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The first class of zipper-shaped artificial duplexes, which are driven by multiple donor—acceptor interactions between electron-rich 1,5-
dioxynaphthalene or 1,4-dioxybenzene and electron-deficient pyromellitic dimide units, have been studied in organic media by 'H NMR, UV-
vis, and vapor pressure osmometry. H NMR binding investigations reveal substantial cooperativity of the donor—acceptor interaction in the
duplexes.

Self-assembly of linear molecules into double, triple, and utilized to construct a number of discrete bimolecular zippers.
higher order multistranded complexes is a common structuralHowever, to our knowledge, no stable linear synthetic
motif in biological systems. Biological zipper motif is of duplexes, induced by donercceptor interaction, have ever
fundamental importance for self-replication, fiber behavior, been reported. We describe here the first class of donor
and formation of functional multicomponent complexés. acceptor interaction-driven duplexes with a zipper-like bind-
the past decade, synthetic zipper systems have receivedng motif.

increasing attention for mimicking biological structures and It has been well-established that electron-rich 1,5-dialkoxy-
self-assembly of functional supramolecular structures. Metal haphthalene and electron-deficient pyromellitic dimide (PDI)
ion—ligand coordinatiord? electrostatic interactiof,and (4) (a) Schmuck, C.: Heil. MOrg. Lett. 2001,3, 1253. (b) Sanchez-

intermolecular hydrogen bontshave been successfully Quesada, J.; Seel, C.; Prados, P.; de Mendoza, J.; Dalcol, |.; Giralt, E.
Am. Chem. Sod996,118, 277.
(5) (@) Carver, F. J.; Hunter, C. A,; Jones, P. S.; Livingstone, D. J,;
T Shanghai Institute of Organic Chemistry. McCabe, J. F.; Seward, E. M.; Tiger, P.; Spey, SCBem. Eur. J2001,
* Beijing Normal University. 7, 4854. (b) Bisson, A. P.; Carver, F. J.; Eggleston, D. S.; Haltimanger, R.
(1) Horton, R. H.; Moran, L. A,; Ochs, R. S.; Rawn, D. J.; Scrimgeour, C.; Hunter, C. A,; Livingstone, D. L.; McCabe, J. F.; Rotger, C.; Rowan,
G. K. Principles of BiochemistryPrentice Hall Internaltional, Inc.: London, A. E. J. Am. Chem. So@000,122, 8856.

UK, 1992. (6) (a) Corbin, P. S.; Zimmerman, S. C.; Thiessen, P. A.; Hawryluk, N.
(2) (a) Fatin-Rouge, N.; Blanc, S.; Pfeil, A.; Rigault, A.; Albrecht-Gary, A.; Murray, T. J.J. Am. Chem. So@001, 123 10475. (b) Gong, B.; Yang,
A.-M.; Lehn, J.-M.Helv. Chim. Acta2001,84, 1694. (b) Berl, V.; Huc, |.; Y.; Zeng, H.; Skrzypczak-Jankunn, E.; Kim, Y. W.; Zhu, J.; Ickes,JH.
Khoury, R. G.; Lehn, J.-MChem. Eur. J2001,7, 2810. Am. Chem. Socl1999, 121, 5607. (c) Beijer, F. H.; Sijbesma, R. P;
(3) () Taylor, P. N.; Anderson, H. L1. Am. Chem. Sod 999,121, Kooijman, H.; Spek, A. L.; Meijer, E. WJ. Am. Chem. S0d.998,120,
11538. (b) Anderson, H. LChem. Commuri999, 2323. 6761. (d) Sessler, J. L.; Wang, Rngew. Chem., Int. EA.998,37, 1726.
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could form a donoracceptor compleXIn recent years, this
kind of noncovalent interaction has been utilized to self-

assemble neutral [2]catenanes by using macrocyclic crown
ether, incorporated with two 1,5-dioxynaphthalene units, as

a templateé:® We envisioned that structurally matched linear
molecules incorporated with multiple electronic donor or

acceptor units might also be used to generate new stable™

dimers through multisite binding. Therefore, compoufids
and 2 were designed.
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The synthesis ofl and 2 is outlined in Scheme 1.
Compound3 was first alkylated to affordl, which reacted
with ethyl bromoacetate to produce ester Subsequent
hydrolysis followed by treatment of the resulting acid with
oxalyl chloride produced intermediggeCompound reacted
with butylamine or diol7 in the presence of triethylamine

in chloroform to afford the desired naphthalene derivatives

la and 1b—d, respectively. The synthesis @fproceeded
with acyl chloride10 as the key intermediate. Compou@d
first reacted withn-dodecylamine and glycine in refluxing
DMF to afford acid9, which was readily converted 0
with oxalyl chloride. CompoundO reacted with butylamine

or diol 7 under the conditions described for the synthesis of

1, leading to the formation dtaor 2b—d, respectively. The
introduction of the long dodecyl groups to compoutts-d
and2b—d provides them good solubility in common organic

solvents such as chloroform and dichloromethane, making

both series of monomers ideal fift NMR binding analysis.

