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Planar perylene derivatives form macrocyclic dimers and concatenated-diimesr rings under the action

of molecular self-assembly. If this underpinning principle is true, highly twisted perylene derivatives should
be more frustrated toward formation of multimeric cyclic compounds such as macrocyclic dimers and
concatenated dimerdimers because of perturbation resulting from intermolecularr stacking. Indeed,
1,6,7,12- tetraphenoxy-substituted perylene is highly twisted and undergoes unimolecular cyclization rather
than bimolecular or multimolecular cyclization. The resulting monocyclic monomer exhibits interesting
conformation switching from one chiral structure (left-handedness) to another chiral structure (right-handedness)
at room temperature. NMR studies of conformational dynamics reveal that such configuration change between
the two enantiomers can be frozen at low temperatudb(C). An activation enthalpy barrier of 134 0.5
kcalkmol™! for twisting the perylene plane in order to convert from one enantiomer to the other has been
found.

Introduction synthesized by introduction of large substituents at the bay
positions (1, 6, 7, and 12 positions of the perylene core) of the
erylene skeleton, should be discouraged from forming effective
*Z-stacks, and therefore the reaction products are directed away
§rom the dimer macrocycle and the concatenated structure.
Indeed, under the conditions for ring formation, highly twisted
PDI, thus, undergoes self-cyclization to form a monocyclic

Molecular self-assembly has attracted tremendous interest
recently because biological self-assembly processes can genera
structures that behave as molecular factories, which are capabl
of synthesizing specific heterogeneous biopolymers or carrying
out sophisticated tasks such as invoking a proton gradient to
synthesize adenc_)smeﬁﬂph(_)sphate (ATP). In the recent rapid monomer instead of the macrocyclic dimer or the dirdimer
growth of materials chemistry, molecular assembly and su-

4 . concatenated structure.
pramolecular assembly are often used to generate various diverse Self-cvelization of 1.6.7 12-tetraphenoxy perviene diimide
nanoarchitectures with targeted physical properties. We would ycliza o P y peryiene
leads to a chiral cyclophane because perylene bisimides func-

like, however, to emphasize that molecular assembly including tionalized at the bay positions have been shown to exhibit a
dynamic self-assembly can be used to promote certain reaction yp

pathways that will enhance the formation of a particular products FW'StEd . skeleton due to eIe_ctrostatlc Fep”'S'O” and steric
otherwise difficult to obtain, Strategies used until now mostly interaction between the substituents. Chiral cyclophanes have

involve template-directed reactions or mechanically interlocked peen extensively studied because they hold impressive promise

compound synthesisElectron-richz-donors and electron-poor in the rapidly growing field of chiral separation. In attempts to

: design generally useful chiral host molecules, Mallouk has
7T-acceptors can form co-qssembled tgmpFalhat dlrec'g the syntﬁesigzed a sgries of chiral cyclophanes including benzylvi-
formation of structurally diverse reaction products. Similarly

metal-chelated—sr conjugation directs formation of cyclic and/ glr?]ign%nag%cgoepZir;%se&:&réagg'r?gsi gligipggi&clinﬂaiezhfgrctus
or concatenated ringsln a previous report,we had studied a q y yclop

large conjugated system, perylene diimide (PDI), and found that gtr; gtm(rq;se aer:gcr:gtnr:g dgggpe;gfi’ 3gaﬁ2;ﬂ Sh'gmy _syrr]rtl_r;lr?tnc
sw—z interactions occurred in organic solvents and could be used uctures, 9y yclop ynthestEsnt

to direct formation of a macrocyclic PDI dimer and a PDI has gravitated toward functions and devices in more recent

concatenated dimedimer. The hypothesis is that- interac- cyclophane studies such as structurally pre-organized ligands

tions are the driving force behind the formation of intriguing Losrergﬁf:?:irlglnssh;]ztrincmr:aaall ?n)i!'ag; S(j((j);r{nv(\?;escgtlm?é tsoegi)n?wstrate
dimer macrocycles and fascinating concatenated rings. If this greag j

hypothesis is correct, twisted PDI derivatives, which can be thaf catenane, consisting of interlocked blsparaphenﬁfgne
crown-10 and cyclobis-paraqupiphenylene, existed as mix-

tures of diastereoisomeric complexes at low temperature
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omers in solution. The twisted perylene diimide derivatives have room temperature (RT). The reaction was continued at@0
only been observed by X-ray crystallography in the solid state; under argon overnight. The reaction solution was monitored with
thus far, the enantiomeric dynamic exchange has not beenHNMR spectroscopy, which showed completion of the reaction
observed in solution due to the low barrier of rotation. All crystal after this amount of time. The solvents were evaporated, and
structures obtained to date crystallize as a racemic mixture the residue was diluted with CHEIThe organic phase was
containing molecules of both chirality in a 1:1 ratio, and pure washed wih 1 N HCI (aq) solution and brine until the aqueous
isomers in the solid state have not been reported to date. Thephase became neutral with pH7—8. The organic layer was
dihedral twist angle associated with the bay carbon atoms isthen dried and concentrated, and the residue was purified by
dependent on the number and type of substituents; the 1,7-chromatography on a silica gel column eluted with JCH/
difluro-,1° 1,7-dicyano4! 1,7-dibromo-2 1,6,7,12-tetra-  MeOH (20/1), and the title product, a purple solid, was obtained
phenoxy-3 1,6,7,12-tetrafluorol! and 1,6,7,12-tetrachloro-  in a yield of 89% (372 mg):R 0.39, CHCI,/MeOH (20/1).
perylene diimidé® derivatives have 4, 5, 24, 25, 28/18, 36.7 Compoundl: *H NMR (CDCl;, 300 MHz) 6 8.19 (s, 4 H,

