclobutane rirsfrasns the amide and carboxylate groups at a fixed
relative orientation) should be invoked to expltie different morphology and kinetics of formatioh
the insoluble long fibers that remarkably evolvethwiime from the spherical micelles of the two
surfactantgis- andtrans-1. Indeed, such constraintsfluence the self-organization of molecules within
the aggregates and the possibility to form netwarkdirectional intermolecular hydrogen-bonds & th
aggregate surface, which most probably drives tbw §iber formation. In the lyotropic liquid crydta
domain, thedifferences at intermediate concentrations aré sghificant, but not remarkable, while at
higher concentration, up to the dry state, theybexrlarger again with different mesophases obsenred
the two diastereomeric surfactants. These diffexgrman hardly be attributed to head charge eftadts
have to be ascribed to different hydrogen-bondepadgt and molecular packing induced by the different
relative stereochemistry.

Noteworthy, the spherical micellar aggregates efttho surfactantsis- andtrans-1 feature dramatically
different enantioselection ability for bilirubin antiomers. In fact, the different configuration tbkese
surfactants by controlling the molecular organ@matand structure of micellar aggregates (albey tre
mainly loose dynamic assemblies) can affect thanatrecognition ability. In addition, it also inkences
the fashion in which chirality is expressed at thepramolecular level of surfactant/bilirubin
heteroaggregates formed at submicellar concentiatyd surfactantsis- andtrans-1. This confirms that
the expression of chirality in dynamic assembliesraphiphiles is triggered by a complex sequence of
recognition processes that depend on the orgamizafithe whole assembfy.

All these differential features should allow théional design of systems with predictable behaeiod
tunable properties, which must be useful in theettgyment of new soft materials. With this main goal

mind, active investigations are being carried autur laboratories.
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Synthesis and characterization oN-lauroyl surfactants 1 and their precursors

Materials and Methods. Tetrahydrofuran (THF) was freshly distilled undemikogen atmosphere from
sodium/benzophenone. Acetone and dichloromethan&(lz) were freshly distilled from calcium
chloride. All other chemicals were of commerciahdg and used without further purification unless
otherwise stated'H NMR and**C NMR spectra were carried out in deuterated seévem Bruker
Avance 250, 360 and 600 MHz Ultrashield spectromsetidigh-resolution mass spectra were recorded
using a direct inlet system (ESI). IR spectra webtained from pure solid samples with an ATR
(Attenuated Total Reflectance) accessory. Meltinmis were recorded on a Reicher Klofler block and

values are uncorrected. Purification of the reactimixtures was performed by column flash

chromatography with neutral silica gel (230-400 mes

(1R,2S)-Methyl-2-(dodecanamido)cyclobutanecarbdgylas-3). To an ice-cooled solution aért-butyl
(1S,2R)-2-(methoxycarbonyl)cyclobutylcarbamates-2, (0.30 g, 1.3 mmol) in dry Ci&l, (7 ml), TFA
(2.29 ml, 16.9 mmol, 13 eq) andsBiH (0.63 ml, 3.9 mmol, 3 eq) were added underogé&n
atmosphere. The mixture was stirred 400for 3 h, afterwards, it was concentrated to iobtiae desired

salt (quantitative yield) as a pale yellow oil wihiwas used in the next step without purification.

