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Abstract: Two molecules of tetrakis(dihydroxyboryl)-cavitand 1a as an aromatic cavity and four molecules
of 1,2-bis(3,4-dihydroxyphenyl)ethane 2 as an equatorial linker self-assemble into capsule 3a via the
formation of eight dynamic boronic ester bonds in CDCl; or C¢Ds. Capsule 3a encapsulates one guest
molecule, such as 4,4’-disubstituted-biphenyl and 2,6-disubstituted-anthracene derivatives, in a highly
selective recognition event, wherein the guest substituents are oriented to both aromatic cavity ends of 3a,
as confirmed by a '"H NMR study and X-ray crystallographic analysis. Capsule 3a showed a significant
solvent effect on guest encapsulation. The association constant (K,) of 3a with guests in C¢Dgs was much
greater than that in CDCl; (450—48 000-fold). The encapsulation of guests within 3a in C¢Ds was enthalpically
driven, whereas that in CDCl; tended to be both enthalpically and entropically driven. Thermodynamic
studies suggest that the small K, value in CDClI; arises from the character of CDCl; as a competitor guest
molecule for 3a, and not from the difference in stability of the boronic ester bonds of 3a in both solvents.
We propose a linker partial dissociation mechanism for the guest uptake and release into and out of 3a
based on the kinetic studies of guest@3a using 2D EXSY analysis, as well as structural analysis of a
guest@3b. The rotation behavior of 4,4’-diacetoxy-2,2’-disubstituted-biphenyls within 3a was also
investigated, where the elongation of 2,2’-disubstituents of guests put the brakes on guest rotation within

3a.

Introduction

Carcerands and hemicarcerands, in which two calix[4]resorcin-
arene cavitands are held together by four covalent linkages, have
been developed by Cram and others and have attracted
considerable attention from the viewpoint of stabilization of
reactive intermediates and as microvesicles for drug delivery,
given the confinement of guest molecules inside the capsules
away from a bulk phase.' Error correction through thermody-
namic equilibration, minimization of synthetic effort by use of
modular subunits, and control of assembly processes through
subunit design are characteristics of supramolecular approaches
to self-assembly. Based on this concept, cavitand-based capsules
have been constructed under thermodynamic control using
noncovalent interactions, such as hydrogen bonds,> metal-
coordination bonds,> ionic interactions,* and solvophobic in-
teractions.”> As an alternative strategy, dynamic covalent chem-
istry offers great advantages in supramolecular syntheses
because dynamic covalent bonds contain reversible covalent
bond-forming and bond-breaking processes under thermody-
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namic control; namely, they combine both the strength of
covalent bonds and the reversibility of noncovalent interactions.®
The reversibility of the imine bond-forming reaction in the
presence of a catalytic amount of CF;CO,H has been applied
to cavitand-based capsule synthesis.” The use of a redox buffer
has allowed a disulfide-linked cavitand capsule to form under
reversible conditions.® Boronic ester formation is another reliable
synthon for dynamic covalent chemistry.® Supramolecular
syntheses based on the reversible formation of boronic or
boronate esters, such as polymers,'® macrocycles,'' and cap-
sules,'” have been reported recently. Self-assembled architec-
tures using spiroborate formation have also been synthesized.'?
However, the supramolecular synthesis of cavitand-based
capsules via the dynamic formation of boronic esters has not
been achieved so far. Recently, we have reported the self-
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assembly of tetrakis(dihydroxyboryl)-cavitand la as a polar
bowl-shaped aromatic cavity and 1,2-bis(3,4-dihydroxyphe-
nyl)ethane 2 as an equatorial bis(catechol)-linker'* into capsule
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Scheme 1. Formation of Capsule 3 from Cavitand Tetraboronic
Acid 1 and Bis(catechol)-Linker 22

1a: R = CH(CHy)=CH3
1b: R = (CHy)Ph

\
- . @ R=(CHp)CH, ' ¥
3a, 3b b:R=(CHzPh _4@3a 4@3b
“ Molecular models of 3 and 4,4’-diacetoxybiphenyl encapsulating capsule
4@3 are calculated at the PM3 level of Spartan ’06,2° wherein the side
chains R of 3 are replaced by methyl groups.

3a via the dynamic formation of boronic esters (Scheme .
The self-assembled cavitand-based capsule 3a encapsulates one
guest molecule, such as 4,4’-disubstituted-biphenyl. The merit
of 3a based on the dynamic boronic ester bond is the on/off
control of capsule formation with guest encapsulation by the
removal/addition of MeOH.' Herein, we report on a compre-
hensive study on the guest-encapsulation properties of the self-
assembled capsule 3a, including X-ray crystal structure, guest-
encapsulation selectivity, remarkable solvent effect on guest
encapsulation, and thermodynamics and kinetics on guest en-
capsulation. We propose a linker partial dissociation mechanism
for guest encapsulation and release into and out of 3a. We also
describe guest-rotation behavior within 3a directed toward the
formation of a supramolecular gyroscope.

Results and Discussion

Synthesis of Self-Assembled Cavitand-Based Capsule 3a:
'H NMR Study. The cavitand tetraboronic acid 1a (side chain,
R = (CH,)¢CH;)">'¢ and the bis(catechol)-linker 2'° have low
solubility in CDCl; by themselves. However, a 2:4 heteroge-
neous mixture of la and 2 in CDCI; gives a homogeneous
solution on heating at 323 K for 3 h, and this quantitatively
produces capsule 3a (Scheme 1).'* The "H NMR spectrum of
the reaction mixture shows a highly symmetrical single species
and the disappearance of the OH groups of the 1a and 2 units
(Figure 1c vs Figure la and 1b), indicating the quantitative
formation of 3a. The '"H NMR chemical shift change of 3a
relative to 1a and 2, Ad (Ocompiex — Ofee)s 18 0.14, —0.20, 0.10,
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Figure 1. 'H NMR spectra (400 MHz, 296 K). In CDCI;, (a) [2] = 10
mM if soluble (heterogeneous), (b) [1a] = 5 mM if soluble, and (c) capsule
3a (homogeneous after heating [1a] = 5 mM and [2] = 10 mM at 50 °C
for 3 h. In C¢Ds, (d) [2] = 10 mM if soluble (heterogeneous), (e) [1la] =
5 mM if soluble, and (f) capsule 3a (heterogeneous after heating [1la] = 5
mM and [2] = 10 mM at 50 °C for 3 h). The signals marked ‘a—i’ are
assigned in Scheme 1. The signals marked ‘s’ are the spinning sidebands
of the residual solvent.

and 0.12 ppm for H,—H, of the 1a unit, respectively, and 0.42,
0.49, 0.45, 0.20 ppm for Hi—H; of the 2 unit, respectively.

Heating a 2:4 mixture of 1a and 2 in C¢Dg at 323 K for 3 h
does not give a homogeneous system, although 3a was formed
quantitatively (Figure 1f). The solubility of 3a in C¢Dg at 296
K was 1.3 mM based on the '"H NMR integration ratio with
p-dimethoxybenzene as an internal standard. The Ad values
were 0.59, 0.02, 0.08, and 0.19 ppm for H,—H, of the 1a unit,
respectively, and 0.10, 0.46, 0.11, and —0.35 ppm for H(—H;
of the 2 unit, respectively. In contrast, heating this mixture in
the presence of an appropriate guest gives a homogeneous
solution and quantitatively produces the guest-encapsulating
capsule, guest@3a (vide infra)."”

X-ray Crystal Structure of 4@3b. Single crystals of 4@3b
suitable for X-ray diffraction analysis were obtained by slow
evaporation of a benzene solution of a 2:4:2 mixture of cavitand
tetraboronic acid 1b (side chain, R = (CH,),Ph), bis(catechol)-
linker 2, and 4,4'-diacetoxybiphenyl 4 at room temperature after
heating this mixture at 323 K for 3 h. The single-crystal X-ray
diffraction measurement was performed at 100 K.'” As shown
in Figure 2a and 2b, two molecules of 1b at the polar positions
are indirectly held together by eight boronic ester bonds
involving four molecules of 2 at the equatorial positions to self-
assemble into capsule 3b. Exactly one molecule of 4 is
encapsulated in the cavity of 3b, and the acetoxy groups at the
4,4’-positions of 4 are oriented toward the two aromatic cavity
ends of 3b to maximize the guest—capsule CH— interaction.'®'°

(17) See the Supporting Information.
(18) Kobayashi, K.; Ishii, K.; Yamanaka, M. sl 2005, //,
4725-4734.