of twisted dihedral angles, respectively. The distortion from perylene ring), 7.26 (bt] = 7.2 Hz, 8 H, phenoxy ring), 7.11
planarity frustrates the packing of these dyes in the solid state (bt, J = 7.2 Hz, 4 H, phenoxy ring), 6.93 (bd= 7.2 Hz, 8 H,

as well as in molecular self-assemblies, which affords much phenoxy ring), 4.36 (bt) = 6.0 Hz, 4 H, tetraethylene glycol),
more soluble dyes. Incorporation of the twisted chiral perylene 3.76 (bt,J = 6.0 Hz, 4 H, tetraethylene glycol), 3.63.50 (m,
diimide into a basket-shaped cyclophane structure, however, hag4 H, tetraethylene glycol}3C NMR (CDCh, 75.48 MHz)o
dramatically retarded the dynamic exchange between the two163.5, 156.1, 155.5, 133.0, 130.2, 124.8, 122.8, 120.8, 120.3,
enantiomeric structures. Herein, we rationalize the formation 1202, 119.9, 72.7, 70.8, 70.7, 70.5, 70.3, 68.1, 61.9, 39.5. MS

of such a chiral cyclophane in the context of previously reported (vALDI): mvz1110.3 [M]", 1111.3 [M+-H]*, 1133.3 [M+Na]",
macrocylic dimer and concatenated dimeimer and account 1149 3 [M+K]*, 1110.6 [M[ .

for the dynamic interconyersion between the two twisteq Compound 2: BisN,N'-(2-(2-(2-(2-tosylethoxy)ethoxy)-
peryleng cyclophane enantiomers and the rotation energy bame'éthoxy)ethyl)-l,6,7,12-tetraphenoxy-3,4,9,10-pery|enetetra-
separating the pair (Chart 1). carboxylic Diimide. To a solution of compound (360 mg,
0.32 mmol) in 25 mL of dry CHCI, (4 A activated molecular
sieves, 3 days) at 0C was addeg-toluenesulfonyl chloride
General Methods.Solvents and reagents were purified using (320 mg, 6.3 mmol, 5.2 equiv) and dry triethylamine (NaOH,
literature methods. Matrix-assisted laser desorptionization pellets 3 days) (2.7 mL, 19 mmol). The reaction mixture was
(MALDI) mass spectra were obtained on an ABVS-2025 then stirred fo 2 h at 0°C and left overnight at room
spectrometer. RoutintH NMR spectra were recorded with a  temperature under an argon atmosphere. TLC monitoring
Mercury 300 (300 MHz) spectrometer for solutions in CRCI  showed completion of the reaction. The solvents were evapo-
(CD30D) at ambient temperaturé3C NMR spectra were rated, and the residue was diluted with CBICThe organic
recorded at 75.48 MHz with a Mercury 300 spectrometer for phase was washed Witl N HCI (aq) solution and brine until
solutions in CDC (CDsOD). Bruker 500 and 600 MHz were  the aqueous phase was pH—8. The organic layer was dried
also used for acquiring special NMR spectra when necessary.and concentrated, and the residue was purified by chromatog-
Reactions were monitored by thin-layer chromatography (TLC) raphy on a silica gel column eluted with cyclohexane/ethyl
on precoated plates of silica gel 6&HEM Science). Column acetate (2/3), and the title product as a purple syrup was obtained
chromatography was performed on silica gel 60 (2800 mesh, with a yield of 82% (372 mg):R: 0.21, cyclohexane/ethyl
EM Science) using an eluent as specified in the experiment. acetate (2/3). Compourfl 'H NMR (CDClz, 300 MHz)6 8.18
Compound 1: Bis-N,N'-(2-(2-(2-(2-hydroxyethoxy)ethoxy)- (s, 4 H, perylenering), 7.76 (d,= 8.4 Hz, 4 H, tosyl aromatic
ethoxy)ethyl)-1,6,7,12-tetraphenoxy-3,4,9,10-perylenetetracarbo-  ring), 7.31 (bdJ = 8.4 Hz, 4 H, tosyl aromatic ring), 7.26 (bt,
xylic Diimide. To a solution of bisN,N'-(2-(2-(2-(2-hydroxy- J = 7.2 Hz, 8 H, phenoxy ring), 7.11 (b, = 7.2 Hz, 4 H,
ethoxy)ethoxy)ethoxy)ethyl)-1,6,7,12-tetrachloro-3,4,9,10-peryle- phenoxy ring), 6.93 (bd] = 7.2 Hz, 8 H, phenoxy ring), 4.35
netetracarboxylic diimide (100 mg, 0.11 mmol) iN,N- (bt, J = 6.0 Hz, 4 H, tetraethylene glycol), 4.11 (I3t= 4.8
dimethylformide (20 mL) were added potassium carbonate (150 Hz, 4 H, tetraethylene glycol), 3.74 (bi, = 6.0 Hz, 4 H,
mg, 10 equiv) and phenol (200 mg, 19 equiv) under argon at tetraethylene glycol), 3.643.60 (m, 8 H, tetraethylene glycol),

