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Preparation of a Reversible Redox-Controlled Cage-Type Molecule Linked by
Disulfide Bonds
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A unique trithiol macromolecule, with an intrinsic conforma-
tional propensity for dimerization (cage) instead of oligomer-
ization upon oxidation, was prepared straightforwardly
through rational design. The quantitative conversion and the
reversibility between the cage and trithiols through redox re-
actions were assayed by 'H NMR spectroscopic analysis. The

X-ray structure of the synthesized cage-type molecule repre-
sents the first successful example of a redox-controlled re-
versible dimeric capsule linked through covalent disulfide
bonds.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Synthetic macromolecular capsules have attracted much
attention because of their potential applications in bio-
logical systems, for example, in molecular recognition,!l in
drug delivery,”! and as miniature reactors.’] Three main
methods are employed in the literature for the formation of
synthetic capsules: (i) Synthesis through permanent cova-
lent bonds under kinetic control.™ (ii) Formation through
noncovalent interactions or metal-ligand coordination un-
der thermodynamic control.¥! (iii) Production through re-
versible covalent bonds under thermodynamic control.[!
Although many molecular capsules have been made by ap-
plying the first and second methods, only a few examples
exist of synthetic capsules that have been formed by using
the third method.[”® Because the reversible thiol-disulfide
interchange reaction is an important factor for controlling
the protein folding process, and the strong covalent S-S
bonds are thought to be the key for stabilizing the struc-
tures of small proteins, the utilization of dynamically re-
versible covalent disulfide bonds holds great potential for
synthesizing macromolecular capsules.

However, attempts to synthesize macromolecular cap-
sules, especially dimeric tris(disulfide)s, have often resulted
in oligomeric products to some extent.[®!% The restricted
CSSC dihedral angle of about 90°I'] thermodynamically li-
mits the formation of an S-S-bond-linked capsule. In
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addition, preorganization of the thiol groups at the right
geometry and orientation in the monomer is required for
the favorable kinetic formation of capsules. Thus, it is ex-
tremely difficult to obtain a thermodynamically and kinet-
ically stable synthetic capsule with tris(disulfide) bonds. In
addition, there is no structural information on disulfide-
bond-based synthetic capsules in the literature.

Herein we report the design, synthesis, and structural de-
termination of a novel reversible dimeric macromolecular
capsule linked by tri(disulfide) bonds.

Results and Discussion

Inspired by the synthetic trithiol compounds 11?1 and
20131 ytilized to form a 3:1 subsite differentiated [4Fe—4S]
cluster for modeling the active site of aconitase (Scheme 1),
we planned to make a similar trithiol compound (i.e., 3) by
a more convenient method and convert it into a cage-like
macromolecule through oxidation under kinetic or thermo-
dynamic control. The fundamental topological features of
both 1 and 2 are (i) based on a hexasubstituted benzene
ring, (ii) a staggered conformation, which allows the func-
tional groups carrying the thiol donors to orient on the
same side of the aromatic base, and (iii) the thiol donors
turned inward toward a common area due to the steric de-
mands of the methyl substitutes of 4,6-dimethylphenyl
group and the benzo ring of the indolyl moiety. All three
features promised the formation of a dimeric molecular
capsule linked through three disulfide bonds. Most import-
antly, the third feature of the thiol donors turned inward
would prevent oligomerization due to steric hindrance.
However, the synthesis of 1 requires tremendous effort and
the preparation of both 1 and 2 uses mercury acetate, which
is potentially hazardous to human health and the environ-
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Scheme 2. Syntheses of trithiol 3, its methyl derivative 4, and macromolecular capsule 7. Reagents and conditions: (a) K,CO3;, CH;CN,
72 h, 85 °C; (b) NaBH,, DMF, 10 min, 4 °C; (c) O, or I,, CH,Cl,, r.t.; (d) NaOMe, Mel, CH;CN, 12 h, r.t.

ment, for the deprotection of the trithiol. Thus, an alterna-
tive approach toward the creation of a new trithiol with
features (i) to (iii), described above, was conducted
(Scheme 2).

