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Abstract: We report here that molecular self-assembly can effectively direct and enhance specific reaction
pathways. Using perylene 7=—x stacking weak attractive forces, we succeeded in synthesizing perylene
bisimide macrocyclic dimer and a concatenated dimer—dimer ring from dynamic self-assembly of monomeric
bis-N,N'-(2-(2-(2-(2-thioacetylethoxy)ethoxy)ethoxy)ethyl)perylenetetracarboxylic diimide. The monocyclic
ring closure and the dimer—dimer ring concatenation were accomplished through formation of disulfide
bonds, which was readily triggered by air oxidization under basic deacetylation conditions. The perylene
cyclic dimer and its concatenated tetramer were characterized using both structural methods (NMR, mass
spectroscopy) and photophysical measurements (UV—vis spectroscopy). Kinetic analyses offer informative
insights about reaction pathways and possible mechanisms, which lead to the formation of complex
concatenated rings. Molecular dynamic behaviors of both the monocyclic dimer and the concatenated dimer—
dimer ring were modeled with the NWChem molecular dynamics software module, which shows distinct
stacking activities for the monocyclic dimer and the concatenated tetramer.

Introduction host-guest interactions to template the formation of the product
at the expense of unfit liborary membérk.is well-known that
perylene bisimide dyes form-stacked structures in crystdls.
However, z-stacking, thus far, is usually considered as a
secondary motif, with other noncovalent interactions such as
hydrogen bonding as the major driving force for promoting self-
organization in solutior.

Current studies on molecular self-assembly mostly finish by
characterizing the structural features of the self-organized nano-
objects, such as nanospheres or nanorods. We would like to
emphasize that molecular self-assemblies have the capacity to
direct specific reaction pathways that are otherwise difficult to
achieve. Specifically, we use—u interactions as the major
t Washington State University. driving force to influence the reaction pathways of cyclization
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Molecular interactions driven by aromatic-r stacking via
molecular orbital overlap have the capacity to direct supramo-
lecular assembly or macromolecular folding in a controlled
mannert Strategies using electron-rich-donor and electron-
poor z-acceptor paird,metal-chelatedr—s conjugation (e.g.,
nanomachinery created by Stoddart and co-workems)d
hydrophobicT—s aggregation via amphiphilic solvatibhave
been successfully demonstrated to form cyclic and/or concat-
enated rings. Many ring closures use disulfide bonds, which
can form and break reversibly; the desired product is often
amplified from dynamic combinatorial libraries using weak
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In these reactions, molecular self-assembly serves as thedropwise, and the color of the reaction mixture changed from red to
precursor for cyclization and concatenation reactions. Such apurple to dark blue. After 1520 min at rt, methanol (10 mL) was

molecular assembly has an optimal configuration similar to the added to the reaction mixture, and two main products emerged within
transition-state activation complex, which promotes certain 5 min, as seen by TLC monitoring. The reaction was then neutralized

reaction pathways and discourages others. In essence, molecula¥ith Amberlite IR-120 (H) resin, filtered, concentrated, and flash
self-assembly, which serves to preorganize reactants, effectivelychromatographed (Si010/1, CHCl/MeOH) to give the monocyclic

lowers the entropic barrier from normally chaotic reactants into
an organized transition state.

Considering that such-stacking could take place in organic
solvents® we report that the dynamic self-assembly (DSA) of
bis-N,N'-(2-(2-(2-(2-thioacetylethoxy)ethoxy)ethoxy)ethyl)-
perylenetetracarboxylic diimidd), directed byr—u attraction,
leads to the syntheses of a cyclic perylene din®rand a
dimer—dimer catenanedj via disulfide linkages.

Experimental Section

1. Characterization Techniques: MALDI mass spectra were
obtained with an ABVS-2025 spectrometéid NMR spectra were
recorded with a Mercury 300 (300 MHz) or an Inova 500 (500 MHz)
spectrometer at ambient temperatdf€. NMR spectra were recorded
at 75.48 MHz with a Mercury 300 spectrometer or at 125.7 MHz with
an Inova 500 (500 MHz) spectrometer. The solvent for solution NMR
is CDCk or CD;0D, and the central line of CDght 77.00 ppm was
used as a reference f&iC spectra. Reaction progress was monitored
by HPLC (Agilent 1100 Series) using GBI,/MeOH as an eluant and
thin-layer chromatography (TLC) on a precoated plate of silica gel 60
F2s4 (EM Science). TLC detection was made visible by charring the
TLC plates with sulfuric acid. Column chromatography, unless stated
otherwise, was performed on silica gel 60 (23M0 mesh, EM
Science).

2. Synthesis:Preparation of bidN,N'-(2-(2-(2-(2-thioacetylethoxy)-
ethoxy)ethoxy)ethyl)perylenetetracarboxylic diimid¢ yas achieved
according to the procedures described in the Supporting Information.