Experimental Section
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3.58-3.48 (m, 12 H, tetraethylene glycoPB’C NMR (CDCl,
75.48 MHz)6 163.3,155.8, 155.3, 144.7, 132.9, 132.8, 130.0,

Wang et al.

tetraethylene glycol), 3.833.75 (m, 4 H, tetraethylene glycol),
3.58-3.46 (m, 4 H, tetraethylene glycol), 3.33 Jt= 4.8 Hz,

129.8, 128.0, 124.6, 122.5, 120.6, 120.1, 120.0, 119.6, 70.68,4 H, tetraethylene glycol), 3.16 @= 6.3 Hz, 4 H, tetraethylene

70.57, 70.48, 70.0, 69.2, 68.6, 67.8, 39.3, 21.6. MS (MALDI):
m/z 1418.46 [M]', 1419.53 [M+H]*, 1441.47 [MtNa]",
1418.3 [M].

Compound 3: BisN,N'-(2-(2-(2-(2-thioacetylethoxy)-
ethoxy)ethoxy)ethyl)-1,6,7,12-tetraphenoxy-3,4,9,10-peryle-
netetracarboxylic Diimide. To a solution of compoun# (286
mg, 0.2 mmol) inN,N-dimethylformide (60 mL) was added

glycoal), 3.08-2.99 (m, 4 H, tetraethylene glycol), 2.28 Jt=
6.3 Hz, 4 H, tetraethylene glycol}3C NMR (CDCk, 75.48
MHz) 6 163.3, 155.9, 155.3, 132.9, 130.0, 124.7, 122.6, 120.5,
120.0, 119.98, 119.6, 71.08, 70.55, 70.43, 70.3, 69.0, 67.7, 39.7,
37.4. MS (MALDI): m/z1140.3 [M}*, 1141.3 [M+H]*, 1263.3
[M-+Na]*, 1140.4 [M]". Compound5: TLC Rs 0.57, cyclo-
hexane/ethyl acetate (2/3H NMR (CDCls, 300 MHz)6 8.19

potassium thioacetate (370 mg, 3.2 mmol, 15.6 equiv), and the(S: 4 H, perylene ring), 7.27 (bl = 8.4 Hz, 8 H, phenoxy

mixture was stirred at 80C under an argon atmosphere

ring), 7.11 (bt,J = 8.4 Hz, 4 H, phenoxy ring), 6.93 (bd,=

overnight. The mixture was then concentrated under decreased-4 Hz, 8 H, phenoxy ring), 4.75 (s, 4 H, -8¢Cl), 4.36 (t,J
pressure and purified by chromatography on a silica gel column = 6.0 Hz, 4 H, tetraethylene glycol), 3.75 {t= 6.0 Hz, 4 H,

eluted with cyclohexane/ethyl acetate (2/3). Compo8neas
obtained as a dark purple solid with a yield of 73% (180 mg).
Rr 0.37, cyclohexane/ethyl acetate (2/3). CompaBinéH NMR
(CDCls, 300 MHz)6 8.19 (s, 4 H, perylene ring), 7.26 (t=

7.2 Hz, 8 H, phenoxy ring), 7.11 (bl,= 7.2 Hz, 4 H, phenoxy
ring), 6.93 (bdJ = 7.2 Hz, 8 H, phenoxy ring), 4.36 (bd,=

6.0 Hz, 4 H, tetraethylene glycol), 3.75 (Bt= 6.0 Hz, 4 H,
tetraethylene glycol), 3.673.62 (m, 4 H, tetraethylene glycol),
3.62-3.50 (m, 16 H, tetraethylene glycol), 3.03Jt= 6.4 Hz,
tetraethylene glycol), 2.29 (s, 6 HCOCH3). 13C NMR (CDClk,
75.48 MHz)6 195.5, 163.3, 155.8, 155.3, 132.8, 130.0, 124.6,

tetraethylene glycol), 3.69 (] = 6.3 Hz, 4 H, tetraethylene
glycol), 3.673.52 (m, 16 H, tetraethylene glycol), 2.87 {t,

= 6.3 Hz, tetraethylene glyco}3C NMR (CDCk, 75.48 MHz)

0 163.3, 155.8, 155.3, 132.8, 130.0, 124.6, 122.6, 120.6, 120.1,
120.0, 119.6, 70.61, 70.56, 70.41, 70.37, 70.2, 67.8, 50.1, 39.3,
30.9. MS (MALDI): m/z 1237.7 [M]", 1238.7 [M+H]T,
1237.65 [M}". Compoundé: TLC R 0.32, cyclohexane/ethyl
acetate (2/3)IH NMR (CDCl;, 300 MHz) 6 8.19 (s, 4 H,
perylene ring), 7.27 (bt] = 8.4 Hz, 8 H, phenoxy ring), 7.11
(bt,J = 8.4 Hz, 4 H, phenoxy ring), 6.93 (bd,= 8.4 Hz, 8 H,
phenoxy ring), 4.60 (s, 4 H, -SGOCH), 4.36 (t,J = 6.0 Hz,

122.6, 120.6, 120.1, 120.0, 119.6, 70.6, 70.5, 70.3, 70.1, 69.7,4 H. tetraethylene glycol), 3.75 @= 6.0 Hz, 4 H, tetraethylene

67.8, 39.3, 30.5, 28.8. MS (MALDI)m/z 1226.4 [M]", 1227.5
[M+H]t, 1249.4 [M+Na]t, 1226.4 [M].

