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Two-Component Dendritic Gel: Effect of Stereochemistry on the
Supramolecular Chiral Assembly

Andrew R. Hirst,” David K. Smith,** Martin C. Feiters,"”’ and Huub P. M. Geurts!!

Abstract: The self-assembly of diami-
nododecane solubilised by four differ-
ent stereoisomeric dendritic peptides to
form gel-phase materials in toluene
was investigated. The second genera-
tion dendritic peptides were based on
D- and L-lysine building blocks, and
each contained three chiral centres. By
designing dendritic peptides in which
the configurations of the chiral centres
were modified, and applying them as

modulated by the stereoisomers em-
ployed, an effect which changed the
morphology and macroscopic behavior
of the self-assembled state. Enantio-
meric (L,L,L or D,D,D) gelator units
formed fibrous molecular assemblies,
whilst the racemic gel (50% L,L,L :
50% bp,p,p) formed a flat structure
with a “woven” appearance. Gelator
units based on L,b,b or D,L,L dendritic
peptides also formed fibrous assem-

blies, but small-angle X-ray scattering
indicated significant morphological dif-
ferences were caused by the switch in
chirality. Furthermore, the macroscopic
stability of the gel was diminished
when these peptides were compared
with their L,L,L or D,b,D analogues. In
this paper it is clearly shown that indi-
vidual stereocentres, on the molecular
level, are directly related to the helicity
within the fibre. It is argued that the

gelator units, the assembly of stereo-
isomers could be investigated. In all
cases, the self-assembly of gelator units
resulted in macroscopic gelation. How-
ever, the degree of structuring was

gels

Introduction

The self-assembly of molecules into helical and multiple hel-
ical architectures is a dominant motif in biology and materi-
als science,'!! with the relationship between the microscopic
chirality of the self-assembled state and the intrinsic chirali-
ty of a molecule or “building block” being a fascinating area
of current investigation. The prerequisite for self-assembly is
the compatibility of “molecular building blocks” guided by
highly directional noncovalent interactions (e.g. hydrogen
bonds, n—m stacking, electrostatic interactions, and solvopho-
bic interactions).”) Molecular or “bottom up” fabrication,
using simple building blocks to fashion functional nanoscale
assemblies in this way, has been exploited in the emerging
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chirality controls the pattern of hydro-
gen bonding within the assembly, and
hence determines the extent of fibre
formation and the macroscopic gel
strength.

fields of biomolecular materials, optoelectronics,[‘” and the
synthesis of organogels® and hydrogels.

The impact of chirality on assembled systems can be pro-
found."" Chirality plays key roles in assembly processes
taking place on two-dimensional surfaces,® in liquid-crystal-
line phases’ and, of particular relevance to the work descri-
bed herein, in the formation of supramolecular polymers!”!
and gel-phase materials."!! In supramolecular organogels,
the chirality within an individual molecule or “building
block” can be transcribed to the nano- and mesoscale fi-
brous assemblies. However, the factors responsible for the
transmission of chiral information during self-assembly are
not fully understood.

It is worthy of note that assembled fibrous structures are
of considerable biological significance.'"” The self-assembly
of peptidic units is of key importance in the pathways of
protein folding diseases,” for example amyloidosis!'* and in
Creutzfeld-Jacob’s disease (CJD).”! In amyloidosis, point
mutation causes proteins to stack together, minimising their
exposed hydrophobic surface and packing together [(3-sheet
regions to maximise hydrogen bonding within a fibrillar
structure. Initially, small soluble protein assemblies are gen-
erated, which later assemble into larger insoluble aggregates,
which are a diagnostic symptom of disease.l'’l Investigations
of the effects of molecular-scale modifications on the nano-,
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micro- and macroscale properties of synthetic fibres is there-
fore of biomimetic interest.