Before performing the experiments, the most stable con-
formation of 3 was evaluated by density functional theory
computations. It is well known that the three substituents
in 2,4,6-tris(substituent)-1,3,5-triethylbenzene tend to ori-
ent on the opposite side of the benzene plane relative to the
ethyl groups.['¥ The optimized conformation with all three
thiol donors turned inward is more stable than the outward
one by 20.4 kcalmol!, according to density functional
theory (B3LYP/6-31G) computation (Figure 1). Thus, the
computational results indicated a favorable preorganization
of 3 for forming a dimeric capsule.

Protection reagents, required for syntheses involving
highly reactive thiolates, were unnecessary for the very
straightforward synthesis of 3. When an acetonitrile solu-
tion containing commercially available 2,4,6-tris(bromo-
methyl)-1,3,5-triethylbenzene (5) and 2,2'-aminophenyl di-
sulfide (6) was heated at reflux for 72 h in the presence of
an excess amount of K,COs;, a major product was formed
1512
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Figure 1. The optimized structure of 3 with all three thiols turned
inward (3a, left) and outward (3b, right). Hydrogen atoms bound
to carbon atoms are omitted for clarity.

as a precipitate. This product was then further reduced with
NaBH, in a one-pot reaction to give designed trithiol mole-
cule 3. The identification of 3 was established by 'H NMR,
13C NMR, and IR spectroscopy and elemental analysis
(EA).

Although we were not able to obtain crystals of 3, the
molecular structure of its methyl derivative (i.e., 4) was de-
termined by X-ray analysis (Figure 2), which confirmed the
right geometries and orientations of the ethyl groups and S
atoms, and that it was comparable to the structure of 3a
simulated by computation.
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Figure 2. The molecular structure (left) and space-filled model
(right) of 4. The thermal ellipsoids are drawn at a 35% probability
level. Nitrogen and sulfur atoms are represented as shaded ellip-
soids. All of the hydrogen atoms are omitted for clarity.

Next, attempts were made to synthesize tris(disulfide)
molecular capsules by the oxidation of 3 under thermo-
dynamic control (O,) or kinetic control (I,, not under high-
dilution conditions) through self-assembly. Both attempts
gave product 7 with a high yield (about 90%). Surprisingly,
this product was identical to the one from the reaction be-
tween 5 and 6. Thus, the formation of 7 is thermodynami-
cally and kinetically favored over other larger oligomers.
The identity of 7 was confirmed by EA and 'H and '3C
NMR spectroscopy, whereas the highly symmetric struc-
ture, as suggested by the 'H and '3C NMR spectra, was
further supported by X-ray structure determination of 7,
whose crystals were obtained from the recrystallization in
CH,Cl, solution (Figure 3).

Figure 3. The molecular structure of capsule 7; side view (left) and
top view (right). The thermal ellipsoids are drawn at a 35% prob-
ability level. Nitrogen and sulfur atoms are represented as shaded
ellipsoids. Severely disordered solvent molecules in the void spaces
inside and outside of 7 were not identified and refined. All of the
hydrogen atoms are omitted for clarity. Key bond parameters for
7: S-S 2.065(2) A, C-S-S-C torsion angle 96.8(2)°.

The molecular structure of dimeric capsule 7 shows an
R3¢ symmetry, which is rare in terms of the cage molecules
reported to date.['> All six phenyl rings orient perpendicu-
lar to the benzene bases to form a staggered conformation
(top view), with the ethyl groups pointing outward, and all
six amino protons oriented toward the center. The CSSC
dihedral angle and S-S distance of 7 are very similar to
those of starting reagent 6 [89.5° and 2.061(4) A, respec-
tively],l'® and bis[2,6-bis(pivaloylamino)phenyl] disulfide
[98.9° and 2.079(4) A, respectively].!”) The cavity can be
viewed as a cylinder in the core of 7, with a diameter of
8.06 Al'8] and a height of 8.98 A. If we account for the
van der Waals radius of a sulfur atom (1.80 A) and the
thickness of the arene ring (1.70 A), the van der Waals vol-
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ume of the cavity for encapsulation can be calculated to be
87.1 A3 (diameter: 4.46 A; height: 5.58 A). With the volume
of the cavity and a gate size of 2.4 A,['% capsule 7 can easily
accommodate molecules such as dichloromethane (55 A3)
and chloroform (72 A3).[201

