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Abstract: Complementary diaminopyridine (DAP) and flavin derivatives self-assemble into discrete helically
stacked tetrads in hydrocarbon solvents. The self-assembled structure was demonstrated through induced
circular dichroism using DAPs with chiral side-chains and flavin with achiral side-chains. Flavin derivatives
with chiral side-chains were synthesized; cooperativity in the self-assembly was established through circular
dichroism (CD) profiles and melting curves. It was found that placing stereocenters in both recognition
units resulted in a strong bisignated profile and enhancement of complex stability, indicative of cooperative
self-assembly.

Introduction versatile liquid crystalline materialsDiscrete self-assembly,
in contrast, provides monodisperse and well-defined structures
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ionophores? In many cases, the development of sophisticated dipole moment
self-assembled materials will require reliable methods to control @) B ——
the aggregation. R0 o]

Chiral translation is ubiquitous in self-assembled materials R.O _ NH = Q ,N OR
and provides a tool for characterization of dynamic self- o— N ....H,\?—&N 2
assembled structures. These self-assemblies generally feature R,0 { )N \_QOHE
helical structures consisting of racemic mixtures of right- and NH: O
left-handed self-assembled structures. Installation of stereo- 025 OR
centers into building blocks give rise to favored handedness of
the aggregation, allowing us to modulate chiroptical properties, R::  c12H25 1 Rz C12H25 2
and thus three-dimensional structures of self-assembfiés. \)\/\/k
Molecular capsulation featuring chiral cavities formed through }1\)\/\)\ 1S 2 . 28
chiral translation provides a platform for chiral discrimination )
of a targeted guest molecll@ffering novel methodologies for "a\/\/\}\ 1R o N
the creation of chiral senso¥&Thus, installment of stereocenters - 4 OC 1oHos
in building blocks generates a new strategy toward the control NH*N
of chiral translation within self-assembled structures. The O)_N \—QOC‘szs

consequence of the interplay of chiral translation will create 3
frustrated and cooperative systems, provided that the delicate
interplay of stereocenters is substantial in the formation of self-
assembled structures.

In previous studies, weand other® have established specific
molecular recognition through three-point hydrogen bonding
using diaminopyridine (DAP) and flavin. The DARlavin dyad
provides an effective platform for the demonstration of chiral
translation: specific hydrogen bonding and long wavelength M-Stacking P-Stacking Cooperative system
absorption of the flavin Shou,ld enable us o detec,t chiral self- Figure 1. (a) Molecular structures of specific hydrogen-bonding dyad based
assembled structures. Herein, we report the design and charyn diaminopyridine-flavin. (b) lllustrative representation of right-handed
acterization of discrete self-assembly of specific hydrogen- (P) and left-handedN) stacking structures for the complexd$¢-2, 1R—
bonded dyads based on DAP and flavin (Figure 1a). These 2, and1S-29); achiral flavin2 can be CD active due to the formation of

. . . . self-assembled structure based on biased helical stacking of dyads, and the
systems demonstrate (1) chiral translation to an achiral flavin ;5 5g system provides the cooperative self-assembly.
from a chiral DAP due to the self-assembled structure and (2)

components of the DAPflavin dyad. Chiral translation occurs R. N-Methy! flavin 3 was employed to provide a non-hydrogen-
through formation of a discrete tetramolecular complex, as ponding control.

established using light scattering. Induced CD (ICD) of the

achiral flavin demonstrates the self-assembly of the complex affinity betweenl and 2 through specific hydrogen bonding
in a helical sense. Finally, combination of chiral DAPs with o quantified usingH NMR ftitration in CDCh, resulting in
the chiral flavin provides insight into the interplay of stereo- . -<cociation constari) of 1050 Mt at 23°C. CD spectra
centers and demonstrates the formation of cooperative and¢ o-hiral flavin2 with 1S and 1R were recorded in a variety
frustrated systems. of solvents to probe ICB in DAP—flavin systems. No
significant Cotton effect was observed in solvents such as
toluene and halomethanes (&, and CHC}), where DAP-
Synthesis.We prepared three DAP host$, (1S, and 1R) flavin hydrogen bonding occurs. This lack of ICD indicates that