3. General Procedure for Preparation of Monocyclic Dimer 2
and its Catenane 4.To a series of CkCl, solutions of acetyl dithiols
(1) in open flasks at concentrations of 2.58 mM, 0.58 mM, and 0.1
mM, respectively, were added several drop2 M NaOMe/MeOH,;

dimer ring 2 and the concatenated rings Further purification of
compound4 was carried out using HPLC (column: Zorbax RX-Sil, 5
um; solvent: 100/4.5, C¥Cl,/MeOH). For compoun@: R;0.41, CH-
Cl,/MeOH (20/1)*H NMR (CDCls, 300 MHz) 6 8.28 (d,J = 8.1 Hz,

8 H, Ho: outside protons on perylene ring), 7.98 Jds 8.1 Hz, 8 H,
Hp: inside protons on the perylene ring), 4.47 (bt 6.0 Hz, 8 H,
Hy: on tetraethylene glycol), 3.96 (bd, = 6.0 Hz, 8 H, H: on
tetraethylene glycol), 3.843.78 (m, 8 H, H: on tetraethylene glycol),
3.76-3.70 (m, 8 H, Hp: on tetraethylene glycol), 3.68.60 (m, 16
H, Hy, Hi: on tetraethylene glycol), 3.688.54 (m, 8 H, H;: on
tetraethylene glycol), 2.74 (§, = 6.4 Hz, 8 H, RHp: on tetraethylene
glycol). *H NMR assignments were based éH—'H COSY and
GOESY (NOE)]**C NMR (CDClk, 125.7 MHz)d 162.8 (C-carbonyl),
133.5 (&), 130.7 (Ca), 128.6 (©, 125.3 (G’ or C1), 122.8 (C. or
Cv), 122.5 (@), 70.8 (Gp), 70.6 (C), 70.4 (Gy), 70.3 (G), 69.4 (Q),
67.9 (®), 39.5 (G), 38.6 (Gp). The*3C NMR chemical shifts were
assigned based dil—3C COSY (HMQC) and CIGAR experiments
(see Supporting Information Figure 1 for details of the assignments).
MS (MALDI): m/z1545.8 [M+ H]*, 1567.8 [M+ Na]*, 1581.8 [M

+ H + 2H,0]". For compoundt: R: 0.31, CHCI,/MeOH (20/1).H
NMR (CDCly/CDsOD, 20/1, 500 MHz)) 7.78 (d,J = 8.0 Hz, 16 H,
Ho:: outside protons on the perylene ring), 7.34Jes 8.0 Hz, 16 H,
Hp: inside protons on the perylene ring), 4.29 (bt 5.5 Hz, 16 H,
Hy: on tetraethylene glycol), 3.84 (bd,= 5.5 Hz, 16 H, H: on
tetraethylene glycol), 3.793.75 (m, 16 H, H: on tetraethylene glycol),
3.75-3.70 (m, 32 H, k, Hu: on tetraethylene glycol), 3.78.66 (m,
16 H, Hy: on tetraethylene glycol), 3.68.60 (m, 16 H, H: on
tetraethylene glycol), 2.90 (8, = 6.5 Hz, 16 H, Hp: on tetraethylene
glycol). The'H NMR assigments (see Supporting Information Figure
1) were based olH—*H COSY and GOESY (NOE}3C NMR (CDCk/
CDsOD, 20/1, 75.48 MHz) 162.4, 132.7, 130.1, 127.7, 124.3, 122.2,

this made the reaction mixtures change color from red to dark blue at 70.8, 70.6, 70.4, 70.2, 69.6, 68.0, 39.5, 38.7. MS (MALDt)z 3090.2

pH 8 to 9. The resulting dithiol derivative, formed from deacetylation

[M + H]*, 3106.7 [M+ H + H,O]*, 3111.5 [M+ NaJ*, 3125.3 [M

of 1, was an unstable intermediate and started to form disulfide bonds + H + 2H,0]*, 1544.7 [M/2], 1566.7 [M/2+ Na]", 1580.6 [M/2+
where the geometric requirements were favorable under air and thepH,0)+.

disulfide bonds were able to interchange in situ until favorable products
were formed:® HPLC monitoring of the equilibrium system indicated
two major products at the end of the reaction. For example, at the
concentration of 0.58 mM, results from the HPLC measurement
indicated that the isolated yields of the two major products we38%
for the dimer-based monocyclic disulfi®@eand~36% for its catenane
4 after neutralization of the reactions (Supporting Information). The
thin-layer chromatography (TLC) detection also showed that the reaction
had produced the cyclic oligomerR:(0.24 to 0.42, CHCIl,/MeOH:
20/1). There were unidentified chromophores polymerized in situ on
the TLC plate withR 0.0 regardless of the nature of the elution solvent
used. TLC detection of the disulfide dynamic self-assembling systems
at different concentrations demonstrated thathed4 structures were
the major products at the end.