This guest orientation is consistent with that determined
previously by the '"H NMR analysis of 4@3a in solution.'” The
close C(=0)CH;+++Cm contact distance between the acetoxy
protons of 4 and the aromatic cavity of 3b is ca. 2.80 A. The
carbonyl oxygen atoms of the acetoxy groups interact with inner
protons of the methylene-bridge rims (O—CH;,H,,,—O) of 3b
with C=0---H,,C distances of 2.53 and 2.71 A%

A molecular model of 3 (side chain of 1 unit, R = CHj),
calculated using the Spartan ‘06 software package at the PM3
level,®® suggests that four linker 2 units adopt an anti-
conformation, and the northern polar 1 unit is twisted by ca.
12.4° with respect to the southern polar 1 unit about a Cy polar
axis (Scheme 1).'> Namely, capsule 3 may exist as a 1:1 mixture
of the twisted (M)- and (P)-enantiomers (twistomers),?** when
four linkers with anti-conformation are arranged in the same
direction. However, this is not the case for the actual crystal
structure of 4@3b. All linker 2 units adopted an approximate
anti-conformation, but they were highly disordered, even at 100
K, and were not necessarily arranged in the same direction
(Figure 2c—2e).

In Figure 2c—2e, the occupancy factor (occ-f) of the B(1)
atom was occ-f = 1.00, but the other three boron atoms were
observed at two positions, wherein both the B(2) and B(3) atoms
showed occ-f = 0.796 (orange colored atoms) and occ-f = 0.204
(blue colored atoms) and the B(4) atom showed occ-f = 0.50
each (orange and green colored atoms). The two linkers
connecting the B(2) and B(3) atoms with the major occ-f, which
are placed diagonally across from each other, are arranged in
the opposite direction to produce a meso-form. The two linkers
connecting the B(1) and B(4) atoms can be arranged in the same
or opposite directions to give enantio- or meso-forms, respec-
tively. Thus, the four linker 2 units in 3b behave as semimobile
linkers. As a result, in the crystal structure of 4@3b, the northern
and southern polar 1b units were not twisted but were slipped
ca. 0.8 A relative to each other.?>? In the crystal structure,
3b exists as an average form of a mixture of the (M)- and (P)-
twistomers and slipped-forms (Figure 2f) and possesses an inner
cavity with an approximate dimension of 8.5 x 19.9 A2
(interatomic distances) and four equatorial portals with a
dimension of approximately 6.7 x 11.9 A2, These dimensions
are almost the same as those in the calculated twisted form of
3."> Interconversion between the (M)- and (P)-twistomers and
slipped forms in 3a is very fast in solution, and their confor-
mational isomers are observed as an average form.

IR Study of Guest@3a. The IR spectrum of 4@3a (KBr) is
characterized by the disappearance of the OH groups from 1a
and 2, showing the formation of the boronic ester.'” The C=0
stretching band of the acetoxy group of 4@3a appears at v =

(19) (a) Kobayashi, K.; Kitagawa, R.; Yamada, Y.; Yamanaka, M.;
Suematsu, T.; Sei, Y.; Yamaguchi, K. it 2007, 72, 3242—
3246. (b) Kitagawa, H.; Kawahata, M.; Kitagawa, R.; Yamada, Y.;
Yamanaka, M.; Yamaguchi, K.; Kobayashi, K. jsiisdksieg 2009, 65,
7234-7239.
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Letr. 1999, 40, 8905-8909. (c) Chapman, R. G.; Sherman, J. C. J.
. 2000, 65, 513-516.
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Soc. 1992, 114, 7765-7773. (b) Robbins, T. A.; Knobler, C. B.; Bellew,
D. R.; Cram, D. J. . 1994, 116, 111-122.
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D.J. J. Chem. Soc., Chem. Commun. 1995, 108, 5-1087. (b) Helgeson,
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Cram, D. ]. . 1997, 119, 3229-3244.
J. AM. CHEM. SOC. m VOL. 132, NO. 2, 2010 779



ARTICLES

Nishimura et al.
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(P)-Twistomer

(M)-Twistomer

——
Slipped-forms

Figure 2. X-ray crystal structure of 4@3b at 100 K. One of molecular structures of 4@3b: (a) front view and (b) its 45°-rotation view, wherein two linkers
with occupancy factor (occ-f) of 0.796 are placed at the diagonal position and two linkers (one side) with occ-f of 0.500 are placed at the other diagonal
position. Molecular structures of 3b containing all disordered linkers: (c) front view, (d) side view, and (e) top view, wherein the linkers with B(2) and B(3)
are shown in gray (occ-f = 0.796) and blue (occ-f = 0.204) and the half-linkers with B(4) are shown in gray and green (occ-f = 0.50 each). (f) Schematic
representation of conformational isomers of 3b. In Figure 2c—f, the side chains of 3b and encapsulated 4 are omitted for clarity.

CHC

(2

la} la]
=, .
> o8 l
l
8.0 7.0 8.0 5.0 4.0 3.0 20 -1.0 -24
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Figure 3. Association behavior of capsule 3a with guest 8 monitored by
'H NMR (400 MHz): (a) [3a] = 2.5 mM and [8] = 12.5 mM in CDCl; at
298 K and (b) [3a] = 0.5 mM and [8] = 1.0 mM in C¢Dg at 313 K. The
solid circle, open circle, solid square, and open square indicate the
representative signals of 3a of 8@3a, free 3a, 8 of 8@3a, and free 8,
respectively.

1761 cm™!, which is shifted to a higher wavenumber by 16 cm™!
relative to the spectrum of 4 alone. In 11@3a, where 11 is 2,6-
diacetoxy-9,10-anthraquinone, the C=O stretching bands of the
acetoxy group and quinone moiety are shifted to higher
wavenumbers by 13 and 4 cm™!, respectively, relative to the
spectrum of 11 alone.'” These results suggest that the acetoxy
groups are constricted by both aromatic cavity ends of 3a.
'H NMR Study of Guest@3a: Guest-Encapsulation Selectiv-
ity and Solvent Effect. A 'H NMR study for the encapsulation
of 4 in 3a has been reported previously.' Figure 3 shows the
"H NMR spectra for the encapsulation of 4,4’-diacetoxy-2,2’-
bis(methoxycarbonyl)biphenyl 8 within 3a. When 5 equiv of 8
was added to 3a (2.5 mM) in CDClI;, three species were
independently observed after heating (Figure 3a), i.e., 34%
guest-encapsulating capsule 8@3a, 66% guest-free 3a, and

780 J. AM. CHEM. SOC. = VOL. 132, NO. 2, 2010

excess 8. This result indicates that the exchange of 8 into and
out of 3a is slow on the NMR time scale. The 'H NMR signals
of 8 encapsulated in 3a were shifted upfield by 3.99 ppm for
the acetoxy protons and 0.61 ppm for the methyl ester protons
relative to those of free 8; namely, in 8 @3a the acetoxy protons
are shifted much more upfield than the methyl ester pro-
tons are. This result clearly shows that the acetoxy groups at
the 4,4’-positions are oriented toward both polar aromatic cavity
ends of 3a and the methyl ester groups at the 2,2’-positions are
directed toward the equatorial portals of 3a (Figure 4). This
guest orientation in solution is in good agreement with that
shown in the X-ray crystal structure of 4@3b. Based on the
integration ratio of the '"H NMR signals, capsule 3a encapsulates
one molecule of 8, and the association constant (K,) of 3a with
8 was estimated to be K, = 44 M~! in CDCl; at 298 K.

Heating a 2:4:2 mixture of 1a, 2, and 8 or a 1:2 mixture of
as-prepared 3a and 8 ([8] = 1 mM) in C¢Dg at 323 K for 3 h
gave a 1:1 mixture of 8@3a and 8 (Figure 3b), wherein the
guest exchange was slow on the NMR time scale. No guest-
free 3a was observed, indicating a very large value of K, in
C¢Dg compared with the value of K, in CDCl;. The 'H NMR
signals of 8@3a in C¢Dg were shifted upfield by 2.81 ppm for
the acetoxy protons and 0.17 ppm for the methyl ester protons
relative to those of free 8. The relatively smaller change in

(24) The 'H NMR chemical shifts (3) of the acetoxy and methyl ester
protons of free 8 and 8 @3a were as follows: for free 8, 2.33 (acetoxy)
and 3.63 ppm (methyl ester) in CDCl; and 1.70 and 3.22 ppm in C¢Dg;
for 8@3a,—1.66 and 3.02 ppm in CDCl; and—1.11 and 3.05 ppm in
C6D6~ Thus, A(SG (éencﬂpsulﬂled—gllest_ afme—gues() values 0f8 in C6D6 showed
less upfield shifts by ca. 0.4—1.2 ppm relative to those in CDCl5. This
result can be interpreted as follows. (1) Free 8 is solvated by C¢Dg
and is subject to the ring current effect of C¢Ds-solvation. (2) Upon
encapsulation of 8 in 3a, desolvation of C¢Dg from 8 occurs, and the
8 encapsulated in 3a is no longer subject to the ring current effect of
CgDg-solvation. (3) Instead, the 8 encapsulated in 3a is subject to the
ring current effect of the aromatic cavity of 3a. Consequently, the
Adg values of 8 in C¢Dg are cancelled and seemingly shifted less
upfield relative to those in CDCl;.
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Figure 4. Molecular model of 8@3 calculated with Spartan ‘06 at the PM3
level:*° (a) front, (b) 45°-rotation, and (c) top views. (d) Space-filling
representations of guest-free 3 and 8. The side chains of 3 are replaced by
methyl groups.