We have developed a two-component gelation system
which uses a dendritic building block based on the amino
acid vL-lysine in combination with an aliphatic diamine
(Scheme 1).'" We have reported that the molar ratio of the
two components plays a key role in controlling the morphol-
ogy of the gel-phase material. Furthermore, the properties
of the gel can be modulated by tuning the core aliphatic
spacer unit. We have shown that dendron-dendron hydro-
gen bonding interactions are largely responsible for the for-
mation of fibrous assemblies. Herein we investigate for the
first time the transcription of the stereochemistry of the in-
dividual dendritic building blocks. We focus on the gelation
behaviour of diaminododecane, solubilised by second gener-
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Scheme 1. Structure of dendritic two-component gelator unit.!'”!

ation dendritic peptides based on L and D-lysine and con-
taining three chiral centres (L,L,L and D,p,D). Furthermore,
L,D,D and D,L,L peptides in which one chiral centre has been
’switched’ have also been studied. The chirality of dendritic
molecules has been of considerable interest,'® and herein
we provide an interesting example of ways in which this
chirality can be expressed on a microscopic and macroscopic
scale in a controlled way.

Results and Discussion

Synthesis: The building block,

Boc-L-Lys(Boc) Boc-D-Lys(Boc)

Boc-L-Lys(Boc)—L-Lys—OH Boc-D-Lys(Boc)—D-Lys —OH

LLL D.D,D

Boc-D-Lys(Boc) Boc-L-Lys(Boc)

Boc-L-Lys(Boc)—D-Lys—OH

Boc-D-Lys(Boc)—L-Lys—OH

LbD D.LL

Scheme 2. Schematic structures of the four stereoisomers used in the
present study.

proven that the stereochemistry of these dendritic peptides
is retained when employing this synthetic pathway.”” Purifi-
cation was achieved by using silica gel chromatography, and
all characterisation data were in full agreement with the as-
signed structures.

Thermal properties of the gel-phase materials: To assess the
structuring behavior of the different gelator units, the transi-
tion from an immobile to a mobile self-assembled state was
determined by using tube-inversion experiments.”") All the
gel-phase materials reported here were generated by using a
2:1 dendritic branch:diaminododecane ratio in toluene, and
were thermo-reversible and optically clear, indicating good
solubility of the two-component system under all conditions.
As previously reported, the effect of molar concentration of
the two-component gelator on the T, (gel-sol transition
temperature) may be described in terms of two distinct re-
gions.'’ Initially, increasing the concentration of the gelator
unit increases T, until eventually a plateau region is
reached in which network formation is considered to be
complete.

It was found that the gelator stereochemistry profoundly
influenced the thermal properties associated with the macro-
scopic gelation (Figure 1). Both enantiomers have approxi-
mately equal gelation properties with respect to the T,y
(L,L,L-enantiomer: T,,=105°C; bD,p,p-enantiomer: T,
107°C). This is analogous to the melting points of the enan-
tiomeric solids (see Experimental Section), which are equal
because “handedness” does not have an impact on this type

el —

or gelator unit, that self-assem- 0 Q(
bles, inducing macroscopic ge- NH2 O%\NH O:<O
lation of aprotic organic sol- a A( NH
vents is shown in Scheme 1. 0 oJ<
Four stereoisomeric dendritic H N COH ﬂ\o)kN CO,H R=Me
peptides (Scheme 2) were syn- H c Boc-G2(COOMe)
thesised by using a directly
analogous method to that previ- Hj\ \S\ O‘<\
. Boc G2(COOH)
ously reported for L,L,L dendrit- NH
ic lysine (Scheme 3),™” only re- H,N"CO,H N COMe o:<0

placing the r-lysine with bD-
lysine at the appropriate points
in the synthesis. Our previous
studies have unambiguously
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%

Scheme 3. Synthesis of second generation dendritic peptides (Boc-G2(COOH))."**! a) Boc,0, NaOH, H,0,
dioxane, 97 %; b) 2,2-dimethoxypropane, MeOH, HCI, 93%; c¢) DCC, HOBt, Et;N, EtOAc, 82%; d) NaOH,
MeOH, H,0, 90 %. DCC=dicyclohexyl carbodiimide, HOBt = 1-hydroxy-1 H-benzotriazole.
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Figure 1. Effect of the amount of p,b,b dendritic peptide on the T of
the organogel based on the L,L,L dendritic peptide. At each point, [den-
dritic peptide],o =15 mm, [H,N(CH,),,NH,] =7.5 mm, solvent = toluene.

of phase-transition. Interestingly, when gel-phase materials
were generated by using mixtures of the r,.,L and D,D,D
dendritic peptides, the degree of macroscopic gelation was
significantly reduced. Minimum T, values were observed
when using mixtures in a range between 75:25 and 25:75
(L,L,L:D,D,D), with T, =35-40°C. This implies that introduc-
tion of the second enantiomer to the chiral gel network
modifies the self-complementary noncovalent interactions
and hence the molecular packing of gelator units.’” The ali-
phatic diamine was constant in these studies, clearly indicat-
ing that the superior gelating properties when using a single
enantiomer must be related to the spatial and temporal as-
sociative forces which exist between the gelator units.