3.1. Method 1. Concentration (2.6 mM) of 1 above Critical
Concentration of Self-Organization To a solution ofl (111 mg, 0.129
mmol) in CH,CI, (50 mL) was added NaOMe (0.25 m2 M in MeOH)

(8) (a) Bert, V.; Huc, I.; Khoury, R. G.; Krische, M. J.; Lehn, J.-Mature
2000 407, 720-723. (b) Zubarev, E. R.; Pralle, M. U.; Sone, E. D.; Stupp,
S. I.J. Am. Chem. So@001, 123 4105-4106. (c) Orr, G. W.; Barbour,
L. J.; Atwood, J. L.Sciencel999 285 1049-1052.

(9) Lees, W. J.; Whitesides, G. M. Org. Chem.1993 58, 642-647 and
references therein.

(10) Kajihara, Y.; Kodama, H.; Endo, T.; Hashimoto,Earbohydr. Res1998

306, 361-378.

3.2. Method 2. Concentration (0.58 mM or 0.1 mM) of 1 at or
Near Critical Concentration of Self-Organization. To a solution of
1 (100 mg, 0.117 mmol) in C§Tl, (200 mL) or (50 mg, 0.058 mmol)
in CH,Cl, (500 mL) was addé&2 M NaOMe in MeOH (5 drops/100
mL) dropwise, and the color of the reaction mixture changed from red
to purple and then to blue. After $0 min at rt, two main products
appeared. The reaction was subsequently neutralized with Amberlite
IR-120 (H") resin, and the products were filtered, concentrated, and
purified with flash chromatography (Si010/1, CHCl,/MeOH) to give
the monocyclic dimer rin@ and its concatenated ring structure4of
For the lower concentration, 0.03 mM, monocyclic perylene monomer
3 (see supporting Figure 3) could be obtained as the third final product
following the exact procedure described for the higher concentrations
of 0.58 mM or 0.1 mM ofl.

Results and Discussion

1. Self-Assembly Directed SynthesisTo illustrate the
relationship between DSA and reaction products, we employ
or AcS-perylene-SA&? which undergoes appreciable self-
organization, forming a twisted-cofacial conformation above
its critical concentration regiorC. ~0.1-1.0 mM in CHCE

J. AM. CHEM. SOC. = VOL. 128, NO. 34, 2006 11151
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and CHCI; solvents (Scheme I)t* Accordingly, a series of
CHClI; solutions ofl under air at concentrations immediately
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above or below the&C;, namely 2.58 mM, 0.58 mM, and 0.1
mM, respectively, was investigated. Deacetylatiorl ¢f-Ac)
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with several drops o2 M NaOMe/MeOH formed reactive Unlike dimer ring2 and the dimerdimer catenand, other
intermediate counterparts bfn solution (solution color changes  ring compounds are not directed by DSA. In other words, the
from red to blue), which subsequently yielded various cyclic two specific sulfur atoms required to form a disulfide bond are
compounds linked by disulfide bonds upon air oxidation (TLC not brought together by DSA. For example, formation of
R: 0.24t0 0.42, CHCl/MeOH: 20/1)!2 Of particular interest concatenated rinds 7, and8 requires the two adjacent perylene
was that only two major products were obtained, dimer-based units to formsz-stacking with an angle close to 9However,
monocyclic disulfide2 and its catenand (Scheme 1) after  our ab initio calculations at the MP2 level suggest that the
Amberlite IR-120*(H) neutralization of the reactions. HPLC perylene units prefer a more parallel conformation with & 30
analysis for the reaction of 0.58 mM reactdnyielded ~39% rotation as the minimum energy conformation; other angles are
for 2 and~36% for4, a total isolated yield of~75%, and other even less favorable. Due to the lack of a self-assembly driving
unidentified products including trace amounts of polymers.  effect, the formation of catenanes with perylene cycles

