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ABSTRACT: Although there are many examples of cate-
nanes, those of more complex mechanically interlocked
molecular architectures are rare. Additionally, little attention
has been paid to the degradation of such interlocked systems
into their starting complexes, although formation and
degradation are complementary phenomena and are equally
important. Interlocked metallohelicate, [(Pd,L,),]%* (2%), is a
quadruply interlocked molecular architecture consisting of two
mechanically interlocked monomers, [Pd,L,]* (1**). 2% has
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three internal cavities, each of which encapsulates one NO;™ ion (1:3 host—guest complex, 22(NO;INO;INO,)**) and is
characterized by unusual thermodynamic stability. However, both the driving force for the dimerization and the origin of the
thermodynamic stability remain unclear. To clarify these issues, BE,~, PF,~, and OTf™ have been used to demonstrate that the
dimerization is driven by the anion template effect. Interestingly, the stability of 2% strongly depends on the encapsulated anions
(2D(NO;INO;INO;)** > 2D(BFE,IBF,IBE,)*"). The origins of this differing thermodynamic stability have been shown through
detailed investigations to be due to the differences in the stabilization of the interlocked structure by the host—guest interaction
and the size of the anion. We have found that 2-naphthalenesulfonate (ONs~) induces the monomerization of 22(NO;INO,|
NO,)** via intermediate 22 (ONsINO;|ONs)**, which is formed by anion exchange. On the basis of this finding, and using p-
toluenesulfonate (OTs™), the physical separation of 2D(NO5INO;INO;)>* and 1* as OTs™ salt was accomplished.

B INTRODUCTION

Mechanically interlocked molecular architectures such as
catenanes have received considerable attention because of
their topologically interesting structures and their potential
application to molecular machines."> Catenation requires the
assembly of two or more macrocycles. Clearly, this process is
entropically disfavored, and thus, for the rational synthesis of
such interlocked systems, the understanding and control of
structure-directing supramolecular interactions, such as hydro-
gen bonding, 77 interaction, and electrostatic interaction
between the macrocycles or between the macrocycles and an
auxiliary species (template), is of prime importance.
Catenanes have been synthesized by a number of
methods.'™® Undoubtedly, the most prevalent method is the
use of metal cations as templates, because their well-defined
coordination geometries and metal—ligand coordination
bonding are suitable for the association of components in a
controllable manner.'™ An analogous approach using anionic
species as templates also exists.*> For example, Beer’s group
reported the rational synthesis of a purely organic interlocked
system using a combination of the anion template effect and a
click reaction.”® Catenanes can also be formed without the use
of auxiliary template species. For example, Fujita’s group
reported that the