It has been previously reported that racemates are less ef-
ficient gelators than pure enantiomers, and sometimes lack
any capacity to gelate because of a propensity to crystal-
lise.”¢?24 Additionally, the self-assembly of stereochemical-
ly different amphiphilic gelators has been explained in terms
of a “chiral bilayer effect”. In such cases, racemates are not
predisposed to form unidirectional “stacks” or fibres but in-
stead precipitate to form three-dimensional crystal struc-
tures.”? It should therefore be pointed out that crystallisa-
tion of the racemic mixture was not observed in this case,
and all gels remained optically transparent.

Experiments were also conducted, in which the enantio-
meric (L,L,L and D,b,p) dendritic peptides were replaced
with their diastereoisomers (L,b,b and D,L,L, Scheme 2). The
effect of molar concentration on the thermally reversible
“gel boundary”, T, is shown in Figure 2. Switching one
chiral centre from the p,b,p peptide to its L,b,b diaster-
eoisomer resulted in a dramatic reduction in the macroscop-
ic gelation behavior (D,p,D: Ty, =107°C; L,D,D: Ty =53°C).
As would be expected the behavior of L,p,p and p,L,L den-
dritic peptides is similar given their enantiomeric relation-
ship. Presumably, the reduction in the macroscopic level of
gelation between D,p,pD and L,b,b peptides is related to
changing the chiral centre, which must lead to disruption of
the dendron—-dendron hydrogen bonds by modifying the spa-
tial arrangement of gelator units. It is remarkable that
changing just a single chiral centre in a relatively complex
system can have such a targeted effect. It is often considered
that dendritic systems have little long-range conformational
order, however, in this case, it is clear that changing the con-
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Figure 2. Effect of molar concentration on 7 as a function of the stereo-
chemical configuration of the dendritic peptide. Solvent: toluene.

figuration of one chiral centre must significantly perturb the
three-dimensional organisation of the dendritic architecture,
and that this modification is in turn transcribed up to the
nanoscale, mesoscale, and ultimately the macroscopic level.
This speculation is proven in the following section describ-
ing morphological properties. The precise molecular control
of materials properties exhibited by this two-component ge-
lator is reminiscent of the way in which subtle modification
of a protein can lead to changes in its folding, hence control-
ling its preorganisation with respect to the formation of fi-
brillar aggregates in diseases such as Alzheimer’s and
cip.=

Morphological properties of the gel-phase materials—scan-
ning electron microscopy (SEM): Molecular self-assembly at
the nano- and micro-levels can be observed by using SEM.
This technique provides a comparative visual technique to
assess the impact of the different dendritic peptide stereo-
isomers on self-assembly. SEM images (Figure 3a—g) of the
organogels formed by using different molar ratios of L,L,L
and p,b,b dendritic peptides. The same total concentration
of gelator unit was employed in each case. Remarkably,
SEM revealed that the morphology of the self-assembled
state is directly controlled by the ratio of enantiomers pres-
ent in the organogel. Organogels assembled from pure L,L,L
(Figure 3a) or p,b,p enantiomers (Figure 3g) formed thin
fibres that underwent further aggregation to form bundles
of fibres. These bundles of fibres constitute a highly devel-
oped entangled network. The regular shape and high aspect
ratio of the individual fibres indicates uni-directional “stack-
ing” of the gelator units. Analysis of the individual fibres
showed that they were approximately 20 nm wide and sever-
al hundreds of nanometres long.