General Procedure for Unimolecular Cyclization: Forma-
tion of Perylene Cyclophane, 4 De-acetylation was carried
out by adding NaOMe (2 M in MeOH) dropwise to a solution
of thioacetyl compoun@ in CH,Cl,, 4 drops (9” Pasteur pipet)
for every 100 mL of solution at RT. The color of the reaction
mixture changed from purple to dark blue. TLC detection was

conducted, and the reaction was then neutralized with Amberlite

IR-120 (H") resin upon the disappearance of the starting
material. The mixture was filtered, and the filtrate was concen-
trated and flash chromatographed (8iOH,Cl,/MeOH) to give

the final products as described below.

Compound3 at concentrations of 0.57 mM and 0.1 mM,

glycol), 3.66-3.52 (m, 20 H, tetraethylene glycol), 3.30 (s, 6
H, -SCHOCHj3), 2.73 (t,J = 6.9 Hz, tetraethylene glycol}3C
NMR (CDCls, 75.48 MHz)6 163.3, 155.8, 155.3, 132.8, 130.0,
124.6, 122.6, 120.6, 120.1, 120.0, 119.6, 75.8, 70.99, 70.60,
70.55, 70.22, 70.1, 67.8, 55.7, 39.3, 30.3. The assignment was
based on HMQC experiment. MS (MALDI)Wz 1230.4 [M]*,
1253.4 [MH+Na]*, 1269.4 [M+K]*, 1230.4 [M]". Compound

7: TLC Rf 0.29, cyclohexane/ethyl acetate (2/3H NMR
(CDCls, 300 MHz) 6 8.180 (s, 4 H, perylene ring), 8.177 (s, 4
H, perylene ring), 7.26 (bt] = 7.5 Hz, 16 H, phenoxy ring),
7.11 (bt,J= 7.5 Hz, 8 H, phenoxy ring), 6.93 (bd,= 7.5 Hz,

16 H, phenoxy ring), 4.60 (s, 4 H, -${ZOCH;), 4.38-4.31

(m, 8 H, tetraethylene glycol), 3.78.70 (m, 8 H, tetraethylene
glycol), 3.68-3.50 (m, 40 H, tetraethylene glycol), 3.30 (s, 6
H, -SCHOCH3), 2.80 (t,J = 4.8 Hz, 4 H, tetraethylene glycol),

respectively, was used in the starting synthesis, and compound, 73 (t,J = 4.8 Hz, 4 H, tetraethylene glycol). MS (MALDI):

4 (bis-N,N'-(2-(2-(2-(2,2-dithioethoxy)ethoxy)ethoxy)ethyl)-36-

crown-6-(1,6,7,12-tetraphenoxy-3,4,9,10-perylenetetracarboxy-

lic diimide)) was obtained as the main product in 55 and 40%
yield. Compound5 (bis-N,N'-(2-(2-(2-(2-(chloromethylthio)-
ethoxy)ethoxy)ethoxy)ethyl)-1,6,7,12-tetraphenoxy-3,4,9,10-
erylenetetracarboxylic diimide), a chloromethyl thiol ether of
3 as a byproduct with a yield of 35%, was formed in the same
reaction and isolated following purification. Before quenching
the reaction with Amberlite, further reaction drives formation
of compound6 (bis-N,N'-(2-(2-(2-(2-(methoxymethylthio)et-
hoxy)ethoxy)ethoxy)ethyl)-1,6,7,12-tetraphenoxy-3,4,9,10-peryle-
netetracarboxylic diimide), a methoxy thiol ether, that forms
from compound5 with a yield of 30% following methanol
addition to the solution. As a byproduct, a linear dimer of
compound6, compound? (2,2-bis-[2-[2-[2-(2-(2-(2-(2-meth-
oxymethylthioethoxy)ethoxy)-ethoxy)ethyl)imido-1,6,7,12-tet-
raphenoxyperyleneimidoethoxy]-ethoxy]-ethoxy]ethyl disulfide)
was also found in trace amounts (5%). CompodndLC, R
0.21, cyclohexane/ethyl acetate (2/31 NMR (CDCls, 300

m/z 2370.8 [M]", 2393.7 [MNa]*, 2409.8 [M+K]+, 2370.8
(M]~.

Results and Discussion

Frustration of Molecular Self-Assembly Directs a Uni-
molecular Cyclization Reaction. Planar perylene molecules
attract each other and formstacks. Ther— interactions are
reinforced in aqueous systems by hydrophobic interactions
resulting in folded systems that are hyperthermophilic (heat-
loving).*® However, such strong self-organization phenomena
cannot be fully taken advantage of because current organic
chemistry techniques show limited success in aqueous systems.
Fortunately,7—s interactions also occur in organic solvents
that include chlorinated solvents. As a result, the solution of a
simple planar perylene derivative has an impressive series of
self-organized nanostructures including self-assembled dimer,
trimer, tetramer, and higher oligomers. One practical treatment
assumes that the equilibrium constant§) (between self-

MHz, at room temperature; see text for variable-temperature assemblech-mer and §+1)-mer f = 1, 2, 3, etc.) all have