To an ice cooled solution of the cyclobutylamonitrifluoroacetate salf0.31 g, 1.3 mmol) and lauroyl
chloride (0.33 ml, 1.43 mmol, 1.1 eq) in GAI, (15 ml) , EtN (0.73 ml, 5.3 mmol, 4 eq) was added
dropwise. The mixture was stirred at@©, for 5 h while monitoring the progress of thaagton by TLC
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(EtOAc/hexanes 2:3 as eluent). After that, moreClpwas added and the organic phase washed with
H,O and brine, dried over MgS@nd concentrated to give a white-yellow solid thas purified by flash
chromatography using EtOAc/Hexanes 3:7 as eluerystéllization from CHCl,/pentane (vapour
diffusion) yielded 0.31 g (1.0 mmol, 77% yield) afwhite crystalline solid, m.p. 6L (from pentane).
[0]o?° -79.6 (C 0.7, CHCY). IR 3254.4 (NH), 2919.5, 2851.0 (CH st), 172338-0), 1642.8 (amide I),
1538.9 (amide I1) ci. *H NMR (360 MHz, CDC}) § 0.86 (t, 3HJ = 6.8 Hz), 1.24 (br m, 16H), 1.57 (br
m, 2H), 1.90-2.42 (complex absorption, 6H), 3.38 @H), 3.69 (s, 3H), 4.78 (quint, 1Hd,= 8.7 Hz),
6.47 (br d, 1H) ppm>C NMR (90 MHz, CDC}) § 14.2 (CH), 19.3, 22.8, 25.8, 29.5-29.7, 32.0, 36.9
(CHzchain and cyclobutane), 43.9 (CH), 44.7 (CH), §CHj3), 172.5 (C), 175.3 (C) ppm. HRMS (ESI+)
Calcd. Mass for H3aNOsNa [M+Na]": 334.2353; Found: 334.2361. Anal. Calcd: C 694 1;0.68; N
4.50. Found: C, 69.40; H 10.65; N 4.59.

(1R,2S)-2-(Dodecanamido)cyclobutanecarboxylic #cist4). A solution ofcis-3 (0.29 g, 0.93 mmol) in
15 ml of a THF/HO 2:1 mixture was cooled at°C and 10.2 ml of 0.25 M NaOH (2.55 mmol, 2.7 eq)
was added. The mixture was stirred 5 h froACdo room temperature, after that it was aciditegH 2

by 1 M HCI and extracted with GRBIl,. The organic phase was dried over Mg®@d concentrated,
under reduced pressure, to give 0.27 g (0.90 m&7684 yield) as a white crystalline soli@rystals m.p.
67-68°C (from pentane).d]o?° -98.4 ¢ 0.5, CHOH). IR 3397.9 and 3280.9 (NH), 2916.8, 2848.7 (CH
st), 1722.0 (C=0), 1639.8 (amide 1), 1540.5 (amlem™.*H NMR (250 MHz, CDCJ) § 0.87 (t, 3H,J

= 6.3 Hz), 1.25 (br m, 16H), 1.59 (br m, 2H), 2260 (complex absorption, 6H), 3.45 (m, 2H), 4.78 (
1H), 6.62 (br d, 1H) ppm>C NMR (62.5 MHz, CDGJ) 6 14.3 (CH), 19.4, 22.8, 25.8, 29.4-29.8, 32.0,
36.8 (CH chain and cyclobutane), 44.2 (CH), 44.8 (CH), 1{8% 177.8 (C) ppm. HRMS (ESI+) Calcd.
Mass for G;H3:NOsNa [M+Na]": 320.2196. Found: 320.2209.

Sodium (1R,2S)-2-(dodecanamido)cyclobutanecarbtexyfas-1). The sodium salt was prepared by
adapting a previously reported procedure [RoyDP®y, J.Langmuir2005 21, 10362]. The intermediate
acidcis-2 (0.277 g, 0.93 mmol) was dissolved in 10 ml of THFO 1:1 mixture, then NaHC{X0.078 g,

0.93 mmol, 1 eq.) was added as a solid, the mixime sonicated and left under stirring for 4 h

35



(evolution of carbon dioxide was clearly visibleAfter that, it was freeze-dried and the solid
recrystallized twice from THF obtaining 0.238 g7®.mmol, 80% vyield over 2 crystallizations) of a
white crystalline solid. m.p. 145-13C (from THF). p]p?° -11.3 € 0.5, CHOH). IR 3340.6 (NH),
2919.3, 2850.1 (CH st), 1620.1 (amide ), 1573.©Q0, 1518.9 (amide II), 1414.9 (COOcm*.*H
NMR (360 MHz, CROD) & 0.90 (t, 3H,J = 6.6 Hz), 1.29 (br m, 16H), 1.59 (br m, 2H), 1234
(complex absorption, 6H), 3.16 (m, 1H), 4.45 (q, I 8.1 Hz) ppm*C NMR (90 MHz, CROD) &