In principle, many other cyclic structures suchsas, 7, 8, concatenated with a single perylene cyclic monomer should be
9, etc. could have formed from reactanor its assemblie40, entropically discouraged. Monocyclic trimér is kinetically
11, 12, and so on, but in practice, dynamic self-assembly choosesdisfavored because it requires a sterically inhibited reaction
to amplify only two products? and 4, at the expense of the between two thiol groups of the next nearest neighbor atoms
others. Thermodynamically, all these cyclic compounds have (Scheme 1: blue arrows d) that reside on opposite sides of
approximately the same formation enthalpy per monocyclic unit Perylene assemblies (sterically prohibited and high transition
(CagHaoN2016S,) because they have exactly the same number State energy). Thermodynamically, trinteis also not favored
and the same types of primary bonds. The difference amongdue to disruption ofr—z stacking. Had it formed, it would
them comes from secondary—x stabilization. Both cyclic have been converted to other products. The monocyclic tetramer
dimer2 and its catenané have favorabler-stacked conforma- 9 1S not favored by DSA, and only a trace amount was detected
tions and should be among the thermodynamically stabilized by mass spectrometry, because it requires reaction of a sulfur
cyclic compounds with restricted lateral and longitudinal offsets atom with another sulfur atom at the third nearest neighbor
from the energy-minimized perylene staéksHowever, the position (Scheme 1: blue arrows 8 a difficult situation to
n-stacking contribution to the stabilization energy is small, and achieve but still possible.
cyclic dimer2 and its catenané have approximately-3 to 5 At an even higher concentration df (2.58 mM), the
kcal/mol of extra stabilization enthalpydue toz-stacking and ~ intermolecularz—zx stacking could drive perylene blocks to
are by no means located in deep potential energy wells. In fact, form multilayered aggregates, thus leading to a diverse distribu-
they were formed through thermodynamically stable organiza- tion of cyclic structures. In this case at least five main products
tion (an enthalpy effect) directed by DSA, which brought the Were found at the beginning of the reaction. However, a dramatic
two thiol groups into proximity for disulfide bond formation ~change was observed upon addition of 20% (v/v) methanol to
(an entropy effect). The monocyclic dimer ri@gvas produced the f??lCtiOH mixture; only two major produc@and 4, were
by two disulfide linkages between the nearest stacked building @mPplified at the expense of others, and within about 5 min, all
blocks of1, and catenand was formed by reactions between other products essentially disappeared. We reason that methanol
the next nearest neighboring thiol groups in the assembly of added to the nonpolar dichloromethane solution could impart

(these thiol groups yield disulfide bonds that are colored either Nydrogen bonding with TEG side chains (hydrophilic effects)
red or blue in Scheme 1). on the side of perylene blocks and, therefore, render the layered

aggregates less favorable from an energetic standpoint. This
promoted s-stacking of face-to-face linear self-assembled
perylene stacks, which consequently amplified formation of the
kinetically favorable ring structures as the decisive products,
dimer ring2 and dimer-dimer catenand.

2. Structural Characterization. The ring structures linked
by disulfide bonds were characterized using both structural
methods (mass spectrometry and NMR) and photophysical
measurements (UVvis). The issue here is how to determine
whether the dimer-based macrocyclic disulfitis a monocyclic
structure rather than a monomer-based catebamel whether
the dimer-based bicyclic disulfide catenahés formed rather
than a tetramer-based monocyd®eor other concatenated
structure such a8.

The observation of a parent mass peakréz = 1544.5

i i L i L (Figure 1A) and fragmentations at 1484:63CGH,), 1380.6
) o Lelt 3004 3, 455. 453, () Wang. W= Wang, L. Q. Li A D, 0. (~S(GHi0)), 13203 € SS(GHiO)CHs), and 1215.3-¢(OC,

Chem—Eur. J. 2003 9, 4594-4601. : : - -
(12) Wallace, T. J.: Schriesheim, A.: Bartok, W.Org. Chem1963 28, 1311 H)sSS(GH4O)s) is consistent with the macrocyclic dimer
1314

In dilute solution (0.1 mM) ofl, the reaction proceeded
quantitatively through face-to-face ordered assemblies of perylene
and resulted in the most favorable structures, monoeled
catenanel. At a more dilute concentration (0.03 mM), unimo-
lecular self-cyclization occurred and the monocyclic rdwas
obtained as the third major product. These results revealed that
at or above the critical concentration, the bimolecular reaction
product2 formed before the unimolecular produgtbecause
of the acceleration effect of DSA. Below the critical concentra-
tion, C., the unimolecular reaction became competitive, espe-
cially under the influence of other directing or templating
effects!® The presence of methanol in the self-assembly system
of 1 is a driving factor toward organization, thus potentially
lowering theC. value.

(13) (a) waan, S. J.; Cantrill, S. J.; Cousins, G. R. L.; Sanders, J. K. M.; (15) (a) Siegel, J. SScience2004 304, 1256-1258. (b) Andres, P. R.; Shubert,

Stoddart, J. FAngew. Chem., Int. EQ002 41, 898-952. (b) Lam, R. T. U. Macromol. Rapid Commur2004 25, 1371-1375. (c) Belfrekh, N.;

S.; Belenguer, A.; Roberts, S. L.; Naumann, C.; Jarrosson, T.; Otto, S.; Dietrich-Buchecker, C.; Sauvage, J.Iforg. Chem200Q 39, 5169-5172.

Sanders, J. K. MScience2005 308 667—669. (d) Lee, S. J.; Hu, A. G.; Lin, W. B]l. Am. Chem. So€002 124, 12948~
(14) (a) Wang, W.; Li, L.-S.; Helms, G.; Zhou, H.-H.; Li, A. D. Q. Am. Chem. 12949. (e) Bell, T. W.; Cragg, P. J.; Firestone, A.; Kwok, A. D. |.; Liu, J.;

So0c.2003 125 1120-1121. (b) Wang, W.; Wan, W.; Zhou, H. H.; Niu, Ludwig, R.; Sodoma, AJ. Org. Chem1998 63, 2232-2243. (f) Bell, T.