Mixing a little of the p,bD,D enantiomer with the L,L,L
enantiomer also gives rise to a organogel composed of a
fibre network (Figure 3b). However, the number and density
of fibre bundles drops noticeably, rendering a network com-
posed of a larger number of individual fibres. This subtle
change in aggregate morphology is reflected by the decrease
in thermal stability of the gel ([L,L,L]:[D,D,p]=10:0(mwm),
T, =105°C; [L,L,L]:[D,D,0]=8.7:1/3 (mM), T,,=82°C). In-
creasing the mole fraction of the p,b,b-enantiomer even fur-
ther, produced profound changes in the aggregate morphol-
ogy (Figure 3c and d). Discrete fibre bundles were replaced

www.chemeurj.org Chem. Eur. J. 2004, 10, 5901 —5910
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Figure 3. Effect of different molar ratios of L,L,L and D,b,D dendritic peptides on aggregate morphology using SEM. In each case, [dendritic peptide] ;=
10mMm, [H,N(CH,);,NH,]=5mm. a) [L,L,L]=10mM™, [D,D,p]=0mMm; b) [L,L,L]=8.7mMm, [D,p,p]=1.3mM; ¢) [L,L,L]=6.2mM, [D,D,p]=3.8mMm; d) [L,L,L]=
Smwm, [D,p,p]=5mM; e) [L,L,L]=3.8mM, [D,D,D]=6.2mM; f) [L,L,L]=2.5mMm, [D,D,p]=7.5mM; g) [L,L,L]=0mM, [D,D,p]=10mm. The white bar represents

a distance of 100 nm.

by large super-structures, which appear to be composed of
“ribbon-like” morphologies. Figure 3c indicates that large
fibres are formed, which have a diameter of ~400 nm and
lengths that are microns long. A 50:50 racemic mixture (Fig-
ure 3d) results in a self-assembled state that appears to con-
sist of a small number of inter-woven super-structures in
which all fine detail was lost and only extremely large fibres
(relative to the micro-scale) were observed. However, it is
difficult to determine the approximate dimensions of the
“building block” from the SEM image due to the lack of
well-defined structures.

Importantly, the stereochemically-driven change in the
mode of self-assembly is directly related to the decrease in
thermal stability of the gel, which reflects the macroscopic
gelation ability, that is, for the L,L,L peptide, T,=105°C
(Figure 3a) while for the racemic mixture of L,L,L and D,D,D
peptides, T, =37°C (Figure 3d). As the mole fraction of the
D,D,D enantiomer was increased further, a similar transition
in aggregate morphology was observed (Figure 3e and f).
This clearly indicates the mirror image relationship of the
nanoscale self-assembled aggregates. Once again, these
nanostructures are directly related to the mirror-image
trends observed in the macroscopic behavior of the gel
(Figure 1).

Interestingly, even though the aggregate morphology is
dictated by the molar ratio of the two enantiomers, the self-
assembly is still predominantly one-dimensional. This would
suggest that under the non-polar conditions dictated by the
choice of solvent (toluene) there is a strong driving force to
maximise the anisotropic nature of the dendron-dendron
hydrogen bonds. However, stereochemical effects may influ-
ence the packing arrangements or surface curvature of the
self-assembled state, hence dictating the observed aggregate
morphology.”

Intriguingly, subtle differences were also observed when
the gels based on L,b,b and D,L,L dendritic lysine were char-
acterised using SEM. Figure 4a and b show the SEM images

Chem. Eur. J. 2004, 10, 5901 -5910 www.chemeurj.org
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Figure 4. Effect of different diastereoisomers on the aggregate morpholo-
gy, [dendritic peptide],=10mwm, [H,N(CH,),,NH,]=5mwm. a) L,p,p den-
dritic peptide; b) p,L,L dendritic peptide. The white bar represents a dis-
tance of 100 nm.

of the L,p,p and D,L,L based gels. The striking features of
these images are that the stereochemical differences im-
posed on the primary structures does not prevent uni-direc-
tional self-assembly, with “stacking” of the gelator units still
being the dominant motif. In all cases, therefore, highly di-
rectional hydrogen bonding formed between amide and car-
bamate groups on the dendritic peptides appears to persist.
However, the stereochemical modification appears to dic-
tate subtle changes in packing behavior. A comparison be-
tween organogels composed of D,L,L peptides (Figure 4b)
and those composed of L,L,L peptides (Figure 3a) reveals
that the p,L,L based gels consist of individual fibres possess-
ing a diameter of about 20 nm. Importantly, the dominant
motif of this entangled network was “thick” bundles of indi-
vidual fibres, typically 200 nm in width, that appeared to be
loosely interwoven (relative to the L,L,L based organogel,
Figure 3a). A similar comparison can also be drawn between
the gel based on p,b,b dendritic peptides (Figure 3g) and
the corresponding diastereomer, D,L,L (Figure 4a).

