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Abstract: Helical rosette nanotubes (RNTs) are obtained through the self-assembly of the GAC motif, a
self-complementary DNA base analogue featuring the complementary hydrogen bonding arrays of both
guanine and cytosine. The first step of this process is the formation of a 6-membered supermacrocycle
(rosette) maintained by 18 hydrogen bonds, which then self-organizes into a helical stack defining a
supramolecular sextuple helix whose chirality and three-dimensional organization arise from the chirality,
chemical structure, and conformational organization of the GAC motif. Because a chiral GAC maotif is
predisposed to express itself asymmetrically upon self-assembly, there is a natural tendency for it to form
one chiral RNT over its mirror image. Here we describe the synthesis and characterization of a chiral GAC
motif that self-assembles into helical RNTs in methanol, but undergoes mirror image supramolecular chirality
inversion upon the addition of very small amounts of water (<1% v/v). Extensive physical and computational
studies established that the mirror-image RNTs obtained, referred to as chiromers, result from thermody-
namic (in water) and kinetic (in methanol) self-assembly processes involving two conformational isomers
of the parent GAC motif. Although derived from conformational states, the chiromers are thermodynamically
stable supramolecular species, they display dominant/recessive behavior, they memorize and amplify their
chirality in an achiral environment, they change their chirality in response to solvent and temperature, and
they catalytically transfer their chirality. On the basis of these studies, a detailed mechanism for
supramolecular chirality inversion triggered by specific molecular interactions between water molecules
and the GAC motif is proposed.

Introduction oligomeric systems (e.g., polymers, biopolymers). While there

o e ) is literature precedent for solvent-induced chirality inversion,
Supramolecular chirality (S€)s the expression of absolute .« ¢ these reports dealt with hesfuest complexes,

molecular chirality at the macromolecular level and generally polymers? biopolymerst liquid crystalline phase%,or thin
results from the self-assembly of multiple copies of one or more polymer films3agiand provided limited mechanistic insight as

chiral components or from the self-organization of chiral , the role of solvent at the intermolecular level. The system
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Scheme 1. Line Structures of Compounds 1—3 and Synthesis of
Compound 32
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aConditions: (a}, POCE, DMF, 70%; (b)5, allylamine, DCM,—78
°C, 79%,; (c)6, NH4OH, EtOH, 0°C, 65%; (d)7, BnOH, NaH, THF, reflux,
76%; (e)8, BogO, DMAP, EgN, THF, room temp, 72%; (f9, NH,OH-
HCI, pyridine, room temp; (g0, TFFA, THF, reflux, 89% (two steps);
(h) 11, N-chlorocarbonyl isocyanate, DCM,°C, 62%; (i)12, NHs/MeOH
(7 M), room temp, 77%,; (j13, Boc,O, DMAP, EgN, THF, room temp,
74%,; (k) 14, OsQ, NMMO, THF/t—BuUOH then Nal@Q, DCM/H,0, room
temp, 54%; (115, 16, NaBOAgH, DIEA, 1,2-DCE, room temp, 65%; (m)
17, thioanisole/TFA (6%), room temp, 78% (based38.5TFA-1.5H,0).

described here deals with the hierarchical se$sembly of a

W-Chiromer

(+)RNT

Figure 1. Self-assembly of GC base derivatived—3 in water and
methanol. Letters D and A denote donor/acceptor of H-bonds. Compounds
1 and?2 self-assemble into mirror image helical rosette nanotubes (RNTSs)
in both water and methanol, with no change in the CD profile. The SC
inversion observed witB could result from its self-assembly into left- or
right-handed helical RNTs, to which we refer here as W-chiromer (in water)
and M-chiromer (in methanotf. Note that the only difference betweén
and3 is the exocyclic NHCH group. Because of this structural difference,

3 could in principle engage in two additional H-bonds (silver arrows),
whereasl and2 cannot for steric reasons.