S. Q.; Li, A. D. Q.J. Am. Chem. So@003 125, 5248-5249. W.; Papoulis, A. TAngew. Chem., Int. Ed. Endl992 31, 749-751.
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Figure 1. MALDI-TOF mass spectra for (A) dimerdimer catenanéd, (B) macrocyclic dimeg, and (C) macrocylic monomé&: Inset in (C) is an expansion
of the peak around 772.39 mass units.

structure2. The evidence for concatenated perylene dimer The upfield shift and large separation of aromatic protons (H

dimer rings4 comes from MALDI-TOF measurements (Figure and H3 in Figure 1A and B) indicate a perylemestack in the

1B) because there are no ions found between the tetramer parenting; this behavior is characteristic of the linear folded perylene

ion with Nat (m/z= 3113.1) and the dimer daughter ioms/% dimer and tetramer, in agreement with our early reffeimilar

= 1544.5). A characteristic feature in the mass spectra of to the linear folded perylene dimer and tetramer, the upfield

catenanes is the total absence of ions between the moleculachemical shifts and separation of the bay protons (assigned as

peak and the peak corresponding to one individual macroéycle. proton H3) and outer protons (assigned as proton)Hre

In other words, residues existing between the molecular peakdependent on the degree of perylenstacking. Consequently,

and the peak corresponding to half (or part) of the ring structure one would expect that the increased upfield shift and separation

indicate that monocyclization rather than catenation took place. of the aromatic protons ¢d and H3 should be larger for

The MALDI PSD (Post Source Decay) data are consistent with concatenated dimeirdimer 4 than for monocyclic dimer,

the proposed catenane structure (Supporting Information Tablewhich in turn should be larger than those for monocyclic

1, 2). Only in dimet-dimer concatenated rings, breaking of any monomer ring3. Indeed, this was what we observed, thus

bond will lead to linear and cyclic daughter fragments of half confirming that dimer-dimer4 and monocyclic dimeR exist

of the parent ion mass. The further fragmentation pattern of as cyclicfoldedstructures. In the concatenated rirgshere is

the monocyclic daughter ion is identical to that of a macrocyclic little free rotation of one ring with respect to the other because

perylene dimeg, indicating the original parent ion is the dimer s—a interactions effectively dock the perylene units on top of

dimer catenand. The monocyclic perylene monomgis also each other.

validated by MALDI-TOF mass spectrometry with a strong  Compared to the dimer ring®,(4), proton chemical shifts

parent ion at 772.39 having the expected isotope ratios. on the TEG chain of3 (Scheme 1) undergo upfield shifts
Unlike linear oligomer structures, all the observed cyclic because they bridge over the perylene segment that imparts an

structures Z, 3, and4) have eight sets of symmetric ethylene aromatic ring current shielding effect to the TEG chain. For

chemical resonances in the NMR spectra as shown in Figure 2.example, the differences of chemical shifts betw8emd?2 in
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Figure 2. 'H NMR spectra of (A) dimerdimer catenané, (B) macrocyclic dimee, and (C) macrocylic monoméx: Note the upfield shift of the aromatic
protons in catenaré and macrocyclic dime2 is due to perylene forming stacks and spreading of the aliphatic protons on the TEG chain in the monocyclic
monomer3.