These subtle differences in network morphology may ac-
count for the differences observed in the corresponding
macroscopic gelation behavior. For example, in the “plateau

— 5905
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region”, T, values for L,b,D and D,L,L based organogels are
ca. 50°C. These values compare to a “plateau region” T,
for L,L,L and D,D,D based gels of ~105°C. SEM therefore in-
dicates that modifying the stereochemical configuration of
the dendritic peptide modulates the packing geometry of
the self-assembled state and further evidence for this is pro-
vided by small-angle X-ray scattering (SAXS).

Morphological properties of the gel-phase materials—small-
angle X-ray scattering (SAXS): Four samples were investi-
gated by SAXS, using the diaminododecane spacer in the
presence of two molar equivalents of enantiopure L,L,L, rac-
emic L,L,L/D,D,D, enantiopure L,D,D, and enantiopure D,L,L
second-generation dendron. In all cases, X-ray reflections
that indicated long-range order were observed (Figure 5).

Normalized X-ray counts

015 0.2 0.25 0.3 0.35 04 045 05 055 0.6
q (A

Figure 5. SAXS patterns of gels in toluene using diaminododecane spacer
at room temperature with various different dendrons. a) 20mML,L,L; b)
10mMm rac-L,L,L/D,D,D; ¢) 20mML,D,D; d) 20mM D,L,L. Arrows highlight
peaks identified by peak fit (see also Table 1). Asterisk indicates instru-
mental artefact.

The patterns of reflections could not be readily interpreted
in terms of a common lamellar or hexagonal packing, such
as observed in recent studies on 2,3-di-n-decyloxyanthracene
in propylene carbonate® and methyl 4,6-O-benzylidene-a-
p-mannopyranoside in p-xylene.””) Analysis in terms of
packing of hollow cylinders such as performed for organo-
gels of anthraquinone- and azobenzene-appended cholester-
ol derivatives® was not possible as our two-component gel
does not have such contrasts in electron densities in its mo-
lecular structure.

Although it proved impossible to interpret the data in
terms of a specific molecular packing, the observation of dif-
fraction patterns is direct evidence for the order implied in
our previous discussions. SAXS indicated (Table 1) that the
long range order of the gels constructed using the L,L,L-den-
dron and the L,L,L/D,D,D racemic mixture are significantly
different to one another reflecting their very different mor-
phologies as imaged by SEM. It should also be noted that
the patterns of the “mirror-image” gels constructed using
either L,p,D or D,L,L have (within error) identical peak posi-
tions reflecting the enantiomeric relationship of these mate-
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Table 1. SAXS peaks and periodicities of gels formed in toluene using
various second generation lysine-based dendrons with an N12N (diami-
nododecane) spacer at 25°C.

Dendron Spacer Peaks

10 mm N12N 0.199, 0.271, 0.475 A"
316,232,132 A

20 mML, L, L

10 m™m rac-1,1,1/D,D,D 5 mm N12N 0.222, 0.455 A
283,13.8 A

20 mML,D,D 10 mm N12N 0.284, 0.445 A
221,141 A

20 mMb,L,L 10 mm N12N 0.275, 0.448 A
228,140 A

rials. Most interestingly, however, the SAXS results provide
clear evidence for a significant morphological difference be-
tween the L,L,L based gel and the gels based on diastereo-
meric L,0,D (and D,L,L) peptide—indicating once again that
this subtle change in chirality has a clear effect on the as-
sembly process.

Circular dichroism studies: It is well-known that circular di-
chroism (CD) spectra appear when the chromophoric moiet-
ies of chiral molecules are organised into an appropriate ori-
entation.""?) The inherent chirality present in the dendritic
peptides and the specific orientation of the amide carbonyl
groups therefore allowed the three-dimensional structure of
the aggregated state to be studied. The investigation was
performed at concentrations below the threshold required
for macroscopic gelation using cyclohexane as the aprotic
solvent. Cyclohexane replaced toluene as the solvent of
choice as it exhibits similar physical properties to toluene
(and still forms gel-phase materials) but importantly was
UV “silent” across the wavelength region of interest (i.e.,
~220 nm). Circular dichroism bands were observed for the
two-component system, with a 4., value at about 222 nm,
ascribable to the amide carbonyl group of the dendritic pep-
tides (Figure 6a). Importantly, no CD signal was observed
for the dendritic peptide alone in cyclohexane. This indi-
cates that the CD signals observed for the two-component
mixture can be attributed to the helicity of the aggregated
state and not to the inherent chirality of the dendritic pep-
tide. It was also confirmed that the contribution of linear di-
chroism (LD) to the true CD spectra is negligible. This sug-
gests that a chirally organised (probably helical) arrange-
ment is present in the self-assembled state, even below the
gelation threshold. Unfortunately, exciton coupling bands
that are useful for prediction of the directionality of helicity
were not observed.