(7) () Hamilton, D. G.; Lynch, D. E.; Byriel, K. A.; Kennard, C. H. L,;
Sanders, J. K. MAust. J. Cheml998 51, 441. (b) Hamilton, D. G.; Lynch,
D. E.; Byriel, K. A.; Kennard, C. H. LAust. J. Chem1997,50, 439. (c)
Peover, M. ETrans. Faraday Socl962,58, 2370.

(8) (@) Hamilton, D. G.; Feeder, N.; Prodi, L.; Teat, S. J.; Clegg, W.;
Sanders, J. K. MJ. Am. Chem. S04998,120, 1096. (b) Hamilton, D. G.;
Davies, J. E.; Prodi, L.; Sanders, J. K. @hem. Eur. J1998,4, 608. (c)
Hamilton, D. G.; Sanders, J. K. M.; Davies, J. E.; Clegg, W.; Teat, S. J.
Chem. Commuril997, 897.

(9) (a) Philp, D.; Stoddart, J. Angew. Chem., Int. Ed. Endl996,35,
1154. (b) Amabilino, D. B.; Stoddart, J. Ehem. Re»1995,95, 2725.

(10) (a) Nagata, TBull. Chem. Soc. Jpri991,64, 4; 3005. (b) Hunter,
C. A,; Sanders, J., K. M.; Beddard, G. S.; Evans).SChem. Soc., Chem.
Commun.1989, 1765.
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Scheme 1. The Synthesis of Monometksand?2
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IH NMR dilution experiments in CDGlfrom ca. 40 mM
to ca. 0.3 mM were first performed for compourfdand2,
which revealed no pronounced chemical shif9(03 ppm)
for the aromatic protons. These observations indicate that
these compounds do not self-aggregate substantially in
chloroform?!* Quantitative binding studies were then carried
out in CDCk solutions by titrating acceptor®a—d with
la—d and observing the changes in the chemical shifts of
H-1 or H-2 of2a—d.*? These protons exhibited sharp signals
within the investigated concentration range. In contrast, the
signals of the naphthalene protons in compoudds-d
overlapped each other, and were not suitable for titration
analysis. Figure 1 shows as an example the titration curve
for the H-1 signal ofc (0.5 mmol) during titration withlc
(from 0.1 to 40 mmol). The association constarfgs{o)
for complexedl-2in CDCI; were calculated by the fitting a
function containingKassoc @S @ variable parameter to the

(11) (a) Tobe, Y.; Utsumi, N.; Kawabata, K.; Nagano, A.; Adachi, K.;
Araki, S.; Sonoda, M.; Hirose, K.; Naemura, &. Am. Chem. So2002,
124, 5350. (b) Cubberley, M. S.; Iverson, B. L.Am. Chem. So@001,
123, 7560.

(12) The H-1 and H-2 signals @t could be easily assigned by comparing
their'H NMR integral intensities, while the two sharp Ar—H signal<2af
could not be differentiated byH NMR and one of them was used for
titration analysis.

(13) (a) Conners, K. ABinding Constants: The Measurement of
Molecular Complex Stability; Wiley: New York, 1987. (b) Wilcox, C. S.
In Frontiers in Supramolecular Organic Chemistry and Photochemistry
Schneider, H.-J., Durr, H., Eds.; VCH: New York, 1991; p 123.
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It was envisioned that replacing the PDI unit 2nwith
the naphthalene-1,8:4,5-tetracarboxydiimide (NDI) &hi,

more electron-deficient acceptor than PDI, should lead to
0. the construction of heterodimers of similar binding motif but
: with higher binding stability. Therefore, compounds with the
skeletons o2b—d but incorporating two to four NDI units
E 021 have also been prepared. However, these compounds were
§ found to be insoluble in organic solvents such as chloroform
and DMSO and a quantitative binding study with compounds
0-11 1 could not be performed.
Then, another four donor moleculéda, 11b, 16a, and
0.0 : : : , 16b were prepared, as outlined in Scheme 2, to investigate
0.00 0.01 0.02 0.03 0.04

