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Site-Selective Internal Cross-Linking between Mercury(II)-Centered
Vertices of an Octahedral Mercury(II) Capsule by a Rod-Shaped

Ditopic Ligand™**

Shuichi Hiraoka,* Madoka Kiyokawa, Shizuka Hashida, and Mitsuhiko Shionoya*

Artificial molecular capsules,"® which can provide a well-
defined nanosized space, have been used extensively for
highly specific molecular recognition and reactions.”) For such
nanospaces to be exploited for a variety of purposes, it is
essential that they can be partitioned or chemically modified
by predesigned functional groups. However, in self-assembly
processes, such modifications have been made by the use of
chemically premodified building blocks in the one-step
construction of the entity, because it is rather hard in general
to decorate the interior of three-dimensional capsule struc-
tures with control of the arrangement of functional groups
after the initial self-assembly process.®! Since the inner space
is isolated and protected by the shell of the capsule, the access
of chemical species to the interior should be kinetically
unfavorable. Therefore, when such compounds can react at
both the inner and the outer surfaces of the capsule shell, the
outer surface should be functionalized preferentially. In
particular, when a self-assembled molecular capsule is
formed through H bonding® and/or metal coordination,*
the capsule structure tends to collapse under harsh conditions
owing to its lability. Furthermore, the addition of other
components to the capsules may displace the equilibrium to
generate alternative structures. Thus, a facile method for
interior chemical modification under mild conditions is vital
to the development of self-assembled molecular capsules.
Recently, we reported the quantitative formation of
octahedron-shaped metallocaspules, [Mglg]"**, from ten
kinds of divalent transition-metal ions (M: Mn, Fe, Co, Ni,
Cu, Pd, Pt, Zn, Cd, and Hg)."! Single-crystal X-ray analysis
and "“FNMR spectroscopy of the [Hgglgs(OTf);,] capsule
revealed that each Hg" ion at a vertex is bound by four pyridyl
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nitrogen atoms and two TfO™ axial ligands from the inside
and outside of the capsule to form an octahedral six-
coordinate geometry (Figure 1). Furthermore, we found that
these six inner TfO~ ligands (TfO,;,”) can be replaced site
selectively by other sulfonate ligands.*! Therefore, this site-
selective ligand exchange could become useful for function-
alization of the inner wall of the precursor capsule, [Mlg-
(TfO,,)¢(TfO4y)s], With various sulfonate ligands. If it is
possible to site selectively introduce and arrange functional
groups at the core of the capsule, both the core and the inner
walls in the confined space of the nanocapsules could be
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Figure 1. Schematic representation of site-selective ligand exchange in
the octahedral Hg" capsule with ditopic bridging ligand(s) A>". The
two front ligands 1 of the [Hgg 15 (TfO;,)¢ (TfO4u)6] capsule are omitted
to enable the interior of the capsule to be seen. Tf=trifluoromethane-
sulfonyl, Ts =p-toluenesulfonyl.
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decorated elaborately to form an isolated functional nano-
space. A promising strategy towards this goal would be to
bridge the two metal centers at the opposite vertices of the
octahedral capsule with a ditopic bissulfonate bridging ligand,
whereby the center of the bissulfonate ligand should be set
around the core of the capsule.

On the basis of the crystal structure of the [Hgglg-
(TfO;,)¢'(TfO,y )] capsule, in which Hg" centers at opposite
vertices are located 2.5 nm apart, we have designed a rod-
shaped bissulfonate A?~ as a ditopic bridging ligand
(Figure 1). The distance between the two anionic oxygen
atoms of A’ was estimated to be approximately 2.0 nm;
therefore, we believed that A*~ would be an appropriate
molecule for bridging two Hg" centers.*! Herein, we describe
the site-selective replacement of TfO;,” in the [Hgglg-
(TfO;,)¢'(TfO,y)s] capsule with A?~, which can bridge two
Hg" centers at opposite vertices of the octahedral capsule to
selectively form [Hgglg A, (TfO,,),(TfOu )] and [Hgelg-
(A1) (TfO;,),'(TfO4y)s] - This method also enables the site-
selective introduction of two different sulfonate ligands, A*~
and a benzenesulfonate (TsO~ or p-chlorobenzenesulfonate),
into the capsule. Thus, the 2 nm wide inner space of the Hg"
capsule can be decorated in a highly controllable manner.