0—0 01 01 “
A ' B 4 00 dimer-dimer A C
catenane

macrocyclic
0—=1 dimer
ring

macrocyclic
monomer
rng ' linear
)’\/ folded
linear tetramer

=, monoment e e
400 450 500 550 600 400 450 S00 S50 600 400 450 S00 550 600

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 3. Comparison of UV~visible absorption spectra in GBI, between (A) macrocyclic monom@&rand linear monomet, (B) macrocyclic dimer
ring 2 and linear folded dimer, and (C) dimedimer catenand and linear folded tetramer. The optical absorption spectra of folded linear compounds are
from ref 15a.
ppm areAd. ~0.23,Ad, ~0.23,A0, ~0.36,A0, ~0.63,A9, the major product. The only other possibility is that the major
~0.65, andAd, ~0.63 (Figure 2). Additionally, median NOE  product could be the monocyclic tetramer or compo@ndf
coupling strengths were observed in monocy&leetween the the perylene units had no interactions (i.e., mstacking) in
protons adjacent to disulfide linkages and the perylene aromaticthe monocyclic tetrame®, there would be 8 sets of ethylene
protons in the 1D GOESY experiment, indicating the “basket” proton resonances, but the aromatic protons would not shift
structure of3. However, no NOE exists between the protons upfield and the separation between bay protons and outer protons
adjacent to disulfide bonds and those on aromatic rings in the would not occur. In the case afstacking, as indicated by the
dimer-based cycle®(4) because the perylene stack forces the upfield shift and separation of the aromatic protons, there will
flexible chains far away from the compact aromatic cores. be more than 8 sets of protons for the monocyclic tetra®ner
The above NMR analysis validates ttgahas a monocyclic Therefore, the simultaneous observation of the upfield shift and
ring structure and is a monocyclic monomer. For compa2ind  the separation of outer-bay protons and the 8 sets of symmetric
eight sets of symmetric ethylene chemical resonances in theethylene protons (Figure 2) has ruled out the possibility of
NMR spectrum corroborate that it must be a ring structure compound9 being the major product. This leads to the
because linear structures will yield more than eight sets of conclusion that compouréimust have a concatenated dimer
aliphatic protons (Figure 2). This is in contrast to compo8nd  dimer ring structure.
that does have an NOE; no NOE is observed between aromatic Perylene folded in a stacking motif shows a remarkable
protons and ethylene units in compouBdAs a result, the intensity reversal between the vibronic-©0 band and 06— 1
structure cannot be concatenated rings as shown in compoundand in the electronic absorption of theto x* transition.
5. Thus, compoun@ must be a monocyclic dimer. Similarly,  Accordingly, the monocyclic perylene monom@r should
the observation of eight sets of symmetric ethylene chemical resemble the free perylene derivative suchlass shown in
resonances in the NMR spectrumbindicates that it must be  Figure 3A. Similarly to the linear folded dimer, the optical
a ring-structured compound. One such compound containing absorption spectrum df shows a reversal of vibronic © 0
four perylene units has asymmetric concatenated rings; this isand 0— 1 band intensity (Figure 3B), confirming a ring with
compound3. Compound has more than eight sets of protons one perylene unit docking on another. This docking behavior
because the two rings are not equivalent, and therefore NMR s also observed in molecular rotors where one molecular unit
has ruled out the possibility of asymmetric rings, &being preferentially docks to another unit on the ring due to attractive
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interactions'® Optical absorption of catenané is almost
identical to the linear folded tetramer, proving that the four
perylene units are-stacked (Figure 3C). The results of optical
absorption studies of catenaesupport the NMR assignment
of a concatenated dimedimer ring structure.

3. Kinetics and Mechanistic Analyses.According to an
equalK model!! the concentration of the self-assembled dimer
10 should be much larger than the self-assembled tritier
which is much larger than the self-assembled tetraber.e.,
[10] > [11] > [12] and so on for higher n-mers. This can readily
explain the formation of cyclic dimel (k;) because the
dominating self-assembled dim&0 serves as its precursor.
However, this model does not explain why catendrshould
be the second major product. To shed light on the formation of

used in reactions of monomér Within the time period ofl
where the catenan¢ is produced, the cyclic dime2 hardly
forms any catenang indicating that the rate constahtis very
small ks — 0) but not zero. This eliminates from consideration
that the major pathway to catenafés through dimerdimer
interaction and subsequent exchange of disulfide bonds. Simi-
larly, we have verified that the reverse reaction from catenane
4 to cyclic dimer2 is also very slow K-3 — 0) but not zero.
Thus, the disulfide exchange reactions in this system appear to
be kinetically rather slow. The only pathway left to catendne

is if the cyclic dimer interacts with two linear monomersAs
noted earlier, monomerdoes not yield an appreciable amount
of catenand until the cyclic dimer2 has reached a steady state.
However, upon addition of one-third of an equivalent of cyclic

the catenane, we systematically investigated all three possibledimer2 to monomerl, catenane! formation was immediately

routes to catenand as shown in Scheme 1. Specifically,
catenane4 can come from the reaction of linear mononier
and cyclic dimer2 (ky), or two cyclic dimers2 (ks), or four
linear monomersl (ks). The whole DSA system can be
described with eqs-13.

diy

= 20+ 20072 + A1t (@)
d
S a2 - i 2 - 2 @)
d
%= A2 + k2" — k4] + k1 (9)

To solve the above coupled equations, we divide the system
into an initial period and a steady-state period. In the initial
period,t < 7 (r = 25 min for 0.58 mM of1), the major product
is 2 and no appreciable catenafés formed (Figure 4A), the
system of equations is simplified into a single second-order
reaction as described by eq 4. In fact, the formatio# fafllows
second-order reaction kinetics remarkably well, yielding a rate
constant ok; = 0.2134 0.003 mM1 min~1 (Figure 4B), while
[2]k; =~ k3 ~ k4 ~ ks ~ 0.0.

1d[y _d[2] _
dt

2 dt

= kj[1]? @)

In the steady-state period,> 7, the concentration of
becomes constant, i.e.,a}{dt ~ 0. The major new product is
catenandl. A trace amount of monocyclic tetram@rhaving a
slightly lower elution time than that of the dimedimer
catenane, was captured with HPLC (Figure 2A) and verified
by MALDI (Supporting Information Figure 4). If the catenane
4 was formed predominantly from four monomers (ila.>>
k, andks), one can see that the concentratiatj, pf catenane
4 should increase linearly as a function of time initially when
[1] is approximately constant; this is not observed in Figure
4C. The result here agrees with the egklalhodel where the
contribution to catenargfrom self-assembled2 is negligible
(ks ~ 0).