[¢] or [11b](M)

Figure 1. 1H NMR titration curves o2cwith 1c (®) and11b (m) Scheme 2. The Synthesis of Monomersl and 16

(vide infra) in CDC} at room temperature. 6, pyridine, DMAP (cat.)
n

H2N N NH; CHCla, rt.
experimental data and are summarized in Tablé'4The 18?22212 [ ]
1:1 binding stoichiometry of the complexes was proved by HN N LIRNT

the Job’s plot of the probe signals vs the mole fractiod of
in the mixture solution, in which the maximum chemical

o Mo o
| o) o o
shift change was observed at 0.5 mol fracttdifhe Kassoc O O O
values of complexb-2cin solvents of higher polarity were ‘ ‘ ‘
o o) o

also obtained and are provided in Table 1.

Several important features can be found for the new class CioHosn  CioHogn  CooHosn
of heterodimers from Table 1: (1) The association constants 11a:n = 1 (90%)
increase substantially with the increase of the number of the 11b: n = 2 (80%)
aromatic units in botll and 2. (2) For complexes with a
totally identical number of aromatic units, the complexes oH g1 ookt o/\[(OEt 0" >CcooH
consisting of longefl and shorte@ are usually more stable K,CO3,MeCN O NaOH HO (cocly,
than those consisting of shorteand longei2. For example, reflux, 95% MeOH. rt. CHCly, 1t
the KassocOf complexlc-2bis cons_derably larger than thgt OCpHgsmn OC pHpsn 100% OC s
of complex 1b-2c. (3) The stability of the complexes is 12 13 14
reduced with the addition of solvents of high polarity, such
as methanol-d, acetong;&nd DMSO-d. This observation /_{_\ /_]ﬁ
suggests that the formation of the new complexes is mainly AN N hH
driven by the intermolecular doneacceptor interaction but o (&O (&0 (&0
not by the possible solvophobic interaction, although Iverson @ cocl 0 0 0
et al. had demonstrated that solvophobic interaction was the 10a or 10b
major driving force for a similar, simpler dimeric systét. NEts, DMAP (cat.)

OCighgsn  CHOW OCizHzsn  OCiaHpsn  OCqaHpsn

o 16b: n = 2 (64%)
Table 1. Association Constants (k) of Novel
Donor—Acceptor Interaction-Driven Artificial Heterodimets2
in CDCl; at Room Temperatute the diversity of the new binding motif. In brief, treatment of
complex Kassos (M~1) complex Kassoe (M) amineslOaand10b with 6 and base affordetilaand11b,
respectively, whilel6aand16bwere prepared starting from

la-2a 10 la-2b 25 . - .
1b-2a 40 1b-2b 130 127 with use of the methods described for the synthesis of
1¢-2b 670 1b-2¢ 290 1. Both compound41 and 16 are soluble in chloroform.
1lc-2b 450° lc-2b 500¢
1c-2b 360° 1c-2b 2909 (14) Table 1 lists the association constants of the 1:1 complexes, which
X ¢ . consist ofl and 2 incorporating the same number of aromatic units, or
1e-2b 380 1e-2b 410¢ with one more or less aromatic units compared to each other. The
lc-2c 1200 1d-2c 4200 complexing behavior of toward2 with more or less than one number of
1c-2d 3100 1d-2d 8800 aromatic units was also investigated in CRCAlthough an important

aWwith an error<20%.° With 10% CD;OD (v/v). ¢ With 20% CD;0D
(vIv). @ With 10% CD;COCD; (v/v). € With 20% CDOD (v/v). f With 10%

CDsSOCD; (V/v).). 9 With 20% CD:SOCD; (V/v).
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change of the chemical shifts of the H-12fvas also exhibited, no good
results of association constants could be derived by fitting to a nonlinear
binding equation appropriate for a 1:1 or 1:2 binding model, revealing that
more complicated binding models might exist.