in 64% (three steps). Reaction witichlorocarbonyl isocyanate

small molecule whose SC crosses the mirror plane upon specific,nger pasic conditions followed by cyclization in a concentrated
interaction with water molecules. These studies led us to proposemethanolic solution of ammonia yielded a key intermediate in

novel mechanisms for SC inversion and catalytic transfer.
Results

Synthesis.Compoundd, 2, and5%-8were prepared according
to previously reported procedures. Compoldwas prepared

the preparation of GC base derivatives, 1,2-dihydropyrimido-
[4,5-d]pyrimidine (13) in 48% yield (two steps). Boc protection

of the free amino group followed by Lemiettdohnson
conversion of the allyl group to the corresponding aldehyde gave
15 in 40% yield (two steps). Reductive amination with the

in 13 steps and 72% average stepwise yield (Scheme 1). Firstpartially protected lysinel6 followed by deprotection in 5%

barbituric acid was converted in 70% vyield to 2,4,6-trichloro-
pyrimidine-5-carbaldehydéy). Three consecutive nucleophilic
aromatic substitutions on this compound afforded comp@ind
in 39% yield (three steps). Selective protection of the primary
amine followed by oxime synthesis and dehydration yieltied
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thioanisolef/trifluroacetic acid yielded the final prod@dh 51%
(two steps).

Solvent-Induced SC Inversion.GAC derivativesl and 2
(Figure 1) undergo hierarchical self-assembly to form a six-
membered supermacrocycle maintained by 18 H-bénds,
which then self-organizes into remarkably stablegutocata-
lytic,® helical rosette nanotubes (RNTSs) in water and metHaol.
In agreement with basic SC principle%,8 compoundl and
its mirror imageb-isomer 2 self-assemble into nanotubular
architectures with opposite helicities in water or methanol
(Figure 1A,B). While compounds$ and2 featured CD spectra
whose sign and profile were not altered in both water and
methanol (Figure 2A,B), compour8lunderwent mirror image
CD inversion upon switching the solvent from methanol to water
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Figure 2. CD spectra ofL.—3 in water and methanol. The CD spectralaf6.8 x 107> M, black) and2 (6.8 x 107% M, pink) in water (A) and MeOH (B)

grew over time reaching their maximum intensity over a period of 1 month &2The higher ellipticity in methanol reflects the formation of much longer
RNTSs in this solvent. The CD spectra 8f(4.0 x 105 M) in water (blue, W-chiromer) and methanol (green, M-chiromer) were recorded after aging the
water stock solution (1.% 10-3 M, 1 mg/mL) for 840 h and the methanol stock solution (%.3.0~3 M, 1 mg/mL) for 5 h, at 20°C (C).

(and vice versa). Although unexpected, this observation was hierarchical organization, dimensions, and shape. Therefore, the
critical in developing a molecular model and a mechanism for observed chirality inversion is associated with stable, solvent-
this solvent-induced SC inversion (vide infra). The methanol dependent conformational states, to which we refer here as
chiromet® (M-chiromer) in Figure 2C shows two minima  W-chiromer (in water) and M-chiromer (in methan&l)To
(—39.4 mdeg at 289 nmy-31.1 mdeg at 244 nm), and one better define these states, the effect of solvation free energy
maximum (19.6 mdeg at 229 nm), whereas the water chiromerwas investigated first to identify the dominant/recessive chi-
(W-chiromer) gave a mirror image profile (37.7 mdeg at 290 romer. Second, the ability of the chiromers to memdfitieeir
nm, 32.0 mdeg at 244 nm;22.8 mdeg at 228 nm). SC was established. Third, the effect of temperature was
Time-dependent CD experiments established that this is notinvestigated to establish the kinetic/thermodynamic pathways
a random process (Supporting Information Figure S1), and leading to the chiromers. Finally, the ability of the thermody-
variable temperature CD experiments (Figure S2) establishednamic (dominant) chiromer to catalytically transfer its chirality
that the observed chirality is supramolecular in nature as it to the kinetic (recessive) one was demonstrated.