14.4 (CH), 21.6, 23.7, 26.9, 30.3-30.7, 33.1, 37.6 §CHain and cyclobutane), 46.2 (CH), 47.0 (CH),
174.9 (C), 181.8 (C) ppm. HRMS (ESI-) Calcd. Mass €;7HsNOs [M-Na]”: 296.2231. Found:

296.2224. Anal. Calcd: C 63.92; H 9.47; N 4.39.habC 64.18; H 9.69; N 4.26.

When not differently specified, thteans amphiphiles tfans-1,3,4 were prepared according to the same
procedures as for thees analogues.

(1S,2S)-Methyl-2-(dodecanamido)cyclobutanecarbdeytaans-3). Starting from 0.241 g (1.05 mmol)
of tert-butyl (1S29-2-(methoxycarbonyl)cyclobutylcarbamateans-2, the trans ammonium salt was
prepared as reported above, obtaining 0.255 goalayellow oil (quantitative yield), which was ds@

the next step without purification.

The cyclobutylamonium trifluoroacetate salt (0.2651.09 mmol) was acylated with lauroyl chloride
(0.28 ml, 1.2 mmol, 1.1 eq) according to the praceddescribed above fars-3. Purification by flash
chromatography using EtOAc/hexanes 3:7 as eludldwed by crystallization from CkCl./pentane
(vapor diffusion) yielded 0.225 g (66% vyield) ofadite solid. m.p. 80-82C (from pentane).d]p?° +
57.0(c 0.7, CHCY). IR 3287.9 (NH), 2919.2, 2848.7 (CH st), 1734CEQ), 1645.5 (amide 1), 1547.6
(amide 11) cnit. *H NMR (250 MHz, CDCJ) & 0.87 (t, 3H,J = 6.6 Hz), 1.25 (br m, 16H), 1.59 (br m,
2H), 1.79-2.40 (complex absorption, 6H), 3.01 (g, 1= 9.0 Hz), 3.68 (s, 3H), 4.48 (m, 1H), 5.65 (br s,
1H) ppm.**C NMR (90 MHz, CDCY) & 14.2 (CH), 18.7, 22.8, 25.7, 27.3, 29.4-29.7, 32.0, 36.BAC
chain and cyclobutane), 46.7 (CH), 47.8 (CH), 5&6i3), 172.7 (C), 173.4 (C) ppm. HRMS (ESI+)
Calcd. Mass for GH3aNOsNa [M+Na]": 334.2353. Found: 334.2352. Anal. Calcd: C 69H41;0.68; N

4.50. Found: C, 69.31; H 10.76; N 4.51.
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(1S,2S)-2-(Dodecanamido)cyclobutanecarboxylic gtidns-4). A solution of trans-3 (0.180 g, 0.58
mmol) in 9 ml of a THF/HO 2:1 mixture was cooled at°C and 6 ml of 0.25 M NaOH (2.6 eq) was
added. After 10 min, a white precipitate formed,nsore THF (4 ml) was added and the mixture was
stirred at room temperature till the disappearaotehe starting material monitored by TLC using
EtOAc/hexanes 2:3 as eluent (~5 h). After that, ritieture was acidified to pH 2 with 1 M HCI and
extracted with CHCIl,. The organic phase was dried over Mg&@d concentrated, under reduced
pressure, to give a white solid that was crystadlirom CHCl./pentane (vapor diffusion) to give 0.17 g
(0.57 mmol, 98% vield) as a white crystalline sofitlp. 114-116C (from pentane).d]o>° + 25.6 € 0.5,
CH3OH). IR 3259.0, 2917.0, 2848.1, 1700.0, 1600.0,7164ni"*H NMR (600 MHz, CDCJ) & 0.87 (t,
3H,J = 6.8 Hz), 1.25 (br m, 16H), 1.63 (br m, 2H), 1(®0, 1H), 2.21-2.28 (m, 5H), 3.13 (m, 1H), 4.18
(m, 1H), 6.47 (br s, 1H) ppn°C NMR (151 MHz, CDGJ) & 14.2 (CH), 19.0, 22.8, 23.16, 23.6, 25.3-
29.7, 32.0, 36.0 (Ckthain and cyclobutane), 48.0 (CH), 49.0 (CH), 17€}) 176.4 (C) ppmHRMS
(ESI+) Calcd. Mass for GH31:NOsNa [M+NaJ': 320.2196. Found: 320.2207.