1H NMR) ¢ 8.20 (s, 4 H, perylene ring), 7.27 (kt= 7.5 Hz,
8 H, phenoxy ring), 7.11 (bt] = 7.5 Hz, 4 H, phenoxy ring),
7.00-6.90 (m, 8 H, phenoxy ring), 4.464.34 (m, 4 H,

essentially the same value and are equal to each other, leading
to the equaK model. In chloroform or methylene choloride,
the equilibrium constant was determined tokbe= 52 M~ for
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bis-N,N'-(2-(2-(2-ethoxy)ethoxy)ethoxy)ethyl)peryl-  or twisted perylenes), roughly 39 A away. The hanoenvironment
enetetracarboxylic diimide, indicating that planar perylene of the reaction centers is the same because both are bound to
derivatives form spontaneous self-assembled oligomers ($AO). tetraethylene glycol linkers. Therefore, it is inconceivable to
These SAOs will affect the physical properties as well as consider any electronic effects such as electron induction or
chemical reactivities and reaction pathways. Indeed, activation hyperconjugation from the perylene unit (through bond effects)
of the terminal function groups of bis;N'-(2-(2-(2-(2-thio- could contribute to the reactivity or alter the course of the
acetylethoxy)ethoxy)ethoxy)ethyl)perylenetetracarboxylic di- reaction. Since the reaction center~44 A away from the
imide results predominantly in major products of the macro- perylene unit, it is also unlikely that perylene could induce any
cyclic dimer and interlocked dimeimer rings (Scheme 1).  steric repulsion (through space effects) unless molecular self-
However, frustration of intermolecular self-assembly should assembly could be invoked.
divert reaction pathways away from the self-assembled products Twisting the perylene core does not affect the electronic
such as the macrocyclic dimer and interlocked dirgimer nature of the reaction center at the thioacetyl groups nor does
rings. While intermolecular reactions are discouraged, intramo- it introduce any appreciable steric effect within the proximity
lecular reactions are favored, which lead to unimolecular of the reaction centers. The question arises as to why two very
cyclization as shown in Scheme 2. It is instructive to compare similar reactants could lead to such dramatically different
Schemes 1 and 2. The reactive groups in both cases argesults: one yields a macrocylic dimer (yield 39%) and
thioacetyl, and the reaction is the hydrolysis of thioesters, concatenated dimemimer rings (yield 36%) as the major
yielding an active thiol-like intermediate species that forms products (total yield: 75%), and the other yields an unimolecular
disulfide bonds. The distance between the two thioacetyl groupscyclophane as the major product (yield-486%) along with
within the reaction precursor is the same in both cases (planarlinear byproducts (yield 35%) with a total yield up to 90%.
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Figure 1. Variable-temperaturéH NMR spectra of perylene diimide cyclophang (ith the aromatic proton region shown on the top panel and
the aliphatic region shown on the bottom panel.

Herein, we attribute these observed phenomena to molecularthan self-assembly-directed reactions. The formation of com-
self-assembly effects. In other words, the presence of molecularpound6 (30%) from compoun® after the addition of the polar
self-assemblies in a reaction system can completely alter thesolvent methanol also indicated the solvation effect on the
course or pathways of the reaction, and sometimes these newwisted starting material; the two thiol ends of the molecule on
reaction pathways could lead to novel structures such asthe tetraethylene glycol linkers have stretched apart and reacted
interlocked rings that are otherwise difficult to obtain through randomly (Supporting Information Figure 1, which shows that
normal reaction design. compounds was from a §; reaction between compouicnd
When the self-assembly pathways are frustrated, the reactionmethoxide). In addition, a trace amount of compouhdas
chooses those secondary reaction options. On the basis of thésolated and characterized as a linear dimer structure, also
reaction conditions, deacetylation took place first, and the formed via random collision of the R=Sintermediate as
formation of byproduct compourilindicated the existence of  evidenced by the low yield{5%). Comparably the formation
thiolate R-S as an active intermediate (see Supporting Informa- of monocyclic cyclophand was more favored because of the
tion Figure 1, which shows that compourd was a %2 intramolecular pathway; it has a higher yield than the linear
replacement of ChkCl,). Because the twisted perylene core dimer (5%) and solvation product (35%).
frustrated self-organization, the thiol-like intermediate was Interconversion Dynamics between the P and M Helical
directed away from the macrocyclic dimer and the concatenatedEnantiomers. The resulting chiral cyclophane (Scheme 2;
dimer—dimer. As a result, the reaction was limited to unimo- compound4) is characterized by advanced NMR techniques
lecular cyclization as well as reactions with secondary reagentsincluding correlation spectroscopy (COSY), gradient-enhanced
such as the solvent. Indeed, compoin(B5%), a product of nuclear overhauser effect spectroscopy (GOESY), and variable-
the reaction between R-Sntermediate and solvent GBI, temperature experiments. From the COSY experiment, the
and compound! (55%), the major product from the intramo- chemical shift §) of protons on tetraethylene glycol chains as
lecular disulfide formation via oxidation of R=Sntermediate well as perylene aromatic rings can be assigned as follows
by air, were formed due to random collision in solution rather (CDCl3, 300 MHz, at room temperature) (Figure 1 and Scheme
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P-enantiomer (or R)

3): protons on perylene ring,®{8.20); protons on phenoxy
rings, Ar—H35 (7.27), Ar—H* (7.11), Ar—H2%6 (7.00-6.90);
protons on ethylene glycol chains¢ [#.46-4.34), H! (3.83—
3.75), Hf (3.58-3.46), H (3.33), H' (3.08-2.99), H (3.16),
and H (2.28).