disappears upon heating and is restored upon cooling. Since \water Leads to the Formation of the Dominant Chiromer.
the absolute chirality of3 cannot reversibly invert upon  This experiment consisted in preparing nine sample8 (f
switching solvents, it was logical to postulate that the conforma- mg/mL, 1.3x 10-3 M) varying in water (methanol) content
tion of 3 within the supramolecular architecture is such that fom 100% (0%) to 0% (100%) and monitoring their CD spectra
circularly polarized light interacts with chromophores in mirror - 5yer time. After 24 h (and over a period of 672 h), it was clear
image spaces in water and methanol, respectively, regardlesgnat water, even at 1% of the total volume, was the dominant
of the absolute molecular chirality & _ . solvent (Figures 5A, S13). The opposite SC appeared when
~ The Chiromers Display the Same Hierarchical Organiza-  methanol exceeded 99% (v/v). Particularly noteworthy, is the
tion. The hypothesis of a conformationally-driven chirality gccelerating effect of methanol on the formation of the RNTs
inversion implies that the chiromers maintain the same hierar- 55 can be inferred from the faster growth of the CD profile
chical organization and tha self-assembles into a rosette  perween 6-95% methanol (Figures S13, S14). Time-dependent
;upermacrocycle, whlc_h in turn self-organizes into pseudomirror dynamic light scattering (Figure 5B) and SEM studies (Figures
image tubular stacks in water and methanol. As a result, we g5_g511) established that the accelerating effect of methanol is
anticipated the chiromers to display similar NMR spectra and 4ssqciated with the formation of longer RNTs. In summary this
physical d|men5|0ns._ NOESY NMR experiments esta_bllnshed study (a) has shown that very small amounts of water (1% V/v)
that compound does indeed formo key H-borfdscharacteristic  jnquced SC inversion of the M-chiromer thereby suggesting a
of the rosette assembly in 90%,®/D;0 and in CROH specific role for this solvent and confirmed (b) that chiromerism
(Figure 3). . . is not a random process and (c) that there are two chiromers

As shown in Figure 4 (and Figure S$11) tapping mode ity opposite chiroptical properties, whose formation is con-
AFM, TEM, and SEM imaging o8 established the formation y51eq by their solvation free energy, as well as by the kinetics/
of RNTs with identical outer diameters in water and methanol: thermodynamics of RNT self-assembly. These results also
3.6 nm by AFM and 3.8 nm by TEM, in agreement with the g ,gqeqt that the formation of the M-chiromer is under kinetic
calculated van der Waals diameter of 3.7 nm.-tiNs spectra control.
of 3in water and methanol featured essentially the same profiles. Chiromerism Results from Conformational Memory. This

X 0 . .

A hypo.chromlc effect. (2.0 /0). and a small red shift (7 .nm).wer(.e experiment was designed to test the ability of the chiromers to
noted in r.“e‘ha”O" indicating advance_d aggregation in this memorize their SC in a solvent that induces the opposite
solvent (Figure S128 These results confirm that the supramo- chirality. Thus, compoun@ (1.3 x 10-3 M, 1 mg/mL) was

lecular architectures in water and methanol have the same’. . .
dissolved in methanol and water and allowed to equilibrate (672
(10) The term chiromerism was introduced to express the notions of chirality h) before an aliquot (62,6L) from each solution was transferred

and chimerism. That is the ability of a single chiral molecule to express i i o5 fi
multiple, yet thermodynamically stable, supramolecular chirality outputs to the solvent that induces opposite SC (19%597 % final

as a result of preferred conformational states under a set of physical vVolume). The SC of the water/methanol (3:97) sampl8 @f.0
conditions. Chiromers are supramolecular conformational isomers that (a) 5 initi i

are thermodynamically stable, (b) can memorize their chirality, and (c) X l_O._ M) decreased '”'“a”Y _°_"er 168 h’_ then increased
can amplify their chirality in an achiral environment. significantly, well beyond the initial value (Figure S16), thus