and flavin guestsZ, 2S, and3) (Figure 1a) to provide a system  formation of the DAP-flavin dyad does not result in efficient
for discrete self-assembly. Enantiomerically pure tai apd translation of chirality. In contrast, strong ICD was observed
(R)-citronellols, were installed in DARSand1R, respectively,  in less polar hydrocarbon solvents such as hexanes, cyclohex-
to demonstrate chiral translation into the achiral flavin g2est  anes, and dodecane, indicative of the formation of helical self-
resulting in evidence for discrete self-assembled structuresassembled structures. As expected from the self-assembled
(Figure 1b). FlavireSfeaturing §-citronellol was synthesized  nature of these systems, significant temperature dependence of
. - ICD was observed. A 1:1 mixture of DABSand flavin2 (1S-
02) ) o Lo W B Mo, et SShile "4 2) showed induced Cotton effect n the range-af0 to 20°C

Sci. Technol2005 39, 5455-5459. (b) van Leeuwen, F. W. B.; Verboom, ~ °C (Figure 2), whereas at elevated temperatures-§80°C)

\1,\56 51'25"5%.;':1’85%{1‘?"5' J. T.; Reinhoudt, D. N Am. Chem. S02004 the Cotton effect completely 'disapp.eared. This dependepce was
(13) Prins, L. J.; Jolliffe, K. A.; Hulst, R.; Timmerman, P.; Reinhoudt, D.JN. completely thermally reversible (Figure 2a). The consistency
(1) Nonokor B B o el om. S0@003 125 1276-1283.  @nd lack of hysteresis of the two curves obtained upon heating

(15) (a) Breinlinger, E.; Niemz, A.; Rotello, V. Ml. Am. Chem. Sod.995 and cooling cycles reflect the reversible formation of discrete
117,5379-5380. (b) Deans, R.; Niemz, A.; Breinlinger, E. C.; Rotello, V.
M. J. Am. Chem. S0d.997 119 10863-10864.

(16) (a) Tamura, N.; Mitsui, K.; Nabeshima, T.; Yano,J Chem. Soc., Perkin (17) (a) Yashima, E.; Maeda, K.; Nishimura, Chem.-Eur. 32004 10, 43—
Trans. 21994 2229-2237. (b) Cooke, GAngew. Chem., Int. E®2003 51. (b) Sakai, R.; Satoh, T.; Kakuchi, R.; Kaga, H.; Kakuchi, T.
42, 4860-4870. Macromolecule2004 37, 3996-4003.
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Figure 2. Variable-temperature CD spectra 85—2 in n-hexane (total 250 300 350 400 450 500 550

concentration: 4x 1074 M, —10 to 50°C, 10 mm path). Inset (a) shows wavelength/ nm

the reversibility of the Cotton effect at 490 nm upon temperature control Figure 3. CD spectra olS—2 and1R—2 recorded at-10°C in n-hexanes
between—10 and 50°C. Arrows indicate changes upon decreasing (total concentration: % 10~4 M, 10 mm path); mirror-image Cotton effects
temperature. Inset (b) shows variable-temperature CD spectra ofI3SAP  were observed fotS—2 and 1R—2.

and N-methyl flavin 3 in cyclohexane (total concentration: >4 1074 M,

1040 °C, 10 mm path).

self-assembled structures. A 1:1 mixture of DAFRS and ,__L\

N-methyl flavin3 (1S-3) in cyclohexan& displayed no Cotton

effect even at reduced temperatures (Figure 2b), whereas

substantial ICD was observed with the DABand flavin2 in

the same solverif This contrasting behavior demonstrates the 80 75

requirement for three-point hydrogen bonding in the chiral 3 (ppm)

translation process. Figure 4. H NMR spectra ofLS (top) and1S—-2 (bottom) recorded at 25

irrori ff b d If bli °C in n-hexanedy4 (total concentration: X 10-3 M). DAP amide peak
Mirroring Cotton e -eCts were O serve UPor_] se -assem les (7.38 ppm) completely disappeared, and DAP aromatic peak (7.74 ppm)
of 1S—-2 and1R—2 (Figure 3). Given that the sign of coupling  was broadened upon mixing with flavih Flavin peaks for aromatic core
and the direction of dipole moments are established, the couplingProtons were significantly broadened due to the aggregation of flavins inside

in the flavin visible region allows the determination of the ©f he self-assembled structure.

chirality of stacking using semiempirical methddsn general, With ICD demonstrated in the DAFflavin system, we