chemical shift in C¢Dg than that in CDCl; upon encapsulation
of 8 in 3a is the result of a solvent effect.?*

Guest molecules 4—20 encapsulated in 3a are shown in Chart
1. In all cases, except for 20, the exchange of guests into and
out of 3a was slow on the NMR time scale in both CDCl; and
C¢Dg, as shown in Figure 3 for 8@3a."” Thus, using the 'H
NMR integration change in signal of guest@3a as a function
of the guest concentration, the association constant (K,) of 3a
with guests can be estimated.”> When the value of K, is very
large, a comparison of the signal integration between guest@3a
and standard-guest@3a, namely, competitive encapsulation
experiments, can be used to evaluate the guest-encapsulation
ability of 3a.'” In all cases, guest exchanges between guest-
A@3a and guest-B were fast on the human time scale and
reached equilibration within a period of 5—10 min in both
CDCl; and CgDg at room temperature, but these are very slow
on the NMR time scale, and the 'H NMR signals of guest@3a
and standard-guest@3a were independently observed. Thus,
before the measurements of K, a mixture of as-prepared 3a,
guest-A, and guest-B (standard-guest) in CDCl; and C¢Dg was
heated at 323 K for 1 h in competitive encapsulation experi-
ments. The value of K, of 3a with guests in CDCl; at 298 K
and in C¢Dg at 313 K and the change in 'H NMR chemical
shift of guest@3a relative to the free guests at the terminal
functional groups (AéG = 6encapsulaled—guesl - 6free—guest) are
summarized in Table 1. For comparison, the previously reported
data for 4, 5, 6, and 12 are also shown in Table 1."> The
following features (Items 1—5) are noteworthy concerning the
guest encapsulation in 3a.

(25) The exchange of 20 in and out of 3a was fast on the NMR time scale
in C¢Dg, and the signals were observed as averaged forms. Thus, the
K, of 3a with 20 in C¢Dg at 313 K was calculated from a nonlinear
curve fitting, wherein [3a] = 2.5 mM (constant) and [20] = 2.0—
10.0 mM (variable).

Ttem 1. The values of Adg of 5—7, 9—14, and 17—19 were
almost the same as those of 4 and 8, mentioned above. This
result shows that all guests encapsulated in 3a are oriented with
the guest long axis aligned along the long axis of capsule 3a.

Item 2. The value of K, of guest@3a in C¢Dg¢ increases in
the order 20 <16 <18 <17<19<14<15<6<7<5<13
<10 <9 <8 <4<12< 11, whereas the value of K, of guest@3a
in CDCl; increases in the order 6 <10 <13 < 15<9<5<12
< 8 <7 <4 < 11. In CDCls, encapsulation of 14 and 16—20
was scarcely detected. Although the guest-binding order of 3a
in C¢Dg is not necessarily consistent with that in CDCls, it is
noteworthy that the value of K, of guest@3a in C¢Dg is 2 to 4
orders of magnitude greater than the value of K, of guest@3a
in CDCl; (K,(in C¢Dg)/K,(in CDCl3) = 450—(4.8 x 10%)). Thus,
3a shows a significant solvent effect on guest encapsulation.

Item 3. Capsule 3a strictly discriminates between functional
groups of a guest. In a series of 4,4’-disubstituted-biphenyl
derivatives with a similar molecular length, the value of K, of
guest@3a in C4Dg increases in the order 17 (4,4’-C(=0)OCHj,
K, =567 M !) <6 (4,4-OCH,CH;, K, = 1.30 x 10* M) <
5 (4-OC(=0)CH;3-4’-OCH,CH3, K, = 1.24 x 10° M) < 4
(4,4-0OC(=0)CHj3, K, = 1.26 x 10° M™"). This selectivity arises
from a combination of CH—m and CH-+--O=C interactions,
which were found in the X-ray crystal structure of 4@3b (Figure
2a and 2b). The electrostatic potential repulsion between the
lone pair electron of the carbonyl oxygen atom of the ester group
of 17, which is inwardly directed toward the aromatic cavity of
3a, and the electron-rich aromatic cavity of 3a would be one
of the reasons for the low encapsulation ability of 17 in 3a
compared with 4—6.'%

Item 4. In a series of 4,4’-disubstituted-diphenylacetylene
derivatives, the value of K, of guest@3a in C¢D increases in
the order 16 (4,4’-Br, K, = 245 M!) < 14 (4,4-OCH;, K, =
457 x 100 M) < 15 (4, 4-1, K, = 8.71 x 10° M™!). This
result indicates that the CH-«+I interaction between the polarized
inner proton of the methylene-bridge rim (O—CH;,H,,-O) of
3a and the 6(—) equatorial region of the iodo atom in the C—1
bond of 15 and the I+ interaction between the d(+) polar
region of the iodo group and the aromatic cavity of 3a are
effective for guest encapsulation.'®'® The change in the 'H NMR
chemical shift (AJ) of the inner proton of the methylene-bridge
rim of guest@3a relative to that of free 3a in CsDgy (CDCl3)
was A0 = 0.40 ppm (0.15 ppm) for 15 based on a CH---1
interaction, Ao = 0.26 (0.04) for 4 based on a CH-+-O=C
interaction, and Ad = 0.17 (—0.08) for 6.

Item 5. Capsule 3a strictly discriminates between a difference
of one or two carbon atoms in guest size. In contrast to 5, 6, and
15 encapsulated in 3a, guests 25, 21—24, and 26 were scarcely
encapsulated, respectively. In a series of 4,4’-dialkynyl-biphenyl
derivatives, the value of K, of guest@3a in C¢Dg increases in the
order 20 < 18 < 19. Thus, a fit between the guest and the cavity of
3a in size is essential for encapsulation.®®'%19-2¢

Thermodynamics of Guest@3a and the Solvent Effect. The
thermodynamics of guest@3a in CDCl; and C¢Dg were studied
to elucidate the reasons for the difference in K, of guest@3a in
CDCl; and Cy¢Dg. Based on the value of K, as a function of the
temperature, the van’t Hoff plots gave the thermodynamic
parameters of the enthalpic (AH®) and entropic (AS®) contribu-
tions for guest encapsulation in 3a.'” The results are summarized
in Table 2.>” The following features (Items 1—4) are noteworthy
regarding the thermodynamics of guest@3a.

(26) Mecozzi, S.; Rebek, J., Jr. Chem.—Eur. J. 1998, 4, 1016-1022.
J. AM. CHEM. SOC. = VOL. 132, NO. 2, 2010 781
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Chart 1. Encapsulation and No Encapsulation Guests in 3a

_Encapsulation guests in 3a
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Table 1. Association Constants (K,) of 3a with Guests in CDCl;
and CgDs,? and the 'H NMR Chemical Shift Changes (Adg) of
Guest@3a Relative to Free Guests at the Terminal Functional

Table 2. Thermodynamic Parameters for the Encapsulation of
Guests within 3a in CDCI; and CgDg?

Groups® AH AS AG° o8
entry  guest solvent (kcal mol=")  (cal mol~" K™*)  (kcal mol~")

K, (M) Ka (M) Ki(in CeDe)/ 1 4 cDal —1.87 2.25 —2.54

guest in CDCl; at 298 K Adg (ppm) in CeDs at 313 K Adg (ppm)  Ki(in CDClg) 5 8 CDCl 131 1192 204

4:" 81.7 —4.048 1.26 x 10: —2.85( 1.54 x 10‘: 3 11 CDCl, —1.77 4.70 -3.17

S 33.0 —g‘-ggf 1.24 x 10° —%ggf 376 x 10° 4 11 sat. D,O—CDCl;  —0.97 7.36 -3.16

S e 7 DCI 2. —0. —2.41

6 8.1 -3.84 130 x 10°  —287 161 x 10° 2 " g DC ’ _18 (6’8 _32 g; 6.9

7 53.1 —4.04  6.14 x 10* —299 116 x 10° 7 6 oD 2633 6518 691

8 44.2 399 542 x10°  —281 123 x 10° s 14 oD i e Iy

9 22.2 —4.00 475 x 10° —2.79 2.14 x 10* 66 : : :
10 134 —3.99 341 x 10° —2.80 254 x 10* Pay— S - ; S
1 224 —4.07 425 x 10° 273 1.90 x 10* AH° and AS° were obtained by van’t Hoff plots: In K, = —(AH°/
12¢ 38.3 —4.11  1.83 x 109 —2.88 478 x 10* RYU/T) + (AS°IR). AG°qosk) = AH® — TAS®, wherein T = 298 K.