J. AM. CHEM. SOC. = VOL. 129, NO. 17, 2007 5737
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Figure 3. One-dimensionalH NMR and section of the NOESY spectrum in 90%04D,0 (A) and in CRROH (B) showing evidence of the formation of

the proposed H-bond network (C). The NOESY spectra show NOEs betweandiHs (dark bars in C). Since these protons are too far apart to display

any intramodular NOEs, the observation of an NOE between them confirms the existence of intermodular H-bonds. In addition, no other NOEs or imino
proton signals resulting from nonassemb8adr nonspecific aggregates thereof were observed. These results are diagnostic of the formation of the rosette
assembly?:”

—
-

confirming the ability of the W-chiromer to memorize its SC. (a) W-chiromer is the thermodynamic product whereas the
The initial decrease in SC is possibly the result of a small M-chiromer is the kinetic product, (b) W-chiromer is kinetically
amount of nonassemble&’lin the parent water stock solution, and thermodynamically stable, (c) water is the dominant solvent,
which upon dilution in methanol, undergoes self-assembly into (d) methanol accelerates RNT growth, and (e) chiromerism is
the M-chiromer, thus attenuating the system’s overall SC. the result of two distinct, “mirror image”, stable, and solvent-
Subsequent growth of the CD profile beyond the initial phase dependent conformational states.
confirms the accelerating effect of methanol on RNT growth  Kinetic versus Thermodynamic Control of Hierarchical
and suggests a catalytic interconversion of chiromers (vide Self-Assembly.Solutions of3 (1.3 x 1073 M, 1 mg/mL) in
infra). methanol and in water were each split into two equal-volume
While the M-chiromer (4.0x 10-5 M) maintained its SC in samples, the first was kept at 20 while the other was refluxed
methanol/water (3:97), the intensity of the CD profile decreased for 3 s. Aliquots (62.5uL) from the water and methanol
steadily over the course of the experiment (Figure S16), solutions were diluted in the same solvents (193@.5[3]final
eventually disappearing after 8 weeks with no restoration or = 4.0 x 107> M) after 24, 120, 168, and 336 h and their CD
inversion even after 7 months. The fact that the CD profile of spectra were recorded. The heated water samples showed a large
the M-chiromer disappears over time suggests an equilibrium increase (308400%) in the CD intensity and no change in
for chiromer interconversion involving unassembl&as an profile over a period of 336 h (Figure S16). Conversely, the
intermediate species, since the latter does not self-assemble aheated methanol samples adopted the opposite SC (Figure 5C).
CD concentration. However, when 90% of the solvent was This thermally-induced chirality inversion was found to take
evaporated, the residue aged for 2 weeks, then rediluted in wateplace only for stock solutions aged for less than 72 h. Samples
(4.0 x 1075 M), its CD profile was not only restored, but was aged for more than 72 h became stereochemically locked (Figure
indeed that of the W-chiromer. These experiments confirm that S18). Regardless of the age and thermal treatment, SEM imaging

5738 J. AM. CHEM. SOC. = VOL. 129, NO. 17, 2007
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Figure 4. TM-AFM (A, B), TEM (C-F), and SEM (G-J) images of W-chiromer (A, C, D, G, H) and M-chiromer (B, E, F, |, J) establishing their identical
dimensions and hierarchical organization. TM-AFM images show that the chiromers have very similar outer diameter, 3.58 for W-chiromer (A§3ersus 3.
for M-chiromer (B). The TEM images of the W-chiromer (C, D) and M-chiromer (E, F) stained with nano-W gave the same outer diameter for both
chiromers (3.8 nm). SEM images of the W-chiromer (G, H) and M-chiromer (I, J) show the formation of long nanotubes after aging for 1 momth at 1.3
1073 M (1 mg/mL) and then diluting to 0.3% 1073 M (0.25 mg/mL). Scale bars are 40 nm for-€ and 250 nm for G-J.
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Figure 5. Experiments establishing the kinetic and thermodynamic pathways leading to the M- and W-chiromers. (A) Binary solvent study showing that
the W-chiromer of3 is the dominant supramolecular isomer. The blue/green bars show the growth after 24 h at 290 nm and the black extensions show the
additional growth recorded after 672 h. (B) Time-dependent hydrodynamic diameter of the W-chiromer (blue trace) and M-chiromer (green toaee) monit