When a pure L,L,L- or D,D,bD-enantiomer based assembled
structure (Figure 6a and Figure 6f) was studied, intense
equal and opposite CD signals were observed. This indicates
that the chiral organisation (helicity) was maximised. It was
observed that the helicity of the self-assembled state was re-
lated to the enantiomeric purity of the assembly. Reduction
of the enantiopurity of the assembly resulted in the loss of
helicity, until at a 50:50 racemic mixture the self-assembled
state was effectively achiral (Figure 6d). There are three
possible explanations for this observation:

www.chemeurj.org Chem. Eur. J. 2004, 10, 5901 —5910
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Figure 6. Effect of the stereochemical configuration on the degree of helicity, as indicated by circular dichroism spectra. a) L,L,.(100 % ):D,D,pD(0%); b)
L,L,L(75%):D,D,0(25%); ¢) L,L,L.(60% ):D,D,0(40%); d) L,L,L(50% ):D,D,0(50%); €) L,L,L(25% ):D,0,D(75%); f) L,L,L.(0% ):D,0,D(100%). In each case,

[dendritic peptide] =3 mm, [H,N(CH,);,;NH,]=1.5mm.

1) The two stereoisomers each form helical fibres with dif-
ferent handedness, the CD effects of which cancel each
other out.

2) The two enantiomers attempt to form regions of differ-
ent handedness on the same fibre, effectively canceling
each other out and generating an achiral fibre.

3) The enantiomers disrupt the dominant helicity in a fibre
by insertion into the “stack”, leading to new nanostruc-
tures.

It is worth noting that the loss of helicity is not linearly
correlated to the incremental addition of the second enan-
tiomer. As shown in Figure 6a-Figure 6¢ the ellipticity (i.e.,
the measure of helicity) was reduced from 120 mdeg (Fig-
ure 6a) to 30 mdeg (Figure 6b) to 20 mdeg (Figure 6c).
These values suggest that the addition of the p,p,p enan-
tiomer to a stereochemically pure L,L,L assembly dispropor-
tionately disrupts the helical stacking. Pleasingly, this obser-
vation correlates well with the SEM and T, results and sug-
gests that explanation (3) above is the correct one—as the
results clearly contradict explanation (1) and also probably
explanation (2). The difference in aggregate morphology ob-
served by SEM between the gel based on the L,L,L stereo-
isomer (Figure3a) and the gel based on a mixture
L,L,L:[7.5 mM]:D,D,p[2.5 mM] (Figure 3c) is profound. Taken
together, these results suggest that the addition of a small
amount of the enantiomer not only modifies the level of hel-
icity present in the self-assembled state but also dramatically
controls the packing arrangement of the gelator units. As
would be expected the gels based on mixtures of enantiom-
ers which are present in inverse ratios provide mirror-image
CD spectra - compare for example the CD spectra in Fig-
ure 6b [L,L,L(75% ):D,D,D(25 % )] and Figure 6e
[L,L,L(25% ):D,0,D(75 %)].

The helicity of the self-assembled state was also deter-
mined for the r,p,p (Figure 7a) and p,L,L (Figure 7b) den-
dritic peptides. There is a minimal CD signal in each case
(<10 mdeg), however, the signs of the ellipticities are oppo-
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Figure 7. Effect of stereochemical configuration on degree of helicity as
shown by circular dichroism spectroscopy a) L,D,D; b) D,L,L. [dendritic
peptide] o =3 mMm, [H,N(CH,),,NH,] =1.5 mm.

site for each of these compounds reflecting the enantiomeric
relationship to one another of the small amount of helicity
that is present. This indicates that the supramolecular chiral
organisation of these self-assemblies is severely retarded,
compared to their L,L,L and D,b,b analogues. Once again, it
is very interesting to note that a single chiral centre within a
dendritic structure has such a marked effect.