The site-selective ligand exchange of the inner TfO;,”
ligands of the capsule [Hgqlg(TfO,, )¢ (TfOuy)s] in CD;CN
was monitored by "H and '°F NMR spectroscopy and electro-
spray ionization-time-of-flight (ESI-TOF) mass spectrometry.
The F NMR spectrum of the capsule in CD;CN showed two
signals at 0 =86.1 and 85.2 ppm (C¢Fs: 6 =0 ppm), which
were assigned to the inner TfO;,” and outer TfO,,~ ligands,
respectively (see Figure STA in the Supporting Informa-
tion).”! When Me,NOTs (6 equiv) was added to a solution of
[Hgelg (TfO,,)s (TfO,)s] in CD;CN, the 'FNMR signal
assigned to TfO,;,” disappeared, and only a signal for
TfO,, was observed (see Figure SIB in the Supporting
Information). This result suggests that [Hgls (TsO;,)e-
(TfOuy)e] is formed by the site-selective replacement of the
six TfO,,” ligands with six TsO™ ligands. This ligand exchange
was also confirmed by the '"H NMR spectrum, in which the
signals for TsO;,”~ were shifted downfield relative to those for
Me,NOTs (Figures 3B,C). Furthermore, the signal of one of
the pyridyl hydrogen atoms located inside the capsule, H, was
shifted downfield, whereas no significant change was
observed in the chemical-shift value of that of the outer
pyridyl hydrogen atom, HP. This result also indicates the site-
selective ligand exchange of inner TfO;,”.

The ESI-TOF mass spectrum of [Hgglg (TfO;,)s (TO oy )s]
showed a prominent signal for a cationic species [Hgglg-
(T£0O),]%>="+ (n = 6-8) as well as a considerably weaker signal
for [Hgdg(TfO)s]”" (see Figure S2A in the Supporting
Information). These results suggest that the outer six
TfO,,, ligands can be removed more easily than the inner
TfO;,” ligands from the [Hg¢le(TfO;,)s(TfOuy)s] capsule
during the ionization process, and therefore that the septuply
charged species lacking one TfO,,” ligand, [Hgs1s(TfO)s]"",
should be hard to generate. Indeed, the ESI-TOF mass
spectrum of [Hgglg(TsOy,)s (TfO,,)s] exhibited prominent
signals for [Hgyly(TsO)e(TfO),]*™ (n=0-2) with six TsO~
ligands (see Figure S2B in the Supporting Information); that
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is, no signals were observed for species lacking a TsO™ ligand.
On the basis of these findings, we further investigated the
ligand exchange of TfO;,” with a sulfonate ligand, A*", by
NMR spectroscopy and ESI-TOF mass spectrometry.

Upon the addition of A-(nBu,N), to a solution of [Hg,lg-
(TfO,,)s(TfO,,)s] in CD;CN, the intensity of the YF NMR
signal assigned to TfO,,” decreased until 2 equivalents of A*~
relative to the capsule had been added (Figure 2). Although
the addition of more than 2 equivalents of A-(nBuyN),
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Figure 2. Titrimetric '°F NMR spectra of [Hg1s (TfO,,) 6 (TfOout) ] With
A-(nBuyN), (0-2 equiv; 470 MHz, CD;CN, 263 K; CsF, (0 =0 ppm) was
used as the internal standard).

resulted in the formation of a precipitate, the signal for
TfO;,” still remained. This result indicates that up to four
TfO;,” ligands can be replaced with two A?~ ligands, and that
the ligand exchange of TfO,,~ with A*" in the presence of
more than 2 equivalents of A-(nBu,N), produces poorly
soluble compounds.

A titrimetric ESI-TOF mass spectrometric study revealed
that the ligand exchange of TfO,,~ with A*~ took place in a
nearly stepwise manner. Upon the addition of 1 equivalent of
A-(nBuyN), to a solution of [Hgglg(TfO;,)s(TfO4)s] in
CD;CN," signals assignable to [Hgelg A, (TfO;,),]°" were
observed (see Figure S3C in the Supporting Information).
When excess A?~ was added, the complex [Hgglg(A;),-
(TfOy,),(TfO,y)s] was then formed selectively (see Fig-
ure S3D in the Supporting Information). The addition of
more than 2 equivalents of A%~ did not lead to any change in
the spectrum, although the intensity of the signals decreased
as a result of precipitation (see Figure S5 in the Supporting
Information). These results clearly indicate that the two
TfO;,” ligands can be replaced with one A*" ligand to form
two substituted species, [Hgelg A, (TfO;,)s (TfO4)s] and
[Hels (Ay)2(TEO;,), (TfO,,)g], in a stepwise manner.!'