by DLS. (C) Thermally-induced SC inversion of the M-chiromer. The CD profiles of the heated (red traces) and nonheated (black traces) were fregnitored a
24 and 120 h. (D) SC inversion of M-chiromer catalyzed by W-chiromer (green/blue traces). The W-chiromer was replaced with water in the control
experiment (black trace). Free energy trajectories of RNTs #1, #2, #163, and #515 relative to the most stabld RNT(#163) in water (E) and methanol

(F). Although RNT #515 is more stable than RNT #2 for 4, it does not form in methanol because it must overcome a significant energy barrier (gray
box) during the early stages of self-assembly.

showed the formation of RNTs in all samples (Figure S11), W-chiromer and M-chiromer are one species that exists in two
although significantly longer in the heated samples, in agreementmirror-image, interconvertible, conformational states, (b) M-
with DLS data (Figure S15). These studies confirmed that (a) chiromer is the kinetic product and W-chiromer is the thermo-
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Scheme 2. Catalytic and Thermodynamic Pathways for Chiromer Formation and Interconversion in Methanol (Left) and Water (Right)?2
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aUpon dissolution of compoun@ in water or methanol, both chiromers can form during the early stages of self-assembly. However, depending on the

solvent and thermodynamic conditions used, only one chiromer will grow preferentially.

dynamic product, and (c) M-chiromer can cross the mirror plane 153 RNTs consisting each of 11 rosettes, with the top and
before becoming kinetically and conformationally locked. bottom 2 rosettes as well as all thenG bases fixed to reduce
Catalytic Transfer of Conformational Chirality. Since the end effects. The central rosette in each of the 153 RNTs was
W-chiromer memorizes its SC, grows faster in the presence of taken to finally construct RNTs composedbE 1—-10 rosettes.
methanol, and is the thermodynamic product, we tested its ability Finally, to obtain a detailed microscopic insight into the
to catalyze the SC inversion of the M-chiromer. Thus, catalytic organization of solvent molecules around the RNTs and their
amounts of W-chiromer (10 mol %) were added to the role in nanotube formation, we applied the 3D-RISKH
M-chiromer and the reaction was monitored by CD. As shown theory-11to the 153 RNTs composed bfrosettes | = 1—10)
in Figure 5D (and Figure S19), the M-chiromer underwent in water or methanol and in the presence of €bunterions.
complete inversion of chirality, whereas the control experiment The free energy of a given RNT conformer was obtained as a
(without W-chiromer) underwent, as expected, an attenuation sum of the internal energy and the solvation free energy. Figures

of the CD profile. S22-S29 present the free energy trajectories, relative to the
The Chiromers Are Solvent-Stabilized Supramolecular most stable RNT alN = 1 (RNT #163).
Conformational Isomers. Based on our experimental results,  From these calculations two families of RNTs were identified,

it is clear that the chiromers self-assemble into pseudomirror typified by (a) right-handed RNT #515, as a global thermody-
image RNTs. It is also clear that the water and methanol namic minimum corresponding to the W-chiromer, and (b) left-
chiromers correspond to the thermodynamic and kinetic prod- handed RNT #2, as a kinetic product corresponding to the
ucts, respectively. To uncover the structural basis for these M-chiromer (Figures 1 and S30). To further substantiate this
results we carried out a conformational search in water and hypothesis, we have also carried out electronic structure
methanol, with the solvation structure and thermodynamics calculations to obtain theoretical CD spectra for helically
obtained by the three dimensional molecular theory of solvation arranged motifs derived from stable RNT #515 (W-chiromer)
(section M, Supporting Informatiorf)* The first step consisted  and #2 (M-chiromer) as shown in Figures S31 and S32. The
in carrying out a conformational search around compo8nd  system described here is the first in which mirror-image
This motif was minimized, then 648 conformations were supramolecular chirality outputs were unambiguously connected
generated by varying dihedral angles around six bonds as showno a kineticversusthermodynamic control of hierarchical self-