Intriguingly, SEM indicates that the gelation behavior of
the L,b,D and D,L,L based organogels is still based on the mi-
croscopic entanglement of fibres, but CD indicates these
only possess a minimal degree of helicity. Therefore, we can
infer that even though the degree of helicity present in the
self-assembly is minimal, a degree of alignment of highly di-
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rectional amide-amide hydrogen bonding between gelator
units still clearly persists.

Visualisation of chirality on the nanoscale—SEM: From the
CD studies, it appears probable that the stereochemistry of
the dendritic peptides is expressed on the nanoscale through
the formation of fibres that possess inherent helicity. Inter-
estingly, nanoscale helicity was observed for the organogel
based on the D,p,D stereoisomer using SEM (Figure 8).

Figure 8. Direct observation of twisting helicity present in a dendritic
peptide based organogel, [p,p,b] =10 mm, [H,N(CH,),,NH,] =5 mm. The
white bar represents a distance of 100 nm.

Small regions in which helical intertwining of the fibres was
observed were visible (denoted by white arrows). It should
be emphasised, that this SEM observation does not necessa-
rily visualise the helicity of a single fibre, but rather may
show the helical intertwining of several fibres—a process
which could be templated by the inherent helicity of a single
fibre. In most cases however, helical twisting could not be
determined using SEM, possibly because the sample prepa-
ration was too severe.

Conclusion

Aliphatic diamines are solubilised into aprotic solvents by
lysine-based dendritic peptides, resulting in optically trans-
parent and thermoreversible gels. The stereochemistry of
the lysine groups in the dendritic building blocks plays a key
role in controlling the assembly of these soft materials. No-
tably, the T, value, which reflects the macroscopic proper-
ties of the gel, is dependent on the stereochemistry. Racemic
mixtures possess lower T, values than their single enan-
tiomer analogues. SEM investigations indicate that the race-
mic gels possess a dramatically different morphology. CD
spectrometry indicates the helical nature of the assemblies,
and furthermore, indicates that the presence of the “wrong”
stereoisomer is able to disrupt the stacking process, break-
ing-up the well-ordered helical assembly and giving rise to
assemblies which have less stereochemical and morphologi-
cal definition.

Investigation of stereoisomeric gels, in which one chiral
centre of the dendritic peptide has been changed, indicates
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that subtle stereochemical changes can have a profound
effect on the self-assembly process. The T, values of these
gels were depressed, SEM indicated a less entangled fibrous
network, SAXS indicated a different molecular packing and
CD studies implied that the helicity of the fibres being
formed was significantly lower. This is a clear example of
the impact that chirality can have within a functional den-
dritic architetcture—a topic which has been of considerable
recent interest.'® Furthermore, the impact of a single struc-
tural change on the assembly of fibrillar aggregates is remi-
niscent of some of the effects observed in biological process-
es, such as amyloidosis. This indicates the ability of tunable,
self-assembling gel-phase materials to act as interesting
models for supramolecular disease pathways.

Overall, the results in this paper indicate that for gel-
phase materials it is possible to make subtle stereochemical
structural modifications which have direct impacts on the
nano- and microscale assemblies, as well as on the macro-
scopic materials properties of the aggregates formed. It is in-
tended that this two-component chiral organogel will poten-
tially provide new chiral self-assembled materials for crystal
growth, enantioselective catalysis, separation science and the
creation of responsive nanodevices, and investigations in
these directions are currently in progress.

Experimental Section

Synthesis and characterisation of dendrons: The four stereoisomeric den-
dritic peptides were synthesised by using directly analogous methods to
that previously reported for L,L,L dendritic lysine,'” only replacing L-
lysine with D-lysine at the appropriate points in the synthesis. Our previ-
ous studies have shown that the stereochemistry of these dendritic pepti-
des is retained when employing this synthetic pathway.”" Purification of
these dendritic peptides was achieved using silica gel chromatography.
The characterisation of the L,L,L dendritic lysine product was in full
agreement with that previously published.” IR data and mass spectral
data (low and high resolution) were identical for all four dendrons and
are therefore not reproduced here. There are distinctive useful differen-
ces in the '"H NMR spectra between L,L,L/D,D,b derivatives and their dia-
stereomeric analogues L,D,D/D,L,L. In particular, the N-H protons appear
differently, while the CH protons at the chiral centre appear with distinc-
tive chemical shifts dependent on which diastereomer is being studied. It
should be noted that all compounds melted across relatively broad
ranges (ca. 10°C), presumably due to a lack of crystallinity—midpoints
of the melting ranges are therefore quoted.