The 1D GOESY experiments, which are more sensitive than
2D nuclear overhauser effect (NOE) such as NOESY or
rotational nuclear overhauser effect spectroscopy (ROESY),
clearly showed the spatial correlation between ahd H,
supporting that they are spatial neighbors although non-

H: Hi(s), H(m), H&w), H¥(w), H>5(w)
H: Hi(s), Hi(m), H&w), H3(m), H25(m)

M-enantiomer (or S)

enantiomer, which is a right-handed helix and equivalent to the
R configuration, and M-enantiomer, which is a left-handed helix
and equivalent to the S configuration. In Figure 1, variable-
temperature'H NMR shows that, in this dynamic exchange
process, the aromatic protons yield a relatively sharp peak at
20 °C, but the peak coalesces atQ and further splits into
two peaks at low temperature. The experimental results indicate
that the two types of protons . defined as the aromatic
protonnearthe TEG handle and %, defined as the aromatic
protonfar away from the TEG handle) must undergo a rapid

neighboring through covalent bonds; this suggests that com-exchange at RT, and this process can be frozen at low
pound4 has a basket-shaped structure. Details of the GOESY temperatures. At ambient temperature, the NMR spectrum
analyses were listed in Scheme 3. In the GOESY experiments,indicated a symmetrical molecule, and we observed an averaged

when proton Hwas irradiated, the radiation energy absorbed
by protons H could be transferred to its neighbors through

space, emphasizing the spatial co-relationship of nearby nuclei.

Thus, as shown in Scheme 3? ptotons had strong correlations
(s: strong signature) with the 2,6-protons on phenox¥®H,

effect of Hhear and Hi,; however, cooling the sample to
—45 °C caused the lines in the spectrum to broaden and then
split into two equally intense lines, as seen in Figure 1. This
indicates that the molecule has two equivalent conformations,
which exchange quickly at ambient temperature; but the process

which is expected because they are neighbors linked throughcan be frozen out at-45 °C. This is not surprising, since a

covalent bonds. However 2rotons also had medium-strength
coupling (m: medium signature) to the protons on the “handle”
of the basket such as9HH!, H", and H through space as well

crystal structur® of molecules resembling the perylene core
shows that the molecules are not planar but twisted around their
long axes. Steric hindrance of ti@phenyl groups may well

as to the next-nearest neighbors on the phenoxy ring throughbe responsible, by analogy to ortho-substituted biphenyls, which

covalent bonds, the protons at the 3 and 5 positioR8 Fhese
results indicate that the handle protong H', H", and H are

as close to proton #as the phenoxy proton B which is only
~4.85 A away from K. This only happens when the compound
forms a basket structure and when the results of GOESY
assignments of ${H, H", and H protons being spatial neighbors
of proton H corroborate with a basket-shaped molecular
structure. Finally, weak correlation (w: weak signature) was
observed between4and H, indicating that protons Hare
closer to H, Hi, H", and H protons than to the proton at the
4-postion of the phenoxy ring,44The AM1 energy minimized
geometry shows that the distances betweérahtl H-6 H35,

and H are on average 3.39, 4.85, and 5.37 A, respectively. By

show similar twisting. The presence of the cyclophane “handle”
over the perylene “basket” renders the two twisted forms
inequivalent, so when the exchange is slow, we see both
enantiomers.

What is the process that interconverts the two forms? There
are two hypothetical mechanisms that can cause proton H
exchange. One exchange mechanism is an inversion of the
internal twist in the perylene core, which interconverts the
P-enantiomer to the M-enantiomer (Scheme 3). The other
mechanism involves swinging the TEG handle from one face
of the perylene to the opposite face like a jump rope; this
mechanical process is equivalent to rotatingrigel perylene
core while holding the twisting motion still. Thus, it does not

use of these data as a calibration, the GOESY experimentsinterconvert one enantiomer to the other (Scheme 3) since the
suggest that the handle protons float above the basket with anperylene core has an approxim&gsymmetry along its long

average distance from protort Hreater than 3.39 A but closer
than 5.37 A. These results are in agreement with AM1
simulations that showed the Hrotons could move as close as
3.74-4.19 A away from protons #

axis. However, this process does interconver:sawith Ha,,
similar to the exchange between the axial protons and equatorial
protons in cyclohexane. Of key importance is verifying that the
experimental results can be interpreted in terms of the twisting

The uniqueness of the basket-shaped cyclophane is that itof the perylene core mechanism, not the jump rope mechanism.

enables the observation of interconversion between the P-

The jump rope dynamic process switches the protorig, (H
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H3,ea) but leaves proton Hn the same environment in the initial 3
and final states, whereas the perylene skeleton inversion
dynamics switches both&hand H protons.