The quantitative conversion and the reversibility between
the cage and trithiols are essential for its biological applica-
tions. Under equilibrium conditions, the conversion of 3
into 7 in C¢Dg¢ was followed in the presence of air by using
'"H NMR spectroscopy (Figure 4). During the entire con-
version process, no precipitates were observed, which en-
sures that no other products were formed except the ones
observed from the NMR measurements. The complete oxi-
dation of 3 only afforded 7; no oligomeric products were
formed, and one or two intermediates appeared during the
conversion process. Our DFT computation revealed that
the reaction energy needed for two moles of 3 to form cap-
sule 7 plus three moles of H, was 11.6 kcalmol™!, which is
much lower than what is needed for 2,4,6-tris(mercapto-
methyl)-1,3,5-triethylbenzene (8) to form a dimeric mole-
cule (36.13 kcalmol ™). Entropic effects will further favor
capsule formation. Experimentally, the oxidation of 8 under
kinetic conditions (I,, CHCls) only yielded the oligomeric
product as a result of the highly strained CSSC dihedral
angle on dimer formation.[%a
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Figure 4. "H NMR spectra (400 MHz, 298 K, C¢Dy) of (a) purified
3, (b) oxidation of 3 in air for 2 weeks at room temperature, (c)
further oxidation of 3 from (b) in air for 1d at 70 °C, and (d)
complete oxidation of 3.

Interestingly, when the conversion was conducted in
DMEF solution aerobically at room temperature, crystals of
DMF-encapsulated molecule 7-DMF were found in the pre-
cipitate. The identification of 7-DMF was established by 'H
and '3C NMR spectroscopy, EA, and X-ray structure deter-
mination (Figure 5). To the best of our knowledge, this is
the first time that the X-ray structure of a reversible molec-
ular capsule encapsulating a guest molecule using disulfide
linkages has been determined. Although there is no obvious
hydrogen bonding between the guest and 7, a weak lone
pair (carbonyl)--7 interaction between the DMF molecule
and the aromatic base of 7 was observed in the crystal
structure.l?!l
1513

WWW.eurjoc.org



SHORT COMMUNICATION

Y.-C. Horng et al.

Figure 5. The molecular structure (left) and space-filled model
(right) of 7-DMF. The thermal ellipsoids are drawn at a 35% prob-
ability level. The DMF molecule is disordered with D5, symmetry
and only one disorder component is shown. The atoms of the en-
capsulated DMF molecule are represented as shaded ellipsoids. All
of the hydrogen atoms are omitted for clarity. Key bond parameters
for 7DMF: S-S 2.049(3) A, C-S-S—C torsion angle 96.4(2)°,
O(1)-centroid (aromatic base) 3.26 A, aromatic plan-centroid—
O(1) axis 76.7°.

Conclusions

We designed an extremely straightforward method to
synthesize in remarkably high yield a novel dimeric capsule
that can be assembled by tris(disulfide) bonds and deter-
mined its structure. We also demonstrated that the capsule
is easily opened up through the reduction of disulfide
bonds. The encapsulation of a neutral guest molecule in 7
during the oxidation process of 3 was observed. The infor-
mation contained in the molecular structure of 7 improves
our understanding of the rational design for a dimeric mac-
romolecular capsule containing S-S bonds and the revers-
ible opening and closing of 7 through its dynamic covalent
bonds. Furthermore, the results described here help to ad-
dress the problems of applications of disulfide-linked mo-
lecular capsules in biological and medicinal systems. The
next challenge will be to create a reversible water-soluble
molecular capsule that employs compact and rigid building
blocks similar to 7 for greater biological relevance.

Experimental Section

The experimental details can be found in the Supporting Infor-
mation.

CCDC-704226 (for 4), -704227 (for 7), and -707649 (for 7-DMF)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccde.cam.ac.uk/
data_request/cif.
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Supporting Information (see footnote on the first page of this arti-
cle): Details of the syntheses of 3, 4, 7, and 7°-DMF; conversion
studies between 3 and 7; crystallographic data for 4, 7, and 7-DMF;
computational studies of 3 and 7.
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