13 18.2 405 212x10°  —288 116 x 10* A L _ o _
14 nd® 4.57 x 10° —2.20 Item 2. In a series of 4,4’-diacetoxybiphenyl derivatives with
15 19;;3 033" 871 x 10° 0-332 450 substituents at the 2,2"-positions in CDCls, the encapsulation
ig Egg ggg 7;'5 of the relatively more polar guest 8 (2,2’-CO,CHs, entry 2)
18 nd® 507 ~318 showed a major entropic contribution, whereas the encapsulation
19 nd* 2.71 x 10° —2.98 of the relatively less polar 7 (2,2"-CHs, entry 5) indicated nearly
20 nd® 174¢ __3k-02j an enthalpic contribution, and the encapsulation of the medium

“K, = [G@3a]/{[3a]{Gls} or Ki/Kisunaada = {[G@3a][Gstundaralt}/
{[Gstundara@3a][Gli}. " AdG = Ocncapsutated-guest — Ofrec-guest- © See ref 15
94 The K, of 3a with 4 in CD,Cl, at 298 K was 2.50 x 10° M~! with
Adg = —4.00 ppm. ° Acetoxy group. /Ethoxy group. ¢ Nd is not
detected due to too small K, " Aromatic protons at 3(3’) and 5(5")
positions.  Propynyl group. / Ethynyl group. * See ref 25.

Item 1. The encapsulation of guests within 3a in C¢Dg are
enthalpically driven with large values of K, (entries 6—38),
whereas the encapsulation of guests in CDCl; tended to be both
enthalpically and entropically driven with small values of K,
(entries 1—5).

782 J. AM. CHEM. SOC. = VOL. 132, NO. 2, 2010

polarity 4 (2,2”-H, entry 1) exhibited both enthalpic and entropic
contributions. Upon guest encapsulation, such as 8 in 3a, a
CDCl;-solvated guest would release CDCl; molecules giving
rise to an enhancement of the entropic contribution.??*3

(27) To minimize experimental errors, in CDCls, guests 4, 7, 8, and 11
were chosen, which showed large K, values (44—224 M~! at 298 K)
among a series of guests@3a in CDCl;. On the other hand, in C¢Dg,
guests 6, 7, and 14 with moderate K, values (4.6 x 10°—6.1 x 10*
M™!at 313 K) were chosen among a series of guests@3a in C¢Dg. In
C¢Dg, guests 4, 8, and 11 showed too large K, values, and their K,
could not be determined directly but just by competitive encapsulation
experiments.
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Figure 5. Plot of the enthalpy vs entropy values for the encapsulation of
guests within 3a in CDCl; and C¢Dg based on the data of Table 2: (A) 4 in
CDCl;, (B) 8 in CDCl;, (C) 11 in CDCl3, (C’) 11 in sat. D,O—CDCl;, (D)
7 in CDCl;, (D’) 7 in C¢Ds, (E) 6 in C¢Dg, and (F) 14 in C¢Dg.

However, the value of K, of 8 with 3a was not greater than
that of 7 with 3a in CDCl;. This result suggests that CDCl;
solvation of a guest would not contribute strongly to an increase
of K,.

Item 3. Guest encapsulation in D,O-saturated CDCl; enhances
the trend toward entropic contribution compared with that in
CDCl; (entry 4 vs entry 3). However, under both conditions,
the value of K, was almost the same.

Item 4. Based on the thermodynamic parameters for the
encapsulation of guests within 3a in CDCl; and C¢Dg shown in
Table 2, the encapsulation process shows an enthalpy—entropy
compensation effect (Figure 5).%

The small value of K, and considerable entropic contribution
for guest@3a in CDCl; suggest that CDCl; acts as a guest
competitor for 3a. Several molecules of CDCIl; may be
encapsulated in 3a or may interact with the inner aromatic cavity
of 3a,> and upon encapsulation of guest into 3a, the encapsu-
lated CDCI; molecules would be released from the cavity of
3a to give a positive AS°.*® When pure 4@3a, prepared in
benzene and dried in vacuo, was dissolved in CDCls, the release
of 4 from 4@3a into the bulk phase of CDCl; occurred
immediately at 296 K. The ratio of 4@3a:free-3a was 60:40
after 3 min and 48:52 after 24 h, reaching an equilibrium.'’ In
CeDg, which is less polar than CDCl;, noncovalent interactions
between the guests and the inner cavity of capsule 3a, such as
CH—m and CH-+-+O=C interactions, would work more ef-
fectively, leading to a significant enthalpic contribution and a
large value of K, in C¢Dg. The value of K, of as-prepared 3a
with 4 in CD,Cl, was compared with the value of K, in CDCl;
and C¢De.'” The value of K, of 3a with 4 in solvents increased
in the order CDCl; (82 M™! at 298 K) < CD,Cl, (2.50 x 10?
M~ at 298 K) < C¢Dg (1.26 x 10° M~ ! at 313 K), whereas the
dielectric constant increases in the order C¢Hg (2.28) < CHCl3
(4.81) < CH,Cl, (8.93). This result also indirectly supports the
assertion that CDClj; acts as a guest competitor for 3a. CDCl;

(28) Leung, D. H.; Bergman, R. G.; Raymond, K. N. it
2008, 130, 2798-2805.

(29) In the '"H NMR spectra of 3a in CHCl; even at 218 K with CDCl;
sealed in a capillary for NMR deuterium-locking or a mixture of 3a
and 100 equiv of CHCl; in C¢Dg, no signal of CHCl; encapsulated in
3a was observed. These results suggest a small K, and very fast
exchange of CHCI; in and out of 3a on the NMR time scale.

(30) (a) Kang, J.; Rebek, J., Jr. Naguze 1996, 382, 239-241. (b) Yamanaka,
M.; Shivanyuk, A.; Rebek, J., Jr. iy 2004, /26, 2939—
2943.

Table 3. Molar Ratio of 28 and 30 at 298 K in the Reaction
Mixture after Heating a 1:1 Mixture of 28 and 29 To Form 30 in
CDCl; and C¢Ds at 323 K for 12 h?

HO 0
Ar—B(OH), + :@ —— A-B ]@ + 2 HyO
HO 0
29

28

MeO 30
a:Ar:@Me b:Ar:@
MeQ
entry Ar solvent 28:30

1 a CDCl; 2.0:98.0
2 a CeDg 5.9:94.1
3 a CDCl;—D,0” 9.5:90.5
4 a C¢Ds—D,0” 15.1:84.9
5 b CDCl; 72.7:27.3
6 b CﬁDG 839161
7 b CDCl;—D,0" 98.9:1.1
8 b CeDs—D,0" 97.3:2.7

“[28]; = [29]; = 17 mM in solvent (600 uL).*! ® To a solution of the
resulting reaction mixture (entries 1, 2, 5, and 6) were added 5 uL of
D,0 (27 equiv), and the mixture was heated again at 323 K for 12 h.

is larger than CD,Cl, in size, and the CD***;r and Cl:**x
interactions'®'? between the solvent and the aromatic cavity of
3a would be more favorable for CDCI; than for CD,Cl, based
on the difference in the number of electronegative CI atoms.

Solvent Effect on the Thermodynamic Stability of Arylbo-
ronic Acid Catechol Esters. As a model for studying the
thermodynamic stability of the boronic ester bond of 3a, the
reaction of arylboronic acids 28 with catechol 29 to produce
the arylboronic acid catechol esters 30 was investigated in CDCl;
and CgDg. The results are summarized in Table 3.

The 'H NMR spectra of the reaction mixture of 4-methylphe-
nylboronic acid 28a with 29 (17 mM each) in CDCl; and C¢Dg
at 298 K after heating at 323 K for 12 h showed a mixture of
28a and its catechol ester 30a in ratios of 2.0:98.0 and 5.9:
94.1, respectively.'”! Upon addition of 5 uL (27 equiv) of D,O
to these mixtures and then reheating at 323 K for 12 h, the
equilibrium ratio of 28a and 30a shifted to 9.5:90.5 in CDCl;
and 15.1:84.9 in C¢Dg at 298 K. On the other hand, the reaction
of 2,6-dimethoxyphenylboronic acid 28b with 29 under the same
conditions gave a mixture of 28b and 30b in a ratio of 72.7:
27.3 in CDCl; and 83.9:16.1 in C¢De.'”*' On addition of D,O
and reheating under the same conditions, 30b was almost
hydrolyzed back into 28b in both CDCl; and C¢Ds. These results
clearly indicate that (1) the arylboronic acid catechol esters 30a
and 30b are thermodynamically more stable in CDCl; than in
CeDg and (2) 30b is less stable than 30a is, which is probably
the result of the near orthogonal conformation between the aryl
group and the catecholatoboryl plane of 30b with respect to
the coplanar conformation of 30a.