Upon the addition of A-(nBu,N), (1 equiv) to a solution
of [Hgels (TfO;,)6(TfOuy)s] in CD;CN in the titrimetric
"HNMR study, several 'H signals for [Hgslg A, (TfO;,)s-
(TtO,y)s] appeared in addition to those for [Hgely (TfO,,)s:-
(TfO,y)s] (Figure 3D). This result indicates that the forma-
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indicates that one A*" ligand was

introduced inside the capsule. The

signals for the phenylene hydrogen
atoms of A> in [HglgA, -

(Tfoin)4'(Tfoout)6], H™ and H",

eo, fo
#: nBuaN*
hi
A
hi
J k
C
e, e%fe go o
p a Mt el R m o

E A A 2
Gl

kd ie{’fO 1
oo bykd ek Jgi0® ho

were observed at 6=833 and
7.83 ppm, respectively, in the 'H-
"H COSY spectrum (see Figure S9
in the Supporting Information).
The '"H DOSY spectrum revealed

G

the same logD value of —9.2 for

the hydrogen atoms of both 1 and

A?" (see Figure S11 in the Support-
ing Information). This result also
supports the incorporation of A?"
inside the capsule.'”

Since A*" is conformationally
flexible, two different types of
bridging are possible, as shown
schematically in Figures 4 A,B. We
carried out 'H and F NMR spec-
troscopic studies to investigate the
structure of the resulting capsules
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Figure 3. 'H NMR spectra (500 MHz, CD;CN, 293 K, [Hge15]=0.27 mm): A) [Hge1s (TfO,,)6 (TFOuu)6;
B) [Hge1s (TsOi)6 (TO.u)el; C) MeyNOTs; D) [Hge1s: (TFO,,) 6 (TFOou) 6] With A-(nBuyN), (1 equiv),
which provides a mixture of [Hge1g: (TfO,,)6 (TfOuy1)6] and [Hgels-Air: (TFO;,) 4 (TFO0u)6]; E) [HE61s:-
(TfO1) 6 (TfO4u) 6] With A-(nBu,N), (2 equiv); F) [Hgels-A: (TSO,,) 4 (TfO,u1) 6] prepared from the solu-
tion in (E) with Me,NOTs (4 equiv); G) A:(nBu,N),; H) difference "H NMR spectrum obtained by
subtracting (A) from (D) to discriminate the signals of [Hgg15-A;,- (TfO;,) 4 (TfO4ut)6) from the other
signals; 1) magnified view of the aromatic region and p-tolyl signals in (F). The symbols ¢, f, g, and
K, and ¢°, f°, g°, and h° denote the signals of chemically nonequivalent inner and outer phenylene

hydrogen atoms of the capsule, respectively.

tion of [Hgels Ay, (TfO;,)4 (TfO,y)] is not quantitative, as
was also confirmed by ESI-TOF mass spectrometry (see
Figure S3C in the Supporting Information). It appears from
the peak integrals that [Hgglg A, (TfO,,),(TfO4)s] and
[Hegels (TfO;, )¢ (TfO4y )] coexist in the solution in a 8.8:1
ratio. To distinguish the signals of [Hgslg A, -(TfO;,)s-
(TfO,y)s] from those of [Hgly(TfO;,)s'(TfOy)s], a differ-
ence spectrum was prepared by subtracting the spectrum of
[Hgels (TEO,,)s (TEOy)6] (Figure 3 A) from that of the mix-
ture of [Hgelg Ay (TIO;,)4(TIO0u)e] and [Hgglg (TO;,)s
(TfO4)s] (Figure 3D). The resulting spectrum showed that
all hydrogen atoms of 1 in [Hgls A, (TfO;,) 4 (TfO,)s] Were
nonequivalent. For example, three H” signals were observed
with the same integral ratio. One of the three H* hydrogen
atoms showed a signal at 0=9.03 ppm resulting from a
downfield shift, whereas the remaining two hydrogen atoms
exhibited signals at d =8.63 and 8.61 ppm with only a slight
change in their chemical-shift values. Accordingly, the
resonances at a lower magnetic field should be attributed to
H* hydrogen atoms of the pyridine rings coordinated to Hg"
bound by A*". No changes were observed in the chemical-
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in detail (Figures2 and 3). '"H-'H
COSY and NOESY measurements
(see Figures S9 and S10 in the
Supporting Information) clearly
indicated that when the [Hg 1g-A;, -
(TfO,,)4(TfO,y)s] capsule was
formed, each 'H NMR signal of 1
for the original [Hglgy (TfO,,)s -
(TfO,y)s] capsule was divided into
three signals with a 1:1:1 integral
ratio. If a bissulfonate A%~ connects
two adjacent Hg" centers (Fig-
ure 4 A), seven nonequivalent H” signals should appear as a
result of the C,, symmetry of the resulting capsule. If A*~
bridges two opposite Hg" vertices (Figure 4 B), the symmetry
of the capsule should belong to the D,, point group, and two
H" signals should therefore be observed in a 1:2 integral ratio.
However, both the C,,- and the D,,-symmetric structures are
inconsistent with the observation that the signals for the three
H’ hydrogen atoms appeared in a 1:1:1 integral ratio
(Figure 3H). In the final analysis, the NMR spectroscopic
data were best explained by the D,,-symmetric structure,
which is formed by distortion of the Dy,-symmetric structure
(Figure 4 C).[%