To identify which pathway leads to major catenade
formation, we have examined the following specific reactions.
First, the cyclic dimeR was treated with the exact same reagents

(16) (a) Leigh, D. A.; Wong, J. K. Y.; Dehez, F.; Zerbetto, Nature 2003
174-179. (b) Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, JARgew.
Chem., Int. Ed200Q 39, 3348-3391.
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observed with TLC. This supports the contention that the major
pathway to catenangis through interaction of a cyclic dimer
with two monomersl.

In the steady-state approximation (SSA) peribd (7), the
above equations (13) are reduced to egs 5 and 6. The major
pathway to catenan¢is a pseudo second-order reaction with
respect to monomerwith the concentration d being constant,
[2]ssa = 0.22 mM. Fitting eq 5 with the experimental data in
Figure 2B, we obtain an apparent rate constatg af ky[2]ssa
= 1.384 0.02 mMt min~1, which yields a third-order rate
constantk; = 5.324 0.09 mM2 min~. Solving egs 5 and 6
also reveals that the concentration increase in catedase
directly proportional to the concentration decreasd aft >
7 (see eq 7); this kinetic model agrees with experimental results
remarkably well as shown in Figure 4C.

d
298 = (o + el ©)
d
I 2ty ©
4] = — K[2]lssa a1 @

2(ky + ko[ ss0)

To validate that the pathway to catenahés mainly from
cyclic dimer2 and monomed, the kinetics of the cyclization
reaction betweeth and2 was measured. The reaction proceeded
directly to the formation of catenankas a pseudo second-
order reaction during the initial stage of the reaction. Because
of the presence of the SSA intermediate (monocyclic diger
the pre-steady-state period was not observed. When the reaction
was started with an initial concentration @ §sa= 0.45 mM,
an apparent rate constant observed for consumption of monomer
1 waskopsg= ki + kz[2]ssa = 2.87 mM~1 min~! from the data
in the first 6 min after mixing of cyclic dime2 and monomer
1. Using the value ok; = 0.21 mM™ min~1, the reaction rate
constank; is determined to be 5.91 mMmin~1, which agrees
remarkably well with the steady-state approximation value of
ko = 5.32 mM2 min~1,

To form concatenated rings, the intermediate species must
have one monomer associated with the cyclic dimer. However,
such an intermediate is too elusive to be captured in a stable
configuration. The kinetic data support the formation of such
an unstable intermediate complex bR, which subsequently
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Figure 4. (A) HPLC monitoring of the disulfide ring closure dfat 0.58 mM at various reaction times. (B) After the first 25 min, cyclization forms mainly
a cyclic dimer via a second-order reaction, and the reaction then enters a steady state to form the concatenatéthdimeag and proceeds as a pseudo
second-order reaction with respect to monorhe(C) Plots of the monomet, cyclic dimer2, and dimer-dimer catenand concentrations as functions of
reaction time. Note the dimer concentration reaches a steady state soon after the reaction.

0 20

reacts with another monoméras shown in eq 8. The rate- order with respect to the monocyclic dim2and second-order
determining stepkgp) involves closure of the concatenated ring;  with respect to the linear monomér in excellent agreement
in this situation, the rate of catenaddormation will be first- with experimental observations.
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Figure 5. (A) A single perylene dimer ring showing the two stacked perylene units. (B) In the concatenated perylene dimer rings, two perylene units, which
form stacks, are both part of the same dimer ring (cis configuration). (C) The perylene units are stacked in the trans configuration in whichd¢kedwo sta
perylene units are each on separate dimer rings that are concatenated. (D) Two concatenated perylene dimer rings. All four perylene uniteatestacked

of each other.

To simplify the complex dynamic self-assembly system, the interactions, however, effectively separate the two disulfide
pathways to major products are summarized in the reactionsbonds on opposite sides of the reaction sphere, and therefore
below. However, other pathways and interconversion do exist, disulfide exchange nearly ceases. In other words, comp8und
and they contribute minor amounts of the products under the is akinetic trapfor disulfide exchange or other ring formation

experimental conditions used. reactions, although catena#and cyclic dimei2 can be stored
K K at —20 °C in organic solvents for months; at room temperature
1+ 1% 11— 2 they remain in dynamic equilibrium under the original basic
—1la