D spectra featuring bisignat tton effects showin itiv - .
CD spectra fe g bisignate Cotton ects showing pos efocused on determining the structure of the DARwin
features at longer wavelength and negative ones at shorter

wavelength indicate that the chirality of the dipole moments is :)srsr‘sgjbtlg' dZﬁgﬁgﬁ;g?rﬁeeggirgn;‘Jg/e:;g:r:'g‘e;c}z Z\Vs‘;r pt?c:;]
right-handed, so-called “positive chirality”. In the DAMavin yaas. P

assembly, UV absorption at 450 nm results exclusively from at 450 nm showe a 4 nmhypochromlc effect upon Qecrease
. o L - o . of temperature (50 to 20C), indicative of solvophobicr—x
w—sr* transition across the flavin ring with the directionality

o S . .
shown in Figure 18! This absorption showed bisignated Cotton E‘tsﬂcé ';gﬁ_hzl:(;tl:i;ftr(l::?ulji zllr)lsjggctilm ?\So(f):‘)lgir;giou;g
effects centered at 450 nm in CD; negative (negative first and 1S resulted in the dliga gearan(;e of the DAP amide peak. and
positive second) and positive (likewise positive first and negative . ppe : Iae peax,
second) chiralities were observed fif8—2 and1R—2, respec- peak broadgnlng and “p.f'e'f’. shift of the aromatic pr.otons of
tively. The negative chirality induced by th&){configuration DAP branching group. Significantly, resonances arising from

. - - . flavin 2 were extremely broad. The observed line-broadening
in the peripheral chains corresponds to a left-handed stacking, ) : )
- T . - and upfield shifts were typical for self-assembled structures

and the positive chirality induced by théR)¢configuration . . - I,
- ; S resulting from close contact of aromatics and restricted mobility
indicates a right-handed stacking in the self-assembled structures g 22 :
(Figure 1b) of flavins in the self-assembled structufé4222The upfield

g ' shifts in DAP support the stacked structures of self-assemblies.

Given that the loss of mobility increases the relaxation time in

(18) Cyclohexane was required for the mixturel&and3 due to the solubility

in n-hexanes. NMR, resulting in line-broadening or even disappearance of
(19) See Supporting Information. i i
(20) (a) Berova, N.; Nakanishi, K.; Woody, Rircular Dichroism: Principles .the peaks for flavins, we can conc_:lude that fl_a}VIHS are stacked
and Applications2nd ed.; Wiley-VCH: New York, 2000; pp 337382. in the self-assembled structures with low mobility. The contrast-

(b) Balaz, M.; Holmes, A. E.; Benedetti, M.; Rodriguez, P. C.; Berova, i P P ie indi i
N Nakanishi. K.. Proni. GJ. Am. Chem. So@008 127 41724173, ing behavior of the DAP and flavin resonances is indicative of

(c) Borovkov, V. V.; Lintuluoto, J. M.; Fujiki, M.; Inoue, YJ. Am. Chem.

S0c.200Q 122, 4403-4407. (d) Hofacker, A. L.; Parquette, J. Rngew. (22) (a) Kraft, A.; Osterod, F.; Frohlich, R. Org. Chem.1999 64, 6425~
Chem., Int. Ed2005 44, 1053-1057. 6433. (b) Brunsveld, L.; Zhang, H.; Glasbeek, M.; Vekemans, J.; Meijer,
(21) Song, P. SAnn. N.Y. Acad.Scll969 158 410-423. E. W.J. Am. Chem. So200Q 122 6175-6182.
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Figure 5. Variable-concentration DLS and CD experiments 1&-2,
recorded at 20C (DLS (blue), CD (red), total concentration: 51075 to (b)
5 x 1073 M). Inset (a) is the DLS result at & 10-3 M showing essentially

