Self-assembled reversed bilayers directed by pnictogen
bonding to form vesicles in solution.

ChemComm

ChemComm

Journal:

ChemComm

Manuscript ID

CC-COM-06-2018-005187.R1

Article Type:

Communication

SCHOLARONE"




HsEHE CChemGommanc s

ChemComm

COMMUNICATION

ROYAL SOCIETY
OF CHEMISTRY

Self-assembled reversed bilayers directed by pnictogen bonding
to form vesicles in solution.

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Artificial vesicles can aid in the study and understanding of
biological cell membranes. This study employs pnictogen bonding
to actively direct the self-assembly of a true reversed bilayer.
Antimony(lll) alkoxide cages that self-assemble through multiple
strong Sb---O interactions propagate in two dimensions to form a
reverse bilayer structure in the solid state. Long alkyl tails allow
these reverse bilayers to be processed into vesicles in solution
that are a reverse of biological cell membranes.

Vesicles play a crucial role in biological systems. Extracellular
vesicles, for example, are the main transportation system used
to carry proteins, genes, and chemicals.”? To understand the
biophysical processes of the natural cell membranes, artificial
vesicles have been self-assembled from both natural or
artificial building blocks (Figure 1, normal bilayer) and their
physical and chemical behaviors have been explored during
the last few decades.”*™ Inverting the normal bilayers result in
the formation of lipophilic membranes which can have unique
properties including solubility in non-polar solvents.®” The first
such membranes, described by Kunieda et al, used small
amounts of water to stabilize the hydrophilic heads of
tetraethylene glycol dodecylether in a nonpolar solvent (Figure
1, reversed trilayer). They named these supramolecular
structures “reversed vesicles”.**™"*  Other examples of
lipophilic membranes were reported later using similar
methods to self-assemble ionic or zwitterionic surfactants
using solvent mixtures or salts to stabilize the hydrophilic
heads.”**™* Examples that do not require a second component
to organize the heads have also been reported. In these cases
the tails are either preassembled through coordination to a
metal or metal cluster,l‘r’_18 or by covalent attachment to a
core.r®° Self-assembly of these units into monolayers occurs
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Fig. 1 Schematic representation of natural hydrophilic bilayers (top) and different
arrangements to produce reversed lipophilic membranes (bottomg

(Figure 1, reversed monolayer) and can be facilitated by
hydrogen bonding.19

While the aforementioned examples of lipophilic membranes
represent exciting strategies for achieving a functional
inversion of the biological bilayer, they do not represent
strategies that are direct analogues of nature. To achieve this,
we propose to utilize supramolecular interactions that can
propagate self-assembly in two dimensions; in particular, the
secondary bonding interactions (SBIs) of the heavy pnictogens,
or pnictogen bonding.

The ability of the heavy p-block elements to form additional
weak interactions beyond their primary valency was
recognized as a general phenomenon as early as 1968.27% In
the past two decades, many exciting advances have been
made by utilizing iodine-centered interactions, termed halogen
bonding.24 The chalcogens and pnictogens have seen less
progress, despite their ability to form stronger interactions.”>”
» Halogen bonds are topologically analogous to hydrogen
bonds, so similar motifs can be employed when designing
systems that self-
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Scheme 1 Synthesis of 2.

assemble through halogen bonding. Chalcogen and pnictogen
bonding requires a more de novo approach as they can
accommodate two or three distinct interactions per element.
Here, much inspiration can be derived from motifs found in
crystal structures.’®*°

Recently we reported on antimony alkoxide cages that self-
assemble through multiple Sb---:O pnictogen bonds.”® The self-
assembly was found to be predictable owing to the strength
and directionality of these interactions. It was determined that
the length of the appended alkyl chain could be used to direct
the self-assembly process to form bilayers in the solid state.
The current study expands on this concept through the design
of systems that self-assemble into a bilayer in the solid state
but can be processed in solution to generate vesicles that are
self-assembled through pnictogen bonds. Here, these
predictable interactions control the formation of bilayers that
are reversed from the typical lipid bilayers and suggest a new
approach to attaining such features in solution.