L,L,L-dendritic lysine: m.p. 95°C; [a]3® —9.3 (c=1.0, MeOH); '"H NMR
(500 MHz, CD;COCD;) 6=7.54 (br s, 1H; CONH), 7.40 (br s, 1H;
CONH), 6.17 (d, *J=7.5Hz, 1H; NHBoc), 6.13 (d, /=7.5Hz, 1H;
NHBoc), 5.95 (br s, 2H; NHBoc), 440 (m, 1H; COCH(R)NH), 4.23 (m,
1H;COCH(R)NH), 4.07 (m, 1H; COCH(R)NH), 3.20-3.10 (br m, 2H;
CH,NH), 3.06 (m, 4H; CH,NH), 1.90-1.30 ppm (54H; m, CH, and CHj).
p,p,p-dendritic lysine: m.p. 95°C; [a]3’=+8.9 (c=1.0, MeOH);
'"H NMR identical to L,L,L.

L,p,p-dendritic lysine: m.p. 86°C; [a]3’=+9.2 (c=1.0, MeOH);
'"H NMR (500 MHz, CD;COCD;) 6=7.46 (d, *J=7.6 Hz, 1H; CONH),
7.33 (br s, 1H; CONH), 6.13 (s, 1H; NHBoc), 6.00 (s, 2H; NHBoc), ca.
5.7 (v br s, 1H; NHBoc), 441 (m, 1H; COCH(R)NH), 4.12 (m, 1H;
COCH(R)NH), 4.04 (m, 1H; COCH(R)NH), 3.21 (m, 2H; CH,NH),
3.06 (m, 4H; CH,NH), 1.90-1.30 ppm (m, 54H; CH, and CH3).
D,L,L-dendritic lysine: m.p. 84°C; [0]3’=-144 (c=1.0, MeOH);
'"H NMR identical to L,b,D.

Gelation experiments: These experiments were performed by solubilisa-
tion of a weighed amount of dendritic gelator in a measured volume of
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selected pure solvent. The mixture was sonicated at ambient temperature
for 30 min before heating and cooling produced a gel. The gel sample
was left to stand overnight. Gelation was considered to have occurred
when a homogenous ‘solid-like” material was obtained that exhibited no
gravitational flow. The thermally reversible gel-sol transition tempera-
ture (T) was determined by using a tube-inversion methodology.!!

Scanning electron microscopy: Gel samples were applied to aluminium
stubs and allowed to dry. Prior to examination the gels were coated with
a thin layer of gold/Pt (60:40). Scanning electron micrographs were re-
corded by using a Jeol JSM-6330F instrument. Au/Pt deposition was per-
formed using a Denton vacuum LLC.

Small-angle X-ray scattering: SAXS experiments were performed on the
SAXS station at the Dutch-Belgian beamline (DUBBLE), BM 26, at the
European Synchrotron Radiation Facility in Grenoble, France™ on orga-
nogels mounted in glueless sample cells developed for X-ray absorption
spectroscopic studies in organic solvents.*!) SAXS data have been record-
ed with the gas multi-wire two-dimensional detector at a sample-to-de-
tector distance of 1.4 m, with an X-ray wavelength of 0.93 A (13.27 eV).
The SAXS data were successively normalised for absorption and detector
uniformity, and radially averaged. Spatial calibration was reformed with
silver behenate® with an estimated error margin of £0.5% in the ob-
served periodicities. The diffraction peaks as well as the background due
to solvent scattering and an instrument artifact at ¢=0.4 A~' were decon-
voluted by using Peakfit v4 (Jandel Scientific).

Circular dichroism measurements: Circular dichroism (CD) spectra were
recorded in the ultraviolet region (200-350 nm) using a JASCO 810 spec-
trometer and a 1.0 mm quartz cuvette. A sample interval of 1 nm and an
averaging time of 3s were used in all experiments. [dendritic branch]=
3 mm.
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