monodisperse assembly. y Bt }_N /
M

a complex where flavins are stacked atop one another, where q‘ "}—{:@‘

the stacking is more rigid than the stacking of the DAPs atop . h /&%E:/ ﬂﬁ
each other. e ‘
An important issue with the DAPflavin assembly is whether
discrete assemblies or extended aggregates are formed. The size
of self-assembled structures was determined using variable-
concentration dynamic light scattering (DLS). An increase in
the hydrodynamic diameter was observed with increasing total
concentration, reaching a limiting value of 3.2 nm. In the range
of 5 x 104 to 5 x 103 M, DLS profiles showed narrow
monomodal distributions (over 90% is in the range ef2nm)
(Figure 5a). The limiting value accompanied with the narrow
monomodal distribution in the concentration-dependent DLS
demonstrates the formation of discrete self-assembly rather thanFigure 6. (a) Energy-minimized models of self-assembled dyad-dimer.
extended self-assembly. This profile was strongly correlated with Surrounding aliphatic tails precll_Jde further aromatic stacking within the
. . . . dyad-dimer structure. (b) Aromatic core of tetramolecular structnaeg
the concentration-normalized induced Cotton effect (Figure 5). flavin over flavin arrangement is shown, and side-chains are omitted for
No detectable aggregation was observed with DLS in solvents clarification).

that do not induce ICD such as @&l and toluene. agreement with the 3.2 nm obtained using DLS results (Figure
Because of the broadening within the NMR and lack of gg) From these simulations, it was clear that the aliphatic tails
crystallinity of the complexes, direct determination of the syrounding aromatic cores prevented further stacking within
structure of the complex was not possible. From the'CD data the dyad-dimer structure, preventing extended aggregation.
(vide supra), we could conclude that dyad formation was These results were consistent with the discrete structures that
required for transduction based on the lack of ICD when using \ere observed experimentally (Figure 6). Modeling also pro-
N-methyl flavin 3. Moreover, on the basis of the lack of ICD  yjged further insight into the arrangement of specific hydrogen-
in halogenated solvents where nonaggregating dyads wereponging units in the self-assembled structure. Given that the
formed, we could conclude that more than one dyad was iy NMR spectrum of the DAPLS and flavin 2 assembly
required in the assembly. NMR provides further information jngicated flavin-flavin stacking, two possible arrangements
on the structure. From the selective broadening of the flavin in \yere consideredtrans and cis-arrangements relative to the
the complex, we can infer that the flavins are stacked atop eachgirection of side-chains on the flavirflavin stacked systerif
other. Finally, DLS provides an approximate diameter for the Tne transflavin over flavin complex shown in Figure 6 was
complex of 3.2 nm. found to be 2.7 kcal/mol (11.4 kJ/mol) more stable than the
To provide a possible structure for the assembly, Monte Carlo ¢js, indicating that thetrans structure is the most likely one
conformation analysis using Amber* force fiéfdvas used to found in solution.
provide structures based on the above experimental observations. Cooperative Self-AssemblyChiral flavin 2Swas synthesized
We found that two dyads stacked one upon the other providedto further understand the effect of side tails on chiral translation.
a structure with an average diameter of 3.4 nm, in excellent Considering the stereocenters of the side-chains in the dyad,
three unique systems were explored:2S 1S—-2S and1R—
(23) Macro Model v.7.0: Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; 9g The1—2Sin contrast talS—2 complex has the stereocenter

Liskamp, R.; Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, i X N
W. C.J. Comput. Chenl99Q 11, 440-467. on the flavin, revealing the effect of stereocenter location on
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Figure 8. CD spectra oflR—2Srecorded in the range 6f10 to 60°C in
n-hexanes (total concentration: % 10~* M, 10 mm path). The arrow
indicates changes upon decreasing temperature.
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Figure 7. CD spectra ofl—2Srecorded in the range 6f10 to 50°C in
n-hexanes (total concentration: % 10~* M, 10 mm path). The arrow
indicates changes upon decreasing temperature.

550 600

600

the self-assembly. CD spectralf 2Swere recorded in hexanes
and CHCI,. As expected, thd—2S complex also provided
chiroptical properties associated with flavin due to the formation
of the self-assembled structurds;2S showed a temperature-
dependent Cotton effect in hexanes (Figure 7), and no Cotton
effect was observed in G, in the given temperature range.
The relatively complicated signature observed in hexanes (Figure
7) is in contrast to that observed in th8—2 and1R—2 systems
(Figures 2 and 3). This difference clearly shows the effect of
location of the stereocenters on chiral translation; chiral flavin
2S provides remote control of self-assembly distinct from that
of chiral DAPs (S and 1R). This discrepancy is presumably
due to the distance from assembly center and heterogeneity of
hydrogen-bonding units.