In order to attain a solution-processable antimony(lll) alkoxide

cage, a long aliphatic tail was installed on the cage.

Tris(hydroxymethyl)Jaminomethane  was  acylated  with

decanoyl chloride to produce N-[2-hydroxy-1,1-
31,32

bis(hydroxymethyl)ethyl]-decanamide (1). Treatment of a
THF solution of 1 with antimony(lll) tert-butoxide resulted in
the formation of the antimony(lll) alkoxide cage compound 2
(Scheme 1) which could be isolated cleanly by filtration (see S|
for details). As has been noted for other systems with multiple
strong chalcogen or pnictogen bonds, solvents with large Eg
Drago-Wayland parameters, such as pyridine, DMSO or DMF,
are needed to compete with the intermolecular interactions to
allow for complete dissolution.”®* Compound 2 only dissolves
in these solvents upon heating. This corroborates the high
electrostatic contribution to these pnictogen bonds.

Formation of 2 was confirmed through 'H NMR (see Figure S3)
in dg-DMSO by the absence of the hydroxyl proton triplet at
4.77 ppm and marked shifts (0.72 ppm) of the cage methylene
protons. A similar shift of 8.45 ppm for the methylene carbons
was observed in the *C NMR spectrum. Both of these shifts
are consistent with those previously reported for antimony
alkoxide cage formation.?® FTIR spectroscopy also confirmed
the disappearance of the hydroxyl group O—H stretch at 3286
cm™ (Figure S7). The formation of SBIs was probed by
evaluating the energy of the Sb—O stretches of 2 and
contrasting them with the energy of antimony alkoxides that
do not self-assemble. The FTIR of 2 reveals a stretching
frequency for 2 (492 cm™, Figure S7) that is well shifted from

2| J. Name., 2012, 00, 1-3

the Sb—O stretching frequency of monomeric antimony(lll)
tert-butoxide (587 t:m_l).28 This is

Fig. 2 Top left: ball and stick representation of reversed bilayers from self-
assembly of 2 in solid state crystal structure. Top right: self-assembly pattern
around central molecule of 2 (hydrogens and tails are omitted for clarity).
Bottom: representation of a dimeric unit in crystal structure of 2.

consistent with the weaker Sb—O bonds that exist in the self-
assembled  structures.’®****> This
conceptual model where the secondary bond formation
results, in part, from donation of electron density into the Sb—
O o* orbital.”®

X-ray quality single crystals of 2 (Fig. 2, CCDC 1843709) were
grown from a saturated solution of 2 in DMSO. Similar to the
previously reported antimony alkoxide cage that forms a
bilayer in the solid state, each molecule of 2 interacts with four
additional antimony cages through pnictogen bonds in an
antiparallel arrangement. This connectivity results in the
inverted 2D bilayer structure as depicted in Figure 1. It is
notable that the shortest amide-amide N---O distance is
3.466(6) A. This is well above typical distances associated with
strong amide-amide hydrogen bonds.>® This suggests that, not
only do pnictogen bonds direct the bilayer formation, but that
they do so in the presence of groups that can competitively
hydrogen bond to give a motif that is consistent with the one
previously observed in the solid state without groups that
could form strong hydrogen bonds. % The aliphatic chains in
neighboring bilayers interdigitate to complete the third
dimension of the lattice. The PXRD of the bulk sample isolated
from THF was consistent with the simulated powder X-ray
diffraction pattern of the single crystal data.