Thus, the fact that arylboronic acid catechol esters 30 are
thermodynamically more stable in CDCl; than in C¢Dg also

(31) The 'H NMR spectra of 28a (17 mM) in CDCl; and C¢Dg at 298 K
showed a mixture of 28a and its boroxine (trimeric anhydride of 28a)
in ratios of 36.8:63.2 and 61.1:38.9, respectively, after 30 min of
dissolution.!” After reaching an equilibrium in 36 h at 298 K, the ratio
of 28a and its boroxine was 43.5:56.5 in CDCl; and 60.0:40.0 in C¢Ds.
This result indicates that the boroxine is thermodynamically more
stable in CDCl; than in C¢Ds. Upon addition of 29 to this mixture,
the boroxine almost disappeared to produce 30a concomitantly with
28a. In contrast, 28b (17 mM) remained intact in both CDCl; and
CgDs and its boroxine was not detected even after heating at 323 K
for 12 h."7

J. AM. CHEM. SOC. = VOL. 132, NO. 2, 2010 783
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Cavitand
H H
H H

ST R

Figure 6. Schematic representations of possible mechanisms for the guest
encapsulation and release into and out of 3a: (a) an extended portal
mechanism, (b) a linker dissociation mechanism, and (c) a linker partial
dissociation mechanism. (d) Conformational change of the two linkers
connected with the two cavitands from anti to eclipsed-like conformation.

indirectly supports that the small K, value for guest@3a in
CDCl; compared with that in C¢Dg does not arise from the
difference in stability of the boronic ester bonds of 3a in CDCl;
and C¢Dg, but probably from the character of CDCl; as a guest
competitor for 3a.

Mechanism of Guest Encapsulation in 3a: A Kinetic Study.
Capsule 3a is composed of two molecules of tetrakis(dihy-
droxyboryl)-cavitand 1a as a polar aromatic cavity and four
molecules of 1,2-bis(3,4-dihydroxyphenyl)ethane 2 as an equa-
torial bis(catechol)-linker connected by eight dynamic boronic
ester bonds. Three mechanisms are possible for guest encapsula-
tion in capsule 3a (Figure 6).

The first mechanism is an extended portal mechanism based
on a conformational change of the linker 2 unit (Figure 6a).>**
However, the following facts rule out this mechanism. In the
crystal structure of 4@3b, all linkers adopt an approximate anti-
conformation, although they are highly disordered, even at 100
K, and are not necessarily arranged in the same direction (Figure
2). The anti-conformation of the linker is the most extended
form between two catechol moieties among all the possible
conformations. Therefore, it is no longer possible for 3a to
extend the equatorial portal. In fact, the dimension of the
equatorial portal of 3b in the crystal structure, in which 3b was
observed as an average form between the twistomers and slipped
forms, was almost the same as that in the calculated twisted
form of 3 (vide supra). The intact portal at the equatorial position
of 3a is not large enough to allow guest molecules as large as
4 and 8 to enter and egress the inner phase of capsule 3a, as
shown in Figures 2a, 2b, and 4d.

Consideration of a CPK model suggests that a complete or
partial dissociation of the two linkers from 3a (Figure 6b or
6¢), followed by the conformational change of the remaining
two linkers connected with the two cavitands from the anti to
eclipsed-like conformation (Figure 6d) is required for the
opening of the equatorial portal of 3a, followed by the ingression

784 J. AM. CHEM. SOC. = VOL. 132, NO. 2, 2010
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Figure 7. Variable temperature 2D NOESY spectra of a mixture of as-
prepared 3a, 8, and free 2 in CDCl; under the conditions of [3a] = 2.5
mM, [8] = 12.5 mM, and [2 (saturated)] = 0.94 mM, pulse delay = 3.0 s,
and mixing time = 1.0 s: (a) at 298 K and (b) at 323 K. The representative
signals of 8 of 8@3a and free 8 are marked with solid and open squares,
respectively. The signals of free 2 are marked with asterisks.

of a guest into 3a and its egression out of 3a. A catalytic amount
of adventitious water leading to the reversibility of boronic ester
bond is inevitably present in CDCl; and C¢Dg.

However, a linker dissociation mechanism, wherein two of
the four linkers completely dissociate from 3a (Figure 6b) would
not be also plausible based on the following results. In the 2D
NOESY spectra of a mixture of as-prepared 3a (2.5 mM), 5
equiv of 8, and 0.38 equiv of free 2 in CDCl5,*? exchange cross-
peaks between 8@3a and free 2, between guest-free 3a and
free 2, and between 8 @3a and free 8 were not observed below
308 K, even for a mixing time of 1.0 s (Figure 7a). At 323 K,
exchange cross-peaks between 8@3a and free 2 and between
guest-free 3a and free 2 were also not observed, whereas
exchange cross-peaks between 8 @3a and free 8 were observed
in CDCl; (Figure 7b). These results indicate that (1) the linker
exchange of 3a is much slower than the guest-exchange rate or
(2) the complete dissociation of the two linkers from 3a does
not occur on an NMR time scale.

(32) The saturated concentration of free 2 was 0.28 and 0.94 mM in CDCl;
at 298 and 323 K, respectively, and 0.19 and 0.90 mM in C¢Dg at 298
and 323 K, respectively, based on the 'H NMR integration ratio with
p-dimethoxybenzene as an internal standard.
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The most plausible mechanism for guest encapsulation and
release into and out of 3a is a linker partial dissociation
mechanism (Figure 6¢),”* wherein dissociation of each one of
the respective two boronic ester bonds of the two linkers among
the four linkers of 3a occurs. Two opposite or adjacent linkers
among the four linkers would open up the capsule (the partial
dissociation of two adjacent linkers is depicted in Figure 6¢
and 6d).3 3 If this linker partial dissociation mechanism is correct,
then the linker exchange of 3a would not be observed in its 2D
NOESY spectrum. The reversible mechanism shown in Figure
6¢ and 6d is composed of three steps. The first step is a linker
partial dissociation to give a gate-opening guest-free 3a (the
following parentheses denote the gate-opening guest@3a step
as the reverse reaction). The second step is the guest uptake
into the gate-opening 3a (or guest release out of the gate-opening
guest@3a) that occurs simultaneously with the conformational
change of the two linkers connected with the two cavitands from
the anti to the eclipsed-like conformation. The final step is a
linker reassociation and gate-closing process to form guest@3a
(or guest-free 3a). To elucidate this mechanism, the pseudo-
first-order exchange rate constants for release (k—;) and encap-
sulation (k;) of the guest from and into 3a, respectively, and
second-order rate constant of guest encapsulation (k;* = ky/
[guest]) in CDCl; and in C¢Dgy were determined from a 2D
EXSY analysis based on the integration values of the exchange
cross-peaks and diagonal peaks of the encapsulated and free
guests in the 2D NOESY spectra (Figures 7 and 8).'72"3* The
results, together with the calculated free energy of activation
(AG_i¥, AG,*, and AG,*%), are summarized in Table 4.>° There
are several features in the kinetic study shown in Table 4.

Item 1. For 8, the value of & increases with guest concentra-
tion, and the values of k;* and k_; are roughly independent of
guest concentration for both CDCl; and Cg¢Dg (entries 1, 2, and
4, and 5, 7, and 8, respectively).

Item 2. The external addition of linker 2 to a solution of 3a
and 8 barely increases the value of k; (k;*) and k—; for both
CDCl; and C¢Dg (entries 2 vs 3, and 5 vs 6, respectively).

Item 3. For 8, 5, and 6 in C¢Dg, both the values of k; (k;*)
and k_ increase in the order 8 < 5 < 6, indicating a significant
dependency on the characteristics of the guest molecule (entries
5 vs 10, and 9 vs 11, respectively). This order could be related
to the difference in size of the guest functional groups or the
interaction ability of them with 3a (or partially dissociated 3a),
such as hydrogen bonding and CH—z interactions.

Item 4. For 8, the value of k; (ki*) and k—; in CgDg is
apparently greater than the value of k; (k;*) and k-, in CDCl;
(entries 1 vs 5,2 vs 7, and 4 vs 8, respectively). Namely, AG*
(AG*%) and AG-* in CDCl; are higher than those in C¢Ds.

The results in Items 1—3 indicate that the guest uptake in 3a
follows second-order kinetics and the guest release out of 3a

(33) Craig, S. L.; Lin, S.; Chen, J.; Rebek, J., Jr. iy 2002,
124, 8780-8781.

34) (a) Abel, E. W.; Coston, T. P. J.; Orrell, K. G.; Sik, V.; Stephenson,

_1986. 70. 34-53. (b) Pons, M.; Mlllet O. Brog,
| 2001, 38, 267-324.