in Figure S21. The second step consisted in arranging each ofassembly. Such control results from the self-assembly of
these conformations to form 6-fold symmetry rosettes main- preferred conformational states of a single homochiral molecule.
tained by 18 H-bonds. The rosettes were then stacked in a

tubular fashion with an interplanar separation of 4.5 A and a Discussion

rotation angle of 3Dper rosette along the main a%is Because . . . )
of severe steric constraints, only 153 of the 648 conformers A Mechanism for Chiromer Formation and Catalytic
could be assembled into RNTs. The third step consisted in Interconversion. On the basis of the above experimental results

minimizing the energy of the 153 RNTs using Macromodel 8.5/ and computational studies, the following mechanism for chi-
Maestro 6.0 with OPLS-AA force fielé The PRCG energy romer formation, growth, and interconversion may be envisioned

minimization in implicit GB/SA water was then applied to the (Scheme 2, Figure 6). D',SSOIUt'On of compodh@ Waterlleads
most likely to the formation of a large population of chiromers,

(11) Kovalenko, A. InMolecular Theory of Sehtion; Hirata, F., Ed.; Kluwer typified by left- and right-handed short RNTs. However, because

Academic Publishers: Dordrecht, The Netherlands, 2003; pp-289. ; iyifi H
(12) Jorgensen, W. L.; Maxwell, D. S.; Tirag®ives, J. JJ. Am. Chem. Soc. RNT grOWth IS Slg_mflcantly slow_er in water, and _because the
1996 118 11225-11235. initial energy barriers to formation of left- and right-handed
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Figure 6. Proposed templated supramolecular chain reaction mechanism for the catalytic transfer of conformational chirality from W-chiromer to M-chiromer

Table 1. Free Energy (kCal/mol) of Binding of Water Molecules in
Unigue Arrangements (W;—WS3) and Methanol Molecules in
Unique Arrangements (M1, M) in the First Solvation Shell around
a Single Motif in W-Chiromer (RNT #515) and M-Chiromer (RNT
#2) in Water, Water—Methanol (50/50), and in Methanol

H,0 H,0/MeOH (50/50) MeOH

Chiromer w M w M w M
W, —5.03 —5.47 —5.51 —6.60

W> —6.01 —5.62 —6.34 —6.22

W3 —5.36 —4.59 —6.25 —4.72

>Why —16.4 —15.7 —18.1 —-17.5

M1 —4.46 —5.60 —5.45 —7.53
M» —5.74 —4.29 —-7.73 —5.37
>Mpn —10.2 —-9.9 —13.2 —-12.9