Sodium (1S,2S)-2-(dodecanamido)cyclobutanecarbiexylrans-1). The sodium salttrans-l was
prepared according to the salification procedupemted above, starting from the intermediate d@ds-

4 (0.170 g, 0.57 mmol). The product obtained afgephilization was washed with acetone and pentane
affording 0.182 g (quantitative yiel@df a white solid. m.p. 165-167C (from pentane).q]D2° + 58.7 ¢
0.5, CHOH). IR 3305.3 (NH), 2918.3, 2851.6 (CH st), 161@#hide 1), 1563.7 (COQ) 1545.5 (amide
1), 1421.4 (COO cnit.*H NMR (360 MHz, CROD) & 0.90 (t, 3H,J = 6.5 Hz), 1.29 (br m, 16H), 1.57
(br m, 2H), 1.65-2.00 (complex absorption, 3H),022122 (complex absorption, 3H), 2.89 (q, D 9.1
Hz), 4.37 (q, 1HJ = 8.3 Hz) ppm**C NMR (90 MHz, CROD) § 14.4 (CH), 20.6, 23.7, 27.0, 28.0,

30.3-30.7, 33.0, 37.0 (GHthain and cyclobutane), 49.4 (CH overlapped tg@D signal), 50.2 (CH),
175.2 (C), 181.8 (C) ppm. HRMS (ESI-) Calcd. Mass €,/H3NO; [M-Na]: 296.2231. Found:

296.2224.
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'H-NMR (CDCI 3, 360 MHz) and**C-NMR (CDCl 3, 90 MHz) ofcis-3
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'H-NMR (CDCl 3, 250 MHz) and**C-NMR (CDCl 3, 62.5 MHz) ofcis-4
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'H-NMR (CD s0D, 360 MHz) and®*C-NMR (CD30D, 90 MHz) of cis-1
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'H-NMR (CDCl 3, 250 MHz) and**C-NMR (CDCl 3, 90 MHz) oftrans-3
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Figure S1: Apparent pK as a function of surfactant concentration fordhlkstrans-1 andcis-1.

The pk; values both below themc (surfactant as monomer) and above ¢he (apparent pk) were
evaluated by using the Equation 2 of the main téet, was developed as follow:

_[ACTH']

Equilibrium constant definitiorK [S1]
[AcH]

Mass balancesyG [Na'] [S2]

G, = [Ac] + [AcH] [S3]
Charge balance [Ac+ [OH] = [H] + [Na] [S4]
Water producK,, = [H'] + [OH] [S5]
Using 5in 4 [Ad + Ky/[H'] = [H'] + [Na'] [S47]
Using 2 in 4’ and adding 3 Ky/[H™] - [H'] = [AcH] [S21
Using 2'in 3 G = [AcC] + KuW/[H']-[H"] [S31]
Using 1in 3" G = Ka[AcH] /[H'] + Kuw/[H'] - [H'] [S1]

Using 2’ in 1’ leads to €= Ka (KW/[H'] - [H]) /[H]+ KW[H]-[H] [S6]
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Which after some rearrangement can be put as:
Co= (Ka+ [H'])- (Kw[H']*-1) [Equation 2]

Where giving values to [H we can obtain ¢
We can also isolatefas a function of gand [H] to obtain values of apparent Ka.