The molecular jump rope (or skipping rope) in planar chiral 10¢C
cyclophanes has been reported before, and with the assistance
of a chiral auxiliary group, the planar chiral cyclophanes prefer

one diastereomer over the otH&in fact, a chiral cyclophane 5C
consisting of a benzene ring and an indole unit can also undergo
similar dynamics, in which the indole unit flips 180This oc -

process has an energetic barrier\ds* = 10.94 0.2 kcal/mol
for indole ring flipping from one enantiomer to the other
enantiomer, according to the Gutowskylolm equation and
variable-temperature NMR measuremefitsiowever, in our
basket-shaped chiral cyclophane system, the jump rope mech- -10C
anism does not occur. If the perylene core were not twisting at
RT, the ¢ and ‘cprotons would be distinguishable since one
proton feels a neighboring carbonyl next to tha,Hand the
other feels a neighboring carbonyl next t&.&: Such arrange-
ment would result in two groups of chemical resonances for ¢ T T T T 1
and ¢ protons, respectively, at RT, and this is contrary to the 8.4 83 Bir'n 8.1 8.0
experimental data. As we lower the temperature, the jump rope ) ) PP ) o
mechanism leads the ¢ proton o he same c proon and the cZS2, STuten st Tl PolENG e B e
prOtor_] 1o the same’ roton. The_refore’ the two groups of ields dynamic exchange rates between,tdnd Hieardue to twisting
chemical resonances would remain the same assuming that th%f the perylene core.

NMR spectrum is only sensitive to the initial and final states.
Experimentally, we observed a broad singlet peak instead of ooff
two groups of peaks, which collapse at® °C and further

-45C

collapse at-15 °C. Analyses of M protons rules out the jump 05 -
rope mechanism at RT or low temperature. At high temperature,
the jump rope mechanism may be as probable as the twisting  -1or

core mechanism leading to coupling and associated complex =
dynamics. But if this hypothesis is true, experimental data E 15}
suggest that the jump-rope mechanism freezes well before the g
twisting core mechanism stops actuating; therefore the energy £ -zot-

barrier measured at temperatures between-056C associates

with twisting the perylene core. 25}
Therefore, the interconversion of the perylene protons must
be due to the twisting perylene core mechanism. At RT, twisting 801 .

of the perylene core not only interconvertd,&,and Hk,, but = 5 v = v
also exchanges+and H. As a result, the ¢ proton resonance 1000/T (K
Sa broa(.j singlet at RT, WhI.Ch.IS n agreement with experimental Figure 3. Eyring plot. Eyring plot of In(raté¥) vs 1000T. The slope
ot_)servat!or_ls. When the twisting is f_rozen,_ the c a'nnmton_s . of the line is—AH*/R, where the enthalpy of activatiohH* for the
will be distinguishable and magnetically inequivalent; this is twisting perylene core is determined to be 13 kcal/mol.
exactly what was observed experimentally. The argument for a
twisting mechanism is also supported by a detailed interpretationpe optained from the slope of the line. We obtain an energy
of the spectra as the perylene core and phenoxy groups areyarrier value between the P and M enantiomers of #3@5
moving in a concerted process. This is supported by an analysiskcalmol—%, which represents the energy required to twist the
of the protons labeled “a” and the protons on the phenyl groups. perylene core with tetraphenoxy substitutions at 1, 6, 7, and 12
The H protons are a classic case of two-site equally populated positions.
exchangé!~#3 so it is easy to extract rate measurements from — The ambient temperature spectrum in Figure 1 suggests that
the spectra in Figure 2. The phenyl protons are coupled and sothe molecule rapidly flips between conformations. The g and
must be analyzed by density matrix meth88%; but this is  protons are magnetically equivalent and reveal equal couplings
straightforward. Within experimental error, the rate of exchange to their neighbors, as shown by their triplet structure. However,
for the phenyl protons is the same as theptotons, which  the protons labeled ¢ and j offer further insight into the
strongly suggests a concerted process among the aromatic coreglynamics. Both these sets of protons comprise-6EH, units,
Figure 2 also shows simulated spectra using the standardbut the c protons are at the junction of the handle and the basket,
Gutowsky-Holm equations for two-site equally populated whereas the j protons are in the middle of the handle. The
chemical exchange interactions. Rates were adjusted to give thalifference in dynamics can be seen in the spectra4i C.
best fit to the spectra, and these rates were used to create an In an asymmetric molecule, all four protons in a rigid £H
Eyring plot in Figure 3. The Hprotons provide the most  CH, unit are magnetically inequivalent. The two protons in each
convenient measure of the rate as a function of temperature fromCH, group will show two eight-line splitting patterns; each
—10 to +15 °C. The Eyring plot of In(ratdl) against (1T) is proton is split into a doublet of doublets of doublets by the three
shown in Figure 3. The data are not sufficient to provide a other protons in the group. Figure 4 shows this clearly for the
reliable entropy of activation, but the enthalpy of activation can c¢ protons. The top half of Figure 4 also shows, with simulated
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Figure 4. (A) Simulated spectra of the ¢ antirotons as a function

of temperature. (B) Resolution-enhanced version of t##5 °C . i . i i i i
spectrum, along with a spin simulation. The doublet-of-doublets-of- 245 240 235 230 225 220 215 210
doublets (8 peaks) structure of each proton line indicates that the vicinal ppm

couplings are all different and that the system is relatively rigid.