The dynamic behavior of [HgglgA, (TfO;,)s (TEOqy)s]
was revealed by 2D exchange spectroscopy (EXSY; Figure 5).
The spectrum showed that the three H* hydrogen atoms are
chemically exchangeable. The signal H** at 6 = 9.03 ppm was
assigned to H” of the pyridine rings coordinated to Hg" bound
by a sulfonate group of A’", and the other two signals at
around 6 =8.62 ppm, H*® and H*", were ascribable to H* of
the pyridine rings coordinated to Hg" bound by two axial
TfO™ ligands in light of the similarity of the chemical-shift
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Figure 4. Schematic representation of [Hg15-A,,- (TfO,,) 4 (TfO,..)] capsule complexes. A) A C,,-symmetric structure with one A’ ligand connecting
two adjacent Hg" centers; B) a D,-symmetric structure with one A*~ ligand connecting two opposite Hg' vertices; C) a D,,-symmetric structure
with one A’” ligand connecting two opposite Hg" vertices; this structure results from distortion of the D,,-symmetric structure.

values to those observed for [Hgglg (TfO,, )¢ (TfO4y)s]. The
rates of chemical exchange of these hydrogen atoms, k4_g),
k(a-c), and kz_c), were determined to be 0.23, 0.28, and 1.4 s
respectively, from the peak amplitude of these signals,
according to a procedure described in the Supporting
Information. This result indicates that fast and slow chemical
exchange corresponds to structural interconversion in the D,,
capsule and inner-capsule ligand exchange between A;,>~ and
TfO;, ™, respectively.

In the F NMR spectrum at 263 K of a solution containing
an 8.8:1 mixture of [Hgslg Ay, (TfO;,) 4 (TfO4y)s] and [Hegyly-
(TfO4,)6'(TfO4y)s], two signals for TfO;,” were observed at
0=2386.12 and 86.17 ppm in a 3:2 integral ratio. In light of the
contribution of [Hgglg(TfO;,)s(TfO,,)s] to the spectrum, we
concluded that the [Hgglg A, (TfO;,)s(TfO,,)s] capsule
showed two chemically nonequivalent TfO,,~ signals with
the same integral value. The observation of two nonequiva-
lent TfO;,” ligands is ascribable to D,, symmetry of the
[Hgels A, (TEO;,)4(TfOyy)s] capsule (Figure 4C). Interest-
ingly, these two different TfO,;,” signals became a single
broadened signal at 293 K. This result shows that the inner-
capsule ligand exchange of the TfO,,~ ligands of [Hgls A, -
(TfO4,)4(TfO,)¢] is relatively fast on the NMR timescale at
293 K, whereas the inner-capsule ligand exchange of A;*"
with TfO,,™ is rather slow on the NMR timescale at the same
temperature.

When two A%~ ligands were incorporated into the capsule,
broadened signals were observed in the 'H NMR spectrum
(Figure 3E), and the ’F NMR spectrum exhibited two main
signals for TfO,,” (Figure 2). These results suggest that further
distortion of the capsule takes place as a result of the steric
constraint between the two A ligands in [Hgslg(A;,)-
(TfO;,),(TfOuy)s]- A molecular-modeling study of four
possible structural isomers also suggested that a structure in
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which two A" ligands bridge two opposite Hg" vertices is
more stable than the other three isomers (see Figure S8 in the
Supporting Information).