(35) Guests 5, 6, and 8 were chosen for the 2D EXSY analysis because
the diagonal peaks of encapsulated and free guests in the 2D NOESY
spectra did not overlap with each other or those of the capsule 3a.
However, when excess amounts of guests were used, those faintly
overlapped with each other in some cases, increasing experimental
errors for k; and k—;. The use of excess amounts of guests or low
8@3a/free-8 would produce a large difference in integration values
between the diagonal peak of the free guest and the exchange cross-
peak, also increasing experimental errors for k; and k—;. Note that the
values of k; and k—; contain an experimental error of 10%—15%.

om a n

(a)

|

00

L3
=]

§2

0g

I

;
[ .
1 .
t
]
i
H
[
L

w
| NI
[ ]
[ ]

00

bl L
ol

i
%
QiZ

06

| I T T T I S NN

" i.k-.
N
SL

.
1
Wl

PR

00

%

ge

!

oG

|

9L

bk

Figure 8. 2D NOESY spectra of a mixture of 3a and guests in C¢Dg for
2D EXSY analysis under the conditions of pulse delay = 3.0 s, and mixing
time = 1.0 s: (a) [3a] = 0.5 mM, [8] = 1.0 mM at 323 K, (b) [3a] = 2.5
mM, [5] = 5.0 mM at 313 K, and (c) [3a] = 2.5 mM, [6] = 5.0 mM at 313
K. The representative signals of guest of guest@3a and free guest are marked
with solid and open squares, respectively.

follows first-order kinetics,*® and suggest the linker partial
dissociation mechanism. Item 4 may reflect the solvation effect
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Table 4. Pseudo-First-Order Exchange Rate Constants for Release (k-1) and Encapsulation (ki) of Guests from and into Capsule 3a,
Respectively, and Second-Order Rate Constant of Guest Encapsulation (ki* = ki/[guest]) in CDCl; and in C¢Dg,? and Free Energy of

Activation of Release (AG-1*) and Encapsulation (AG¥, AG**) of Guest@3a®

AG_ AG# AG*
entry guest solvent [G)/[3a]° T (K) kot (s7) ki (s7) k* (7' M) (kcal mol™") (kcal mol~1) (kcal mol™)
1 8 CDCl; 2 323 0.002 0.034 6.80 229 21.1 17.7
2 8 CDCl; 5 323 0.002 0.076 6.08 229 20.6 17.8
3 8 CDCl; 5¢ 323 0.005 0.099 7.92 22.3 20.4 17.6
4 8 CDCl; 10 323 0.007 0.157 6.28 22.1 20.1 17.8
5 8 CgDg 2 323 0.013 0.044 44.0 21.7 20.9 16.5
6 8 CgDg 24 323 0.016 0.035 35.0 21.6 21.1 16.7
7 8 CgDg 5 323 0.017 0.097 38.8 21.6 20.4 16.6
8 8 CgDg 10 323 0.018 0.238 47.6 21.5 19.9 16.5
9 5 CeDg 2 313 0.120 0.207 414 19.7 19.3 16.0
10 5 CeDg 2 323 0.342 0.537 107 19.6 19.3 15.9
11 6 CeDg 2 313 0.836 2.46 493 18.5 17.8 14.5
“ Pseudo-first-order exchange rate constants (k—;, k;) were estimated by 2D EXSY experiments. > AG_\# = —RT In(hk_\/kgT), AG,¥ = —RT In(hk,/

ksT), and AG** = —RT In(hk,;*/kgT). © [G)/[3a] = [guest)/[3a]; [3a] = 2.5 mM for 8@3a in CDCl;, 5@3a in C4Ds, and 6@3a in C4Ds; and [3a] = 0.5
mM for 8@3a in C¢Dy. ¢ Linker 2 was added (saturated concentration of 2 at 323 K: 0.94 mM in CDCl; and 0.90 mM in C¢Dy).

of the guest, 3a (guest@3a), or the partially linker-dissociated
3a (guest@3a).

It is known that the stability of hemicarceplexes formed
between covalently bonded hemicarcerands and their guests is
governed by two free energy terms: the intrinsic binding (free
energy of complexation, thermodynamic AG®) and the constric-
tive binding (free energy of activation for complex formation,
kinetic AG¥gsociation — AGdissociation)s 2> wherein the balance
of the free energy is (AGiassociation - AGidissociation) ~ AG.
However, this is not true in the case of guest@3a, wherein the
balance of the free energy for 8@3a in CDCl; at 323 K (entry
2) was (AG** — AG_;%) = —5.1 kcal/mol < AG®° = —2.5 kcal/
mol, and the balance of the free energy for 8 @3a in C¢Dg (entry
7) was (AG** — AG_,¥) = —5.0 kcal/mol at 323 K > AG® =
—8.2 kcal/mol at 313 K. The difference between (AG** —
AG_*) and AG® in guest@3a may reflect the linker partial
dissociation, as well as the solvation effect.

The linker partial dissociation mechanism shown in Figure
6¢ also facilitates the understanding of the mechanism of the
interconversion between the (M)- and (P)-twisted forms (racemic
twistomers) through the slipped forms in 3a (Figures 9 and 2f).
In one linker 2 unit in 3a, one boronic ester bond dissociation
and a subsequent rotation of the CH,—Ar bond and the
reformation of the boronic ester, followed by a progression of
the same process for the other boronic ester moiety, would
complete the interconversion of the (M)- to the (P)-form for
one linker (Figure 9). Application of the same process to the
other three linkers would complete the interconversion of the
(M)- to the (P)-form of 3a through an intramolecular mixture
of (M)- and (P)-forms of the four linkers in 3a (Figure 2f).

Guest Rotation within 3a. Molecular gyroscopes have at-
tracted considerable attention in the field of mechanical mo-
lecular devices.*’*® They consist of a rotator with a spinning
axis and a stator framework, wherein the rotator is encased and
protected by a stator. So far, molecular gyroscopes have been
synthesized using several types of covalent-bond strategies***°
or by a metal-coordination strategy, such as a metal-centered

(36) (a) Houk, K. N.; Nakamura, K.; Sheu, C.; Keating, A. E. Sgiguce 1996,
273, 627-629. (b) Yoon, J.; Cram, D. il . 1997, 1505-
1506.

(37) (a) Kottas, G. S.; Clarke, L. I.; Horinek, D.; Michl, J. (il
2005, 705, 1281-1376. (b) Kay, E. R.; Leigh, D. A.; Zerbetto, F.

| 2007, 46, 72-191.
(38) Khuong, T.-A. V.; Nunez, J. E.; Godinez, C. E.; Garcia-Garibay, M. A.

Inentimmian. 2006, 39, 413-422.
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Figure 9. Schematic representation for the interconversion of one linker 2
unit in 3a.

gyroscope.*” Recently, it has been reported that a self-assembled
molecular capsule with an encapsulated guest behaves as a
supramolecular gyroscope, in which an encapsulated guest is
the rotator and a self-assembled capsule is the stator.”*!

To explore the capability of guest@3a as a supramolecular
gyroscope, the rotation behavior of 4,4’-diacetoxy-2,2’-disub-
stituted-biphenyls 8—10 within 3a was investigated. Guests
8—10 were oriented with their long axis aligned along the long
axis of 3a, as mentioned above, and can rotate along this axis
within 3a. The inner and outer protons of the methylene-bridge

(39) (a) Bedard, T. C.; Moore, J. S. jninuniinmmian. 1995, /17, 10662—
10671. (b) Dominguez, Z.; Dang, H.; Strouse, M. J.; Garcia-Garibay,
M. A. I 2002, /24, 2398-2399. (c) Setaka, W.;
Ohmizu, S.; Kabuto, C.; Kira, M. (ghgiebgd 2007, 36, 1076-1077.
(d) Nufiez, J. E.; Natarajan, A.; Khan, S. I.; Garcia-Garibay, M. A.

. 2007, 9, 3559-3561.

(40) (a) Shima, T.; Hampel, F.; Gladysz, J. A. | 2004,
43, 5537-5540. (b) Narwara, A. J.; Shima, T.; Hampel, F.; Gladysz,
J.A. i 2006, /28, 4962-4963.

(41) Scarso, A.; Onagi, H.; Rebek, J., Jr. | 2004, /26,
12728-12729.