The goal of the elongated structure was to make the system
amenable to solution studies. Dry acetone was determined to
be an ideal solvent for manipulating 2. It is notable that
acetone has a Drago-Wayland Eg parameter in between
pyridine (2 is soluble) and THF (2 is insoluble). Dynamic light
scattering (DLS) was used to determine the size distribution of
particles of 2. Solutions with concentrations ranging from
0.05-0.5 uM of 2 in dry acetone were prepared and sonicated

is consistent with the
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for 10 seconds, 2 minutes, or 5 minutes (Figures S8-S12).
Regardless of the sonication time, concentrations above 0.3
UM resulted in the formation of particles with broad size
distributions ranging from 0.1-4 um. These solutions were
visibly opaque (Figure S9). Lower concentrations with longer
sonication times resulted in the formation of homogeneous
solutions (Figure S13). These solutions contained particles with
a narrower size distribution, ranging from 40-200 nm (Fig. 3).
The 'H NMR of these homogeneous solutions did not reveal
any signals. This would
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Fig. 3 DLS particle size distributions of (a) 0.5 uM and (b) 0.05 uM solutions of 2
in acetone after sonication for 5 minutes.

be consistent with the molecules being in a non-fluctional
environment. This contrasts with observable signals in DMSO-
ds which can readily form strong SBIs with antimony(lll) which
keep it dissociated in solution.”””*®

TEM was used to determine the nature of the particles
produced under different conditions and to specifically probe
for evidence of hollow vesicles. Samples were prepared under
an inert atmosphere in dry acetone and cast on a copper grid
coated with carbon. The excess solvent was absorbed by filter
paper placed under the grid. Samples with short sonication
times or high concentrations yielded images containing large,
opaque particles consistent with the heterogeneous
appearance of the solution (Figure S9 and S15).

Samples of 2 in acetone ranging in concentration from 0.05 to
0.15 uM, which appeared homogeneous to the eye, yielded
TEM images such as those shown in Figure S13. Here, no
evidence of the opaque solid particles was observed. Rather,
the particles were on the nanometer scale and appear to have
circular shapes with a hollow interior (Fig. 4). The dark rings,
which represent regions of low transparency, are consistent
with regions of high electron density. This is consistent with a
model in which the bilayer structure seen in the crystal
structure, which concentrates the electron-rich antimony
atoms together, is retained to create self-assembled inverted
bilayer vesicles in solution directed by Sb-:-O SBls.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 TEM images at two magnifications of 2 after sonication of a 0.075 uM dry
acetone solution for 5 minutes. Inset contains a sketch of a cross-section of a
reversed bilayer vesicle consistent with self-assembly in the solid-state structure.
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Fig. 5 Histograms: size distribution of vesicles. Measurements were made from

150 vesicles in two TEM images (See figure S14). Dotted line: overlay of DLS
results of 0.05 uM concentration after 5 minutes sonication.

Fig. 5 shows a comparison of the distribution of particle sizes
in the TEM images (see Figure S14) as compared with the
distribution from the DLS measurements. Most of the
measured vesicle diameters from the TEM images range from
50-100 nm and are consistent with the DLS measurements.
SEM images were obtained from samples prepared using the
same method that was used for the TEM images. The vesicles
were sensitive to the electron beam and during image
capturing would change size and vibrate. This made imaging
single vesicles difficult. Fig. 6 shows an agglomerate of vesicles
of 2. Notably, in the well-dispersed sample, few of these
agglomerates exist. Corrections were applied to highlight the
spherical morphology of these vesicles (the original image and
a description of the corrections are provided in Figure S16).
The individual vesicles in the agglomerate are consistent with
the sizes measured by DLS and TEM. Agglomeration of these
vesicles likely results from the interdigitation of the exposed
exterior alkyl chains in a manner similar to what is observed in
the crystal structure.

In summary, a synthetic method to produce amphiphilic
antimony(lll) alkoxides that will self-assemble in two
dimensions to form an inverted bilayer in both the solid and
solution states is reported. Hollow vesicles of 2 were prepared
in acetone using ultrasonication. These vesicles are expected
to have self-assembled through the homo-molecular pnictogen
bonding (Sb---O) of molecules of 2 in a manner consistent with
the solid-state structure. This results in the formation of
reversed bilayer vesicles that are the first true inverted
analogue of biological self-assembled bilayer membranes.
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Fig. 6 SEM image vesicles of 2 (0.075uM solution sonicated for 5 minutes).
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Vesicles with a reversed bilayer membrane are self-assembled through pnictogen bonding.
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