As demonstrated in Figures 2, 3, and 7, stereocenters onthe 6
side-chains on each recognition unit provide differing self-
assembly properties. To determine if there is cooperativity based
on the interplay of side-chain chirality in the recognition process, ﬁfﬁg;g ﬁ-e SC(E)tZIlogggge?&rzgr? Tﬁi%r‘ (19'3 i%hnir;angt?] )ﬁﬁéﬁ’v S?;;Cigte
_hybrldlzed self-assemblied R—2Sand1S—-2S) were prepared changes upon decreasing ten;perature_' path).
in hexanes and CD spectra were recorded. TRe 2S system
that has R)-citronellols on DAP and$)-citronellols on flavin
showed weak Cotton effects indicative of frustrated self-
assembly forlR—2S (Figure 8). In sharp contrast, tH&—2S
system that hasg-citronellols in both recognition units showed
a strong bisignate Cotton effect indicative of cooperative process
(Figure 9). Ellipticity at 458 nm for three system$S-2S
1-2S, and1R—-29) was recorded in the temperature range of
—10 to 60°C to provide preliminary insight of cooperative and
frustrated translations (Figure 10). From melting curves, it was
clear that the stability oftS—2S was greatly improved in
comparison to other systemb<{2Sand1R—2S). A sigmoidal
curve was observed fdiS-2S and simple slopes were observed
for 1-2S and 1R—-2S in the given temperature range. The 0 20 40 60
observed sigmoidal curve evidently supports the cooperative Temperature/'C
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wavelength /nm

T T
300 350 560 600

self-assembly folS—2S resulting in the stabilization of the
structures.

Interestingly, swapping achiral tails t8)¢citronellyl tails on
flavin unit promotes dramatic chiroptical switching in the

Figure 10. Melting curves forl—2S, 1S-2S and1R—2Srecorded in the
range of—10 to 60°C in n-hexanes (total concentration: 6104 M, 10

mm path). Ellipticity at 458 nm was monitored. Solid lines present heating
profiles, and dotted lines present cooling profiles.

cooperative self-assembly (Figure 11). The observed bisiganted1S—2 system has the§-citronellyl tails on DAP1Sand1S—

Cotton effects forlS—2 and 1S—-2S are almost mirror-image,
providing evidence for opposite sense of stacking)-étacking
for 1S-2 and @)-stacking for1S—2S Considering that the
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2S has the §-citronellol tails on both DAP and flavin for the
chiral translation, the switching was triggered by conferring the
same configuration ofSj-citronellyl tails on the recognition
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Figure 11. CD spectra of1S-2S and 1S-2 recorded at—10 °C in
n-hexanes (total concentration: x7 104 M, 10 mm path).
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Figure 12. CD response changes in variable mole fractior28fin the
mixture of 1S-2 and1S-2S

12 shows chiroptical response as a function of the mole fraction
of 2S The distinctive nonlinear behavior at 425 nm indicates
that flavin 2S can direct achira® to follow the preorganized
helical structures in a “Sergeants and Soldiers” fashion; a dyad

I
0.0 0.8

dyads. The results clearly suggest that the location and combi-yith 80% of the chiral building blocS provides essentially
nation of chiral tails dictate chiroptical property and coopera- the same chiroptical property as a dyad prepared with 100% of

tivity in the DAP—flavin self-assembly.

Given that1S—-2S provides the cooperative translation, we
focused on chiral amplification effects in the DARavin self-
assembly, the “Sergeants and Soldiers” effécthis effect
demonstrates the ability of chiral building blocks to guide the
achiral components in effect of the helicity induced by chiral
blocks, apparent in dynamic helical polym@rsand self-
assemblieg¢26 Observation of this phenomena would reflect
the control of achiral uni2 by chiral unit 2S in the self-

the chiral building block.
Conclusions

We demonstrated the chiral translation in a DARwvin self-
assembled structure using ICD. Specific three-point hydrogen
bonding triggers the formation of a tetrameric complex that
exhibits chiral translation. The combination of the same ste-
reocenters on both recognition units provides cooperative self-
assembly resulting in improvement of stability and efficient

assembled structures. To provide preliminary insight of this chiroptical switching. The observed location and cooperative

effect, hybridized experiments dfS—2 and 1S—2S solutions
were performed at a fixed total concentration of flavihahd

effects provide new directions of molecular design for self-
assembly. Ongoing studies are focused on bulk and surface

29), and chiroptical responses at 425 nm were monitored. Figure Properties of the discrete self-assembly as well as the electronic
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