. . Figure 5. (A) Simulated spectra of the j andgrotons as a function
spectra, what happens to this spectrum as chemical exchanggf temperature. (B) The top simulated trace shows the fast exchange
speeds up. The spectra all use the same chemical shifts andkiplet from j and | protons at high temperatures. When the exchange
couplings, only the rate of exchange (taken from Figure 2) has stops, j and’jprotons split each other into two doublets with distorted
changed. We do not have stereospecific assignments, but thentensities but always retain the triplet structure, resulting the middle
high-frequency (low-field) “c” proton has couplings of 3.4 and trace simulated pattern, which mattihes well to the bottom trace, which
7.3 Hz, whereas the low-frequency (high-field) component has ' the experimental spectrum &#5 °C.
couplings of 3.5 and 5.3 Hz. The chemical shift difference an AB-type pattern. Each of the j protons is split into a doublet
between ¢ and 'cis roughly 0.02 ppm but is temperature by their mutual geminal coupling (again, approximatel§4
dependent, and the geminal coupling-i$4 Hz. This indicates Hz), but the intensities are strongly distorted by second-order
that the dihedral angles are different, suggesting a relatively effects, caused by the fact that the j ahdhemical shifts are
fixed geometry with little motion around carbearbon bond. very close. In the actual spectrum, each of these lines is further
Since this part of the chain is relatively rigid, the four vicinal split into a doublet of doublets by the two i protons. However,
couplings between the c protons and the d protons are allthese coupling constants are equal within experimental resolu-
different: 3.4, 3.5, 5.3, and 7.3 Hz. tion, so the doublet of doublets collapses to a 1:2:1 triplet, as

By contrast, the spectra of the j protons show a different shown in Figure 5. The analysis is further complicated by the
dynamic behavior. The bottom part of Figure 5 shows the overlap of some of the lines, to give the 9-line pattern in Figure
analysis of the somewhat-confusing band that represents the twdb, and by the fact that, at a higher temperature, the temperature-
j protons. If the two j protons were isolated, they would form dependent chemical shift difference turns the 9-line pattern into
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Figure 6. After the twisting motion of the perylene core is frozéih € —5 °C), the flexible handle can still flop left and right as evidenced by
the clearly resolved triplet of the j and g protons. However, such motions are significantly reduced-bE%C, concomitant with further
splitting of triplet j proton pattern to the intensity-distorted doubl@bublet pattern (i.e., the emergence of j anchaignetic inequivalence). AM1
geometry minimized structures show the handle flop left (left) and right (right). Note since the twisting is frozen, the flopping process fesults in t
same identical molecules rather than enantiomers, but this process does exchange the geminal protons such as j and j

SCHEME 42
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aThe twisted perylene core is simplified into a dihedral angle for clarity in the end-view presentation.

an 8-line one. Once this basic spectral analysis is sorted out,rapid, and protons j and g and to some extend protons f are
the effect of chemical exchange on this system can easily besharp because they remain as magnetically equivalepis€td
simulated. At the highest temperature, the two j protons becomethrough averaging the &kar and Hy,, environments. Below
equivalent, so the spectrum becomes a simple triplet, due to—15 °C, the flopping motion is frozen, and j protons become
the two equal couplings to the i protons. The equality of the magnetically inequivalent, and all the carbon atoms on the
i—j couplings indicates that there must be motion, so that the handle become prochiral. In this situation, each proton becomes
dihedral angles (and hence the couplings) between the i and jmagnetically inequivalent in its own way as exemplified by the
protons are averaged in some way. bridgehead protons (c) and bridge center protons ().

The above analyses reveal the bridgehead region of the A final striking feature is that, within each ethylene unit
handle; the Ckf—CH,? unit is more rigid than the middle region  CH,*—CH,, CH9—CH,", or CH,'—CHj, we observed one set
near the SS bond or the CR¥—CH," or CH;—CHjy units. In of sharp triplet magnetic resonance (or proximately triplet)
other words, the chain is still moving even though the twisting feature, namely, Chi, CH,9, and CH/, and one set of broad
of the perylene core is frozen beloiv< —5 °C. The motions magnetic resonance peaks, £HCH;", and CH'. While putting
can be generally classified into two types: spinning arounre€C  these sharp and broad peaks into the chemical structure of the
or C—O bonds; or, the whole chain flopping back and forth bridgelike handle, Cbkt—CH,'—O—CH,8—CH;"-O—CH, —
(Scheme 4 and Figure 6). Rotations around@and C-O CHJ, a zigzag pattern emerged. This zigzag pattern of chemical
bonds would lead to sharp triplet patterns for the ethylene units, resonance, CH(broad)-CH,f(sharp)}-O—CH,9(sharp)}-CH,"-
and this is contrary to the experimental data. Thus, the (broad}-O—CH;i(broad)y-CHj(sharp), further suggests thhts
experimental data rule out rapid and free rotation of the ethyleneregion of the TEG chain has, on average, adopted a zigzag
units. A corollary of this conclusion leads to the flopping motion structure while flopping back and forth. Those protons ap-
of the handle using the NCH®, bond as an axis, which is also  proaching the basket and experiencing th&edd and Hky,
aligned along the long axis of the perylene core. The bulky environments show broader resonances and those protons away
phenoxy groups stop the handle in each case as shown in Figurdrom the basket that experience less of the chiral environment
6, consistent with the fact that the handle is attempting to do a are sharper. The zigzag pattern in measured spectra also supports
“jlump-rope” but available energy at RT (ofF < RT) is the contention that the GHunits are not rapidly free rotating.
insufficient to drive motion to the opposite face of the perylene The question becomes, then, what is the nature of motions that
group. At temperatures abovel5 °C, this flopping processis  cause i and'iprotons to have identical or nearly identical
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