Encapsulation Properties of a Self-Assembled Capsule

ARTICLES

(a) (b)

Figure 10. Top views of half-structure model of 3 (a) with and (b) without
guest 8. (c) Four-site model for the encapsulated-guest rotation along the
long axis of 3a, wherein schematic representation of the cross section of
guest@3a is shown. The centered rectangle and the Y represent the half-
biphenyl ring and the ester group of guests 8—10, respectively. The C=0
means the carbonyl moiety of the guest acetoxy group. The peripheral circle
and rectangles represent the aromatic cavity of the 1a unit and the catechol
rings of the 2 unit in capsule 3a, respectively. The Ay, Biy, Ci, and Dj,
(Aouts Bouts Cours and Dyy) represent the relative positions of the inner protons
H;, (outer protons Hy,) of the methylene-bridge rim of the 1a unit of 3a
with respect to the positions of the carbonyl moiety and the substituent-Y
of the encapsulated-guest rotating in 3a.

rims (O—CH;,Ho,—O) of 3a act as molecular probes for the
encapsulated-guest rotation within 3a.>* Figure 10 depicts a four-
site model for the encapsulated-guest rotation along the long
axis of 3a. In this model, if the encapsulated-guest rotation along
the long axis of 3a is too fast on the NMR time scale, then the
'"H NMR signals of the inner and outer protons (H;, and Hoy)
would appear as a respective one doublet signal, i.e., as the
averaged form. In contrast, if the encapsulated-guest rotation
is slow on the NMR time scale or comes to a stop, then the
doublet signals of H;, and H,, would split into four sets of
doublet signals with an integration ratio of Ay,:Biy:Cin:Din (Aou:
Bouwt:Cout:Dowt) = 1:1:1:1.

Figure 11 shows the '"H NMR spectra of guest@3a (Y =
CO,CH;in 8, Y = CO,(CH;,);CH;in 9, and Y = CO,(CH;),Ph
in 10) in C¢Dy at various temperatures.'’ This gave significant
information on the encapsulated-guest rotation along the long
axis of capsule 3a, namely, of the rotational steric barrier effect
for guests within 3a. In the '"H NMR spectrum of 8 @3a at 298
K (Figure 11a), the inner (H;,) and outer (H,,) protons of the
methylene-bridge rims of 3a appear as respective one sharp
doublet signal. This spectrum remained unchanged, even at 213
K in C¢DsCDs."” This result undoubtedly indicates that the
rotation of 8 within 3a is too fast on the NMR time scale, even
at 213 K. On the other hand, the '"H NMR signals of Hj, and
Hou of 10@3a were extremely broad and nearly coalesced at
298 K (Figure 11b) and were still broadened, even at 343 K
(Figure 11c). In marked contrast, the 'H NMR signals of Hj,
and H,,, of 9@3a at 298 K were split into four sets of doublet
signals of A;,, Biy, Cin, and Dy, and Ay, Bous Cous and Dy in
an integration ratio of 1:1:1:1, respectively (Figures 11d and
10c). These signals were nearly coalesced at 343 K (Figure 11f).
This result clearly indicates that the rotation of 9 within 3a is
very slow on the NMR time scale at 298 K. Thus, the guest
rotation within 3a increases in the order 9 < 10 < 8. Namely,

Hout Hin

Cout Dcut Bout Din c Bin A\n Aout

8 (ppm

Figure 11. Guest-rotation behavior within 3a, monitored by 'H NMR (400
MHz, C¢Ds, [3a] = 2.5 mM and [guest] = 5 mM) in the region of the
inner (H;,) and outer (H,,) protons of the methylene-bridge rims
(O—CH;,Ho,—O) of 3a: (a) 8@3a at 298 K, (b) 10@3a at 298 K, (c) 10@3a
at 343 K, (d) 9@3a at 298 K, (e) 9@3a at 323 K, and (f) 9@3a at 343 K.
The signals marked ‘A;,—D;,” and ‘Agy—Doy’ are assigned in Figure 10.
The signal marked ‘c’ is assigned in Scheme 1.

the elongation of the ester group at the 2,2’-positions of 4,4’-
diacetoxybiphenyl guests puts the brakes on guest rotation within
3a.

Figure 12 shows the 2D NOESY spectrum of a 1:1 mixture
of 9@3a and free 9 in C¢Dg at 298 K (mixing time = 0.5 s),
wherein the guest exchange into and out of 3a was not observed,
and the acetoxy signal of the encapsulated 9 showed NOE
correlations with four split inner protons (A;,—D;,) of the
methylene-bridge rim of 3a (Figure 12a). Furthermore, it should
be noted that all the inner protons (A;,—D;,) and all the outer
protons (Aoy—Dou) of 3a showed exchange cross-peaks with
one another in addition to the NOE correlations (Figure 12b).
For example, signal A;, showed an NOE correlation with Ay
and exhibited exchange cross-peaks with By, Bous Cin, Couts Din,
and D, Similar correlations were also observed in CgDsCD3
at 298 K (Figure 13a). This result shows that 9 within 3a rotates
at 298 K, although the rotation is slower than the NMR time
scale. In marked contrast, at 243 K, only NOE correlations
between the inner and outer protons were observed, and
exchange cross-peaks were no longer observed (Figure 13c vs
13a), although the chemical shift of the inner and outer protons
of 9@3a changed depending on the solvent used and the
temperature (Figures 12 and 13). This result clearly indicates
that the rotation of 9 within 3a ceases at 243 K.

Variable low temperature 'H NMR spectra of 9@3a and
10@3a showed that four sets of doublet signals of the inner
(Ajn—Dyn) and outer (Agy—Doye) protons of the methylene-bridge
rims of 3a were shifted, coalesced, and split at several points,
depending on the temperature.'” This result suggests that the
guest rotation within 3a, the interconversion of the twistomers
of 3a, and the internal rotation of the biphenyl moiety of the
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Figure 12. 2D NOESY spectrum of 9@3a in C¢Dg at 298 K (400 MHz,
[3a] = 2.5 mM and [9] = 5 mM, pulse delay = 1.5 s, and mixing time =
0.5 s) in the regions (a) between —1.5 and 8.5 ppm and (b) between 4.6
and 6.2 ppm. The signals marked ‘Aj,—D;,” and ‘Aq,—Doy’ are assigned
in Figure 10. The signals marked ‘c’, ‘e’, and ‘i’ are assigned in Scheme
1. The solid and open squares indicate the representative signals of 9 of
9@3a and free 9, respectively.

guest coexist in cooperation with each other. Given this
complexity, we could not determine the exchange rate constant
for guest rotation within 3a at this stage.

In 4@3a in C4Dg¢ or C¢DsCD3, the 'H NMR signal of the
ethylene moiety of the linker 2 unit of 3a appeared as a single
sharp singlet at 298 K, and this broadened without splitting,
even at 213 K.'” On the other hand, the linker signal of 8@3a
in C¢DsCDj5 appeared as a multiplet at 298 K and split into two
multiplets at 263 K.'” In marked contrast, the linker signal of
9@3a in C¢Dg or C¢DsCDj split into five signals at 298 K (three
major broad signals and two minor broad signals, with one of
the minor signals overlapping one of the major signals, Figures
12a and 14c). Furthermore, at least one of the three major signals
split into two signals at 233 K.'” In 9@3a, the '"H NMR signal
of the a-protons of the octyl ester group (CO,—CH,(CH,)sCHs)
of the encapsulated 9 split into two sets of double triplet signals
with an upfield shift relative to the triplet signal of the o-protons

788 J. AM. CHEM. SOC. = VOL. 132, NO. 2, 2010

of free 9 (Figure 14c vs 14b).*> This arises from the desym-
metrization of the two geminal a-protons given the emergence
of a chiral axis (racemization) in the encapsulated 9, because
the internal rotation of the biphenyl moiety of 9 is slow on the
NMR time scale on encapsulation in 3a. This phenomenon was
also observed in 10@3a.

Conclusions

We have described the self-assembly of two molecules of
tetrakis(dihydroxyboryl)-cavitand 1a and four molecules of 1,2-
bis(3,4-dihydroxyphenyl)ethane 2 into capsule 3a by the forma-
tion of eight dynamic boronic ester bonds in CDCl; and C¢Ds.
Capsule 3a encapsulates one guest molecule, such as 4,4’
disubstituted-biphenyl and 2,6-disubstituted-anthracene deriva-
tives, which is oriented with the long axis of the guest directed
along the long axis of 3a, as confirmed by a 'H NMR study
and X-ray crystallographic analysis. Capsule 3a strictly dis-
criminates the functional groups of a guest, as well as a
difference of one or two carbon atoms in guest size, leading to
a highly selective guest recognition on encapsulation. Capsule
3a shows a significant solvent effect on guest encapsulation.
The association constant of 3a with guests in C¢Dg is much
greater than that in CDCl; (450—48 000-fold). The encapsulation
of guests within 3a in C¢Ds is enthalpically driven, whereas
the encapsulation of guests within 3a in CDCI; tends to be both
enthalpically and entropically driven. Thermodynamic studies
suggest that the small value of K, with a considerable entropic
contribution for guest@3a in CDCl; arises from the character
of CDCl; as a guest competitor for 3a, and not from the
difference in stability of the boronic ester bonds of 3a in both
solvents. We propose a linker partial dissociation as the
mechanism for guest uptake and release into and out of 3a based
on kinetic studies of guest@3a by 2D EXSY analysis, as well
as structural analysis of guest@3a. The 2D EXSY studies also
suggest that guest uptake in 3a follows second-order kinetics
and guest release out of 3a follows first-order kinetics. The
rotation behavior of 4,4’-diacetoxy-2,2’-disubstituted-biphenyls
within 3a was also investigated, where the elongation of 2,2’-
disubstituents of guests hindered on guest rotation within 3a.