(15) Job, PAnn. Chim. Ser. 12928,9, 113.
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The binding study ofL1 and 16 toward 2b—d in CDCls
was then carried out bYH NMR titration of 2b—d with 11
and 16. The corresponding association constafitsocare

Table 3. Molar Extinction Coefficientsd) of the 1:1

Complexes in Chloroform at [Monome#} 0.016 M at Room

derived by nonlinear regression for a 1:1 binding model and Temperature

provided in Table 2. It can be found thbBtaand11b exhibit

Table 2. Association Constants k) of Donor—Acceptor

Interaction-Driven Heterodimerkl-2 and 162 in CDClz?
complex Kassoc (M™1) complex Kassoc (M™1)
11a-2b 700 11b-2c 4300
1l1a-2c 1800 11b-2d 11000
11a-2d 3300 16a-2b 90
16b-2c 260 16a-2c 210
16b-2d 420 16a-2d 350

aperformed at 23C with an error<20%.

similar binding ability toward acceptor® compared to
compoundslb and 1c, respectively, suggesting that the

€ Amax € Amax
complex (M~lcm™) (nm) complex (nm) (M lcm™)
la-2a219 12 441 1b-2b 30 449
1lc-2c 118 452 1d-2d 225 440
lla-2c 155 450  11b-2d 260 445
1l6a-2c 65 430  16b-2d 110 433
11b-2dP 180 451

aQObtained at [monomerf 0.05 M. P Obtained at [monmomerk 3.0
x 1073 M.

are shown in Table 3. It can be found that thealues are
increased substantially with increasing monomer length. This
observation also supports that important cooperative denor
acceptor interaction exists within the complexes.

All the above binding studies suggest that the new kind
of duplexe may adopt a multisite zipper-like binding motif,
as shown in Figure 2 witlid-2d as an example, which

possible intra- and intermolecular hydrogen bonds producedfacilitates multisite donoracceptor interactions and conse-
by the two peripheral amide groups have no substantial effectquently promotes the stability of dimers consisting of long

on the formation of the doneracceptor interaction-driven
heterodimers. In contrasi,6 exhibits significantly lower
complexing ability than those dfor 11 with the same num-

monomerg?

ber of donor units. These results are not unexpected con-

sidering that 1,5-dioxynaphthalene-incorporating macrocyclic
ether is a much more effective template than the 1,4-
dioxybenzene-incorporated analogue for derecceptor
interaction-induced self-assembly and molecular recogni-
tion. 2 NOESY experiments were also performed for the most
strong complexedd-2d and 11b-2d in CDCl;, which did

not reveal intermolecular NOEs for the aromatic protons.

An average molecular mass of 3160 400 u was
determined with vapor pressure osmometry (VPO) in chloro-
form—toluene (60:40 v:v) at 36C for complex1d-2d. The
result is consistent with that calculated for the 1:1 binding
motif (3468 u) of the complex.

All the complexes display pale to dark orange color in
chloroform, depending on their stability and concentration.
Consistently, UV-vis investigations also reveal broad
electron-transfer absorbance between 400 and 600 nm fo
the new complexes. The corresponding molar extinction
coefficients (¢) obtained in chloroform at room temperature

(16) (a) Zych, A. J.; Iverson, B. L1. Am. Chem. So2000,122, 8898.

(b) Hamilton, D. G.; Montalti, M.; Prodi, L.; Fontani, M.; Zanello, P.;
Sanders, J. K. MChem. Eur. J2000,6, 608. (c) Lokey, R. S.; lverson, B.
L. J. Am. Chem. S0d.999,121, 2639.

(17) Berdague, P.; Perez, F.; Courtieu, J.; Bayle, Buf. Soc. Chim.
Fr. 1993,130, 475.

(18) (a) Li, Z.-T.; Stein, P. C.; Becher, J.; Jensen, D.; Mark, P.; Svenstrup,
N. Chem. Eur. J1996,2, 624. (b) Amabilino, D. B.; Ashton, P. R.; Reder,
A. S.; Spencer, N.; Stoddart, J. Angew. Chem., Int. Ed. Endl994,33,
1286. (c) Ashton, P. R.; Brown, C. L.; Chrystal, E. J. T.; Goodnow, T.;
Kaifer, A. E.; Parry, K. P.; Philp, D.; Slawin, A. M. Z.; Spencer, N.;
Stoddart, J. F.; Williams, D. J. Chem. Soc., Chem. Comm&891, 634.

(19) No detectable absorbance was exhibited in the visible randajat [
(=[2a]) = 0.016 M.

(20) This binding pattern requires a folding conformation for the
monomers. Simple monomers suchlasaand2b might also form complexes
through linear, unfolded conformation, which, however, possess less-tlonor
acceptor interaction sites than the proposed zipper-featured motif.
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Figure 2. The proposed binding motif for dupletd-2d.
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In conclusion, donoracceptor interaction has been, for
the first time, successfully utilized for the formation of a
new class of stable duplexes from readily available linear
molecules. By modifying the molecular skeletons and
introducing new, more electron deficient units into the
acceptor molecules, more stable binding motifs are expected
to be generated. Further applications of the new binding motif
in self-assembly of a new generation of supramolecular
species are also under investigation.
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