RNTs are similar (Figure 5E), right-handed RNTs will form
preferentially because their free energy trajectory is steeper, = - -
leading as a result to the W-chiromer (right-handed, thermo- Figure 7. Hydrogen bond network generated in the first solvation shell
dynamic product). Dissolution &in methanol should also lead ~ With W-chiromer (A, C) and M-chiromer (B, D) in water (A, B) and in
to the formation of both left- and right-handed short RNTs. Methano! (€. D).
However, because there is no energy barrier to the formation anism (Figure 6). The latter mechanism is more likely since (a)
of left-handed RNTs in methanol (Figure 5F), and because the formation of the M-chiromer proceeds much faster (Figure
methanol accelerates RNT self-assembly regardless of handed5B), and (b) the M-chiromer used in this experiment was aged
ness, the left-handed population of RNTs will grow faster beyond the stage for interconversion (i.e., conformationally
(kinetic pathway) and take over the SC of the system, leading locked, Figures S18, S19).
as a result to the M-chiromer (left handed, kinetic product). It  Achiral Solvent Molecules Play the Role of a Supramo-
is also important to point out that the right-handed W-chiromer lecular Chirality Switch. One important point we had to
can be induced to form and grow faster in methanol if heat is address, however, is the profound effect of an apparently small
applied to the solution to overcome the initial energy barrier. structural difference between compoufidand 3 (a methyl
This heat-induced SC inversion is indeed possible if the samplegroup) on the RNTSs’ chiroptical and physical properties. The
is heated within 72 h of preparation. Beyond 72 h, conversion absence of the methyl group i@ not only eliminates a
of M-chiromer into W-chiromer does not take place because hydrophobic patch, but also opens access to the pyrimidinic
(a) all traces of W-chiromer that could act as a catalyst for nitrogens thus creating two new H-bond donor/acceptor sites
interconversion were converted to long and kinetically stable (see Figure 1). This triple effect should allow for a deeper
M-chiromer, and (b) inverting the chirality of mature M- penetration of solvent molecules into the walls of the RNTs
chiromer would require overcoming its very large solvation free where they could establish strong H-bonds. This hypothesis was
energy. probed computationally and solvation models were obtained
A simple mechanistic pathway for the conversion of M- (section N, Supporting Information). The solvation models
chiromer into W-chiromer could be targeted equilibrium shifting resulted in three unique arrangements of water molecules- (W
toward the thermodynamic product, a supramolecular variation W3) and two for methanol (ly} M) around the chiromers (Table
on Le Chaelier's principle (Table S2). Alternatively, an active 1, Figure S41). As expected, most of these solvent molecules
role for the W-chiromer may also be envisioned, possibly are within H-bond distances from the exocyclic amino group
involving: (a) the formation of a hybrid M/W-chiromer through  and/or the pyrimidinic nitrogen (Figure 7).
end-to-end fusion followed by (b) cooperative transfer of  The proposed mechanism for chiromer formation rests on the
conformational information from the W-chiromer to the M- hypothesis that W- and M-chiromers coexist in solution during
chiromer via a templated supramolecular chain reattioech- the early stages of the self-assembly process and that one grows
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preferentially depending on the solvent used. Comparison of organization but expressed mirror-image SC. They were also
columns 2/3 versus 6/7 in Table 1, and the extensive hydrogenshown to be thermodynamically stable supramolecular species
bond network in Figure 7A,B versus Figure 7C,D, show that yet displayed dominant/recessive behavior. Solvent and tem-
both chiromers are preferentially solvated by water. However, perature were shown to play a critical role in determining the
the unique water cluster identified (WWs) binds significantly dominant chiromer. We have shown that the chiromers memo-
more strongly to the W-chiromer than to the M-chiromer (4.32 rize and amplify their chirality in an achiral environment, change
kcal/mol per rosette, compare column 2 versus 3, Table 1), their chirality in response to the environment (solvent, temper-
leading to a preferential stabilization of the W-chiromer in water. ature), and catalytically transfer their SC according to a novel
Methanol was found to bind more strongly to the W-chiromer, mechanism, thus demonstrating that molecular conformational
indicating that the latter is also more stable in methanol (1.68 information can be stored and catalytically propagated.
kcal/mol per rosette, compare column 6 versus 7, Table 1). Extensive experimental and theoretical studies established that
However, as shown in Figure 5F, W-chiromer must overcome the chiromers are solvent-stabilized supramolecular conforma-
an energy barrier in methanol, whereas M-chiromer does not. tional isomers. The solvation models revealed unique arrange-
As a result, the latter forms preferentially in methanol as a ments of solvent molecules around the chiromers involved in
kinetic product. an extensive network of H-bonds with the exocyclic amino
Changes in free energy of binding upon transfer from one group and/or the pyrimidinic nitrogen of thex® base. On the
solvent to the mixture agree with water being the dominant basis of these interactions a mechanism was proposed for SC
solvent and W-chiromer being the dominant conformational inversion in whichachiral solvent molecules (water) play the
isomer. In effect, transfer of W-chiromer from water to 50/50 role of SC switches. These studies have also demonstrated that
methanol/water, results in a strengthening of free energy of methanol acts as a cocatalyst that accelerates RNT self-assembly,
binding of water molecules (10.2 kcal/mol per rosette, compare Whereas contrary to the conventional wisdom in the field, water
columns 2 and 4, Table 1). On the other hand, transfer of enhances RNT'’s relative thermodynamic stability and controls
M-chiromer from methanol to 50/50 methanol/water, results in its SC.
a weakening of the binding energy of methanol molecules (18.1  Finally, while absolute molecular chirality guarantees some
kcal/mol per rosette, compare columns 5 and 7, Table 1). This form of macromolecular chirality, its profile and amplitude are
trend suggests a mechanism whereby water molecules play thedetermined by thermodynamic and kinetic parameters defined
role of a supramolecular chirality switch involving: (a) water by the environment in which self-assembly and self-organization
penetration in the RNT grooves and displacement of methanol took place. SC may thus be viewed as the result of conforma-
molecules, (b) establishment of a H-bond network with the tional memory.
exocyclic amino group and pyrimidinic nitrogen, (c) confor-
mational change of the self-assembling module by rotation
around the side chain’s GHCH,—N(a)H,—C(a)H dihedral All circular dichroism spectra were recorded on a JASCO J-810
angle leading to the formation of the thermodynamic W- spectropolarimeter. Samples were scanned from-280 nm at a rate
chiromer. These results demonstrate that methanol acts as ®f 100 nm/min. Sample preparations and concentrations are indicated
cocatalyst that accelerates RNT self-assembly, whereas contrar)i/‘ the figure captions and in the Supporting Information section. Nuclear