Areas for further investigation are (1) asymmetric guest
recognition of a chiral capsule®® to be derived from 1a and
incorporating a C, symmetric chiral bis(catechol)-linker in place
of 2 and (2) application of an asymmetric-guest@chiral-capsule
to a supramolecular gyroscope directed toward unidirectional
guest rotation.?’***

Experimental Section

General. THF and CH,Cl, were distilled from sodium-ben-
zophenone ketyl and CaHy, respectively, under an argon atmosphere.
The other solvents and all commercially available reagents were
used without any purification. '"H and *C NMR spectra were
recorded at 400 and 100 MHz, respectively, on a JEOL JNM-AL400
spectrometer. IR spectra were recorded on a JASCO FT/IR-460Plus
spectrometer. The CDCl; and CD,Cl, employed in all the '"H NMR
experiments were stored over K,COj; prior to use, and the C¢Dg

(42) The biphenyl rotational barrier of guest 9 in C¢DsCD3 was estimated
to be AG* = <14.9 kcal mol !, which was determined by the VT 'H
NMR."

(43) (a) Yoon, J.; Cram, D. J. . 1997, 119, 11796-11806.

(b) Castellano, R. K.; Nuckolls, C.; Rebek J., Jr.
1999, 121, 11156- 11163 (c) Mdteos Tlmonedd M. A.; Crego- Cdldmd
M.; Reinhoudt, D. N. sisisiiay. 2004, 33, 363-372. (d) Amaya,
T.; Rebek, J., Jr. . 2004, 126, 6216-6217. (e)
Schramm, M. P.; Rebek, J., Jr. iigumlishn 2008, 32, 794-796.
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Figure 13. 2D NOESY and '"H—'H COSY spectra of 9@3a in C¢DsCD; (400 MHz, [3a] = 2.5 mM and [9] = 5 mM, pulse delay = 1.5 s, and mixing time
= 0.5 s): (a) 2D NOESY and (b) 'H—'H COSY at 298 K; (c) 2D NOESY and (d) 'H—'H COSY at 243 K. The signals marked ‘A;,—D;," and ‘Asu—Doui’

are assigned in Figure 10. The signal marked ‘c’ is assigned in Scheme 1.
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Figure 14. '"H NMR spectra (400 MHz, C¢Dg, 298 K): (a) [3a] = 2.5

mM, (b) [9] = 5 mM, and (¢) [3a] = 2.5 mM and [9] = 5 mM (9@3a:
free-9 = 1:1). The signals marked ‘e’ and ‘i’ are assigned in Scheme 1.
The representative signals of 9 of 9@3a and free 9 are marked with solid
and open squares, respectively.

and C¢DsCDj; were stored over molecular sieves 4A prior to use.
Tetrakis(dihydroxyboryl)-cavitand 1a (R = (CH,)¢CHj3), 1,2-bis(3,4-

dihydroxyphenyl)ethane 2, and guest 15 were synthesized according
to the literatures.'>*> The syntheses of other guests, X-ray data
collection and crystal structure determination of 4@3b, and 2D
EXSY experiments of guest@3a were described in the Supporting
Information.

Tetrakis(dihydroxyboryl)-Cavitand 1b (R = (CH,),Ph). To
a solution of tetrabromo-cavitand (R = (CH,),Ph)*® (1.00 g, 0.788
mmol) in dry THF (60 mL) at —78 °C under an argon atmosphere
was added a hexane solution of n-BuLi (1.59 M, 2.5 mL, 4.0 mmol).
After stirring for 1 h, to the resulting solution was added B(OMe);
(1.6 mL, 14 mmol) at —78 °C. The resulting mixture was stirred

—78 °C for 1 h and then allowed to warm to room temperature
overnight. The reaction mixture was quenched with 2 M HCI (10
mL) at 0 °C and stirred for 30 min. After evaporation of solvents,
the residue was partitioned between EtOAc (300 mL) and water
(100 mL), and the organic layer was washed with water and brine
and dried over Na,SO,. After evaporation of solvents, the residue
was recrystallized from EtOAc—hexane to give 1b as a bis-adduct
of EtOAc (off-white crystals) after vacuum drying at room
temperature for 12 h (617 mg, 60% yield). Mp 282 °C (decomp.);

(44) (a) Zheng, X.; Mulcahy, M. E.; Horinek, D.; Galeotti, F.; Magnera,
T. F.; Michl, J. L 2004, /26, 4540-4542. (b) Horinek,
D.; Michl, J. . 2005, /02, 14175-14180.

(45) Orita, A.; Taniguchi, H.; Otera, J. i 2006, /, 430-
437.

(46) Sherman, J. C.; Knobler, C. B.; Cram, D. J. iy 1991,
113, 2194-2204.
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'H NMR (DMSO-d) 6 8.08 (s, 8H), 7.53 (s, 4H), 7.16—7.25 (m,
20H), 5.53 (d, J = 7.8 Hz, 4H), 4.63 (t, J = 7.3 Hz, 4H), 4.43 (d,
J=17.8 Hz, 4H), 3.30—3.33 (m, 8H), 2.53—2.62 (m, 8H); '3C NMR
(DMSO-ds) 6 155.5, 141.8, 137.2, 128.6, 128.4, 128.3, 125.8, 121.5,
98.7, 36.5, 34.2, 31.9. Anal. Calcd for Ce4sHgB4O16*2(EtOAC): C,
66.29; H, 5.87. Found: C, 66.08; H, 6.15.

Capsule 3a. A suspension mixture of 1a<OEt, (50.00 mg, 42.4
mmol) and 2 (20.89 mg, 84.8 mmol, 2 equiv) in CDCl; (or CHCl3)
(8.5 mL) was stirred at 50 °C for 3 h. The '"H NMR spectrum of
the resulting homogeneous solution showed the quantitative forma-
tion of 3a (see Figure 1c). After evaporation of solvents, the residue
was dried in vacuo at room temperature for 5 h. The dried sample
of 3a was initially less soluble in CDCl; at room temperature, but
after heating in CDCl; at 50 °C for several minutes, 3a became
soluble again at room temperature. Heating a 2:4 mixture of 1+OEt,
and 2 in C¢Dg (or C¢Hg) at 50 °C for 3 h with stirring did not give
a homogeneous system, although 3a was quantitatively formed
(Figure 1f). The solubility of 3a in C¢Dg at 23 °C was 1.3 mM
based on the 'H NMR integration ratio with p-dimethoxybenzene
as an internal standard. '"H NMR (CDCls, 296 K, 2.5 mM) 6 7.37
(s, 8H), 7.27 (d, J = 7.8 Hz, 8H), 7.11 (d, J = 1.9 Hz, 8H), 7.06
(dd, J = 1.9 and 7.8 Hz, 8H), 5.67 (d, J = 7.3 Hz, 8H), 4.89 (t, J
= 8.3 Hz, 8H), 4.63 (d, J = 7.3 Hz, 8H), 2.97(s, 16H), 2.27—2.37
(m, 16H), 1.25—1.53 (m, 80H), 0.93 (t, J/ = 6.3 Hz, 24H); 'H NMR
(CsDg, 296 K, 1.3 mM) 6 7.77 (s, 8H), 6.95 (d, J/ = 7.8 Hz, 8H),
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6.55 (d, J = 7.8 Hz, 8H), 6.49 (s, 8H), 5.72 (d, J = 6.8 Hz, 8H),
5.29 (t, J = 7.8 Hz, 8H), 4.93 (d, J/ = 6.8 Hz, 8H), 2.34—2.42 (m,
16H), 2.28 (s, 16H), 1.20—1.44 (m, 80H), 0.95 (t, / = 6.8 Hz,
24H).

Guest@3a. To as-prepared 3a in an NMR tube was added a
stock solution of a guest in CDCl; or C¢Dg. The resulting mixture
was heated at 50 °C for 30 min to give a solution of guest@3a.'”
Alternatively, to a 2:4 mixture of 1a+OEt, and 2 in an NMR tube
was added a stock solution of a guest in CDCl; or C¢Dg, and the
resulting mixture was heated at 50 °C for 3 h to give a solution of
guest@3a. A solution of 8@3a in C¢Ds was prepared at 0.5 mM
because of its solubility problem. In all other cases, a solution of
guest@3a or a mixture of guest@3a and free 3a were prepared at
2.5 mM in total.
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