SAXS measurement in diluted (micellar) solution ofurfactants 1

Table S1. Partial volumes used in SAXS calculations

Group volume
-CH3 0.055
-CH,- 0.027
-C4He- (cyclobutane) 0.090%
-COONa 0.049
-COOH 0.045
-COOCH; 0.085
-CONH- 0.016

1 Pinazo, A.; Pérez, L.; Lozano, M.; Angelet, Mhfante, M.R.;, Vinardell, M.P.; Pons, R. Phys.
Chem. B2008 112, 8578-8585.

2 Calculated from cyclobutane and ethylcyclobutdemsities.

3 Barton, Allan F.M., CRHandbood of solubility parameters and other cohegiarameters. CRC
press, Boca Raton, Floridk991, p 161.
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Figure S2 Intensity as a function of scattering vector maddorfreshly preparedrans-1 (full symbols) anctis-
1 (open symbols) samples. The full lines show th&t Iie of core-shell spheres. The up arrows shosvfitting
range fortrans-1 while the down arrows show the fitting range dis1.

9 = aged
i +  recent
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N
1

g/nm™

Figure S3 Intensity as a function of scattering vector maddor freshly preparedis-1 (full symbols) and 24 h
agedcis-1 (open symbols) samples. It is evident the incredisetensity at small g with time, that correspsrid
the transition from spherical micelles to cylindarsl ultimately to fibrils (see main text).
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TEM and SEM images of fibrous assemblies formed bsurfactant cis-1

Figure S4.TEM images from a 24 h aged 1% water solutiong®f. The images of the upper row correspond to
an unstained sample deposited on a carbon-coafgzkicgrid: the images of the lower row were obtdiaéer
covering the sample with a thin Pt layer.

Figure S5.HR-SEM images of fiber formed hys-1 surfactant (1% in water) in a 24 h aged sample. §diution
was deposited on a carbon-coated copper grid Xtese of water was blotted off and the sample wasred with
a thin Pt layer.
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Optical micrograph of fibrous assemblies formed bysurfactants 1

Figure S6.Electron micrographs of a drop of a 1 month agédwlater solutionsf cis-1 (left, unpolarized; 211 x
159 um) andrans-1 (right, cross-polarized; 848 x 636 um) showing thierent morphology of their fibrous

aggregates.

SAXS measurements of lyotropic liquid crystals of srfactants 1

1 (A.U.)

Figure S7.Left: SAXS profiles ofcis-1 mixtures with water. From bottom to top 30%, 45%%% and 80% w/w
cis-1, and purecis-1. The lines correspond to best fits to core-shdihders arranged in a hexagonal array for 30
and 45% and to la3d phase for the 60% sample. aimples were measured at 25°C. Right: Non-polartzgg)
and cross-polarized (bottom) optical micrograph8(8 636 um) relative to a water penetration expent with
cis-1. The patterns of region 1 are typical of a hexagghaise while the dark fringe 2 and region 3 cooedp
respectively to the cubic phase and the dry sdliee arrow in the non-polarized image indicates ibandary

between the hexagonal and the cubic phase.
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I(A.U.)

g/nm*

Figure S8. SAXS profiles oftrans-1 mixtures with water. From bottom to top 30%, 45%%6w/w trans-1 (at
three successive times) and psemple. The lines correspond to best fits to chedsylinders arranged in a

hexagonal array. The samples were measured at 25°C.

CD Spectra of surfactants 1 and their aggregates
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Figure S9 CD spectra of water solutions ©@&-1: 2 mM (dotted line) and 25 mM (dashed line) arahs-1: 2 mM
(dash dotted line), 25 midans-1 (solid line); optical path 0.01 cm.
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Bilirubin molecular structure

bilirubin-IXa

Scheme S1Molecular structure and conformational enantionadsilirubin 1Xo
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