In the two species [Hggls Ay (TfO;,)s(TfO,,)s] and
[Hgels (A)o(TfO;,),(TfOyy)6] , four and two exchangeable
TfO;, ligands remain inside the capsule, respectively. We
next examined further ligand exchange of these remaining
TfO,,” ligands with monosulfonate ligands.™ When
Me,NOTs (4 equiv) was added to [HgglgA, (TfO;,),-
(TtO,y)s], all four TfO;,~ ligands were replaced preferentially
with TsO~ ligands to form [Hgslg A, (TsOj,)s (TEOu)s]
(Figure 3F), as demonstrated by 'H NMR spectroscopy as
well as ESI-TOF mass spectrometry.'”! All H” signals of
[Hgelg A (TsO;,)4 (TfO,)s] Were shifted to a lower mag-
netic field (Figure 3F,I). This result indicates that all TfO;,~
ligands were replaced with A*~ and TsO~ and simultaneously
pushed out of the capsule, as confirmed by the lack of signals
found for TfO,,” in the '°F NMR spectrum (see Figure S1D in
the Supporting Information).'! Unfortunately, most of the
"H NMR signals overlapped with one another and did not
provide any useful information about the structure. However,
in terms of the structural similarity of [Hgslg Ay, (TsOy, )4
(TfO4y)s] to the [Hgelg Ay (TfO:,)4 (TfO4y)s] complex, it is
apparent that the bissulfonate A*~ of the [Hgglg A, (TSO;, )4~
(TfO,y)s] capsule bridges two opposite Hg*" vertices to
reinforce the capsule structure, as supported by the molec-
ular-modeling study (see Figure S8 and Table S2 in the
Supporting Information).

In conclusion, one or two rod-shaped bridging bissulfo-
nate ligands A?~ were successfully incorporated into an
octahedral Hg" nanocapsule by the site-selective ligand
exchange of inner TfO,;,” ligands to form the complexes
[Hgely Ay (TEO;,) 4 (TfO0u)s]  and  [Hgely (Ajy), (TO;,), -
(TtO,y)s], respectively. The nearly stepwise incorporation of
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Figure 5. Partial 2D EXSY spectrum of [Hgg1g-A,, (TfO;,) 4 (TfO4u1) 6]
(500 MHz, CD;CN, 293 K, mixing time: 0.7 s).

A*" was confirmed by ESI-TOF mass spectrometry, and the
structure of the [Hgglg A (TfO,,),(TfO,,)s] capsule was
characterized in detail by various NMR spectroscopic experi-
ments. Furthermore, the subsequent ligand exchange of
TfO;,” with TsO™ inside the capsule produced the complex
[Hgels Ajy (TsOyy )4 (TfO,y)s] with two different sulfonate
ligands inside. This synthetic strategy based on the use of
precisely designed bridging ligands for site-selective ligand
exchange has the great advantage that the position of
entrapped functional molecule(s) can be controlled. Further
investigations on the reactivity of other isostructural metal-
locapsules, the introduction of functional bridging bissulfo-
nates, and molecular recognition in the spatially well-con-
trolled interior of the capsules are currently underway.
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(TfO,,)¢"(TfO,y)s] complex was confirmed by '"H NMR spec-
troscopy in CD;CN prior to ESI-TOF mass measurement.

[11] In contrast, when the monosulfonate B~, which has a 4,4'-
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biphenyldiol moiety similar to that in A?~, was used, five TfO;,”
ligands of [Hggly (TfO;,)s (TfO,,)s] Were replaced with B~ (see
Figure S6 in the Supporting Information).

(12]

[13]

(14]

[15]

[16]
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If A* is located outside the capsule, the logD value of the
hydrogen atoms of A*~ should be larger than that of the capsule
structure in light of the observation that the logD value of
TfO,, is larger than those of both TfO;,” and the capsule part as
a result of the faster intermolecular ligand exchange of TfO,,~
ligands.

A molecular-modeling study suggested that the capsule struc-
ture, in which the two opposite Hg'"' vertices are linked by the
bridging ligand A", is more stable than the structure in which
A* bridges two adjacent Hg" centers (see Figure S8 and
Table S2 in the Supporting Information).

The ligand-exchange behavior of TfO;,” in the capsule contain-
ing A;,>~ depends mainly on the electronic nature of monosul-
fonate ligands and not on their molecular size (see the
Supporting Information for details).

The addition of Me,NOTs to [Hgls(A;,),(TEO;, ), (TEOu0)s)
also provided [Hglg Ay, (TsOi,)s(TfOuy)s] as a result of the
exchange of one A®" ligand and two TfO,,” ligands with four
TsO™ ligands. Thus, the same species with two different sulfonate
ligands inside the capsule was obtained through two different
pathways.

Upon the addition of Me,NOTs to [HgelgA;, (TsOy,)s-
(TfO,)s], the inner A;>" ligand was replaced by two TsO~
ligands, and finally [Hg1s(TsOj,)s (TfO,,)s] Was formed.
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