to the conventional wisdom in the field, water enhances RNT’s Magnetic resonance experiments were conducted’@tén a Varian
. . I ' . Inova-800 spectrometer equipped with eithés mmitriple axis gradient
relative thermodynamic stability and controls its SC. HCN probe @ a 5 mmHCN-Zaxis-gradient cold probe. Atomic force

Supramolecular Chirality Is the Result of Conformational microscopy measurements were performed in tapping mode (TM-AFM)
Memory. It is clear from these investigations and earlier at a scan rate of 2 Hz per line using a Digital Instruments/Veeco
reports—8 that absolute molecular chirality guarantees some Instruments MultiMode Nanoscope IV equipped with an E scanner.
form of SC, but certainly not its profile. The latter is determined Silicon cantilevers (MikroMasch USA, Inc.) with spring constants of
by thermodynamic and kinetic parameters defined by the 40 N/m were used. TEM imaging was performed on a JEOL 2010
environment in which self-assembly and self-organization took m_icros_cope operating at 200 kV. The samples were negatively stained
place. Thus, through their hierarchical and conformational statesWith either 1% uranyl acetate or nano-W (methylamine tungstate,
and chiroptical outputs, chiral supramolecular architectures may Nanoprobes Inc.). All SEM images were obtained without negative
be viewed as a manifestation of their physical/chemical environ- staining, at 5 kv accelerating voltage and a working distance of 3.0

t Ani tant I f this stat tis that hiral mm on a high-resolution Hitachi S-4800 cold field emission SEM-UV
ment. An important coroflary of this statement s that any chiral - ;¢ spectra were recorded on an Agilent 8453. Dynamic light scattering

supramolecular assembly could in principle express multiple 5| s experiments were performed on a Malvern Zetasizer Nano S
chiroptical outputs depending on its physical environment. This, working at a 90 scattering angle at 2. This instrument is equipped
as a result, leads to the conclusion that SC is nothing but anwith a 40 mw He-Ne laser { = 633 nm) and an avalanche photodiode

Materials and Methods

expression of conformational memory. detector. Size distributions were calculated using an inverse Laplace
transform algorithm, and the hydrodynamic radii were calculated using
Conclusion the Stokes-Einstein equation.
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