reaction conditions and exchange very slowkygndk-z) and
yetreversiblyamong themselves. Conversion of catendaed
cyclic dimer2to 3, a compound formed only as a trace amount
d[4] Kodon 5 ) _byprodu_ct when self-assem_bly governs the system, is _mostly
o ko [2:2][1] = ” (1721 = k[1]72]  (8) irreversiblebecause of the kinetic trap. In fact, monocy8lis
—2a disfavored both kinetically and thermodynamically in the above
Interestingly, the monocyclic monoméris not thermody-  'eactions except whed < C (e.g., [l = 0.03 mM). Compared
namically more stable than other cyclic products such as to the dimer-based cycle8,is thermodynamically less stable
catenanet and cyclic dimer2 based upon formation enthalpy ~ than the cyclic dimer by~3 kcal/mot*2 due to the lack of
analyses{ide suprd; nonetheless it accumulates in the system. €xtensiver-stacking. Experimental kinetic data have shown that
This is because it reacts very slowly due to the fact that self- its formation cannot compete with the formation of the cyclic
assembly neither juxtaposes-S bonds in a way that promotes dimer when DSA promotes cyclization reactions. In the initial
disulfide exchange nor reacts favorably with thiol ester groups basic solution, both catenadeand cyclic dimer2 eventually
via a deacetylation reaction (Schemeg); Since3 has a basket ~ convert to3 when sufficient time (days) is allowed. The reason
shape, cofacial assembly 8fcan only occur via the bottom for accumulation of3 is that disulfide bonds are “caged” for
bottom approach to form self-assembled dimers3oSuch disulfide exchange reactions in the uniqgue monocyclic structure;

k2a k2b
1+ ZE 1'2_1’4
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this does not imply that disulfide bonds are thermodynamically stacked. A configuration from one of these simulations is shown
stable. Such a caging phenomenon results in a kinetic trap, ratheiin Figure 5A. The results are consistent with a conversion
than the well-known thermodynamic trap, for monocyclic between the stacked and unstacked configurations seen in the
monomer3. Because of the kinetic trap, puB which was experiment, but the time scales accessible in the simulations
originally synthesized by a different pathway (Supporting are too short to observe the conversion directly.

Information), is kinetically “stable,” while pur@ or 4 slowly Simulations of the concatenated dimelimer catenane!
interconvert and are finally trapped &sunder the original showed contrasting behaviors. The concatenated rings contain
deacetylation conditions. a total of four perylene units. Two configurations were found

4. Molecular Dynamics Modeling.To gain further insights in which the perylene units stack in two pairs, and another
into the dynamic behavior of the cyclic dim2iand its catenane  configuration was found in which all four perylenes form a
4, we have carried out molecular dynamics simulations. Simula- single stack. The two configurations in which the perylene units
tions of both the monocyclic dime2 and its concatenated pair up consist of a “cis” configuration, where the perylene units
dimer—dimer4 rings were performed in dichloromethane. The on the same ring are paired, and a “trans” configuration where
simulations were done using the NWChem molecular dynamics perylene units on opposite rings are paired. Snapshots of the
software modulé’ The setup and visualization of the simula- cis and trans configurations are shown in Figure 5B and 5C. A
tions were performed using a prerelease version of the Extensiblesnapshot of the configuration containing four stacked perylene
Computational Chemistry Environment (Ecce) versioriéitat units is shown in Figure 5D. Over the course of the simulations,
is being developed to provide a user interface for creating and all three configurations appear to be stable and no sign of
executing molecular dynamics simulations using NWChem. The interconversion between the structures was observed. Again,
solvent parameters are based on Fox and Kollman’s model forthis suggests that the time scale for interconversion, if it occurs,
dichloromethané?® No parameters for the perylene dimer exist is longer than the time scales accessible by these simulations.
in the literature, so a model for this system was developed based i
on parameters available in the Amber force fiéldhe partial ~ Conclusions
charges were assigned using a standard methodology described with a deeper understanding of the molecular self-assembly
in the literature®? Initial configurations of both the single ring  process, we begin to appreciate that formation of strong covalent
and concatenated rings were created using the molecular buildebonds is intrinsically linked to weak secondary interactions, such
module in Ecce and then solvated with dichloromethane using as ion pairing or dipolar interaction. While molecular self-
the NWChem prepare module. Long simulations at constant assembly employs weak interactions to form various nanostruc-
pressure and temperature (1 atm and°Zj were done to tures, their potential functions to direct or template specific
equilibrate the system followed by simulations of 150 ps to reaction pathways have not been widely exploited. We dem-
observe the configurational behavior of the ring systems. onstrated here that novel reactions could be promoted by

A variety of simulations of the monocyclic dimer rilgvere molecular self-assembly and these reactions would be difficult
done; the main difference between the simulations was the initial to carry out otherwise. Dynamic molecular assembly effectively
configuration of the perylene dimer ring. Simulations in which  directs particular ring closure reactions; consequently, cyclic
the initial configuration of the ring was chosen so that the dimer 2 becomes the immediate major product. This cyclic
perylene molecules were not placed on top of each other in adimer then guides the formation of a dimetimer catenand,
relatively relaxed configuration did not result in stacking of the which becomes the second major product. This understanding
perylenes over the simulation time. Instead, one of the chainssets the stage for exploring the use of DSA to direct specific
holding the two perylene units together tended to slip between reaction pathways to novel chemical structures.
the plates and keep them apart. This behavior persisted over
the course of the simulation. Additional simulations of 150 ps  Acknowledgment. The authors acknowledge the support of
or so did not result in stacking, suggesting that the time scale the National Institute of General Medical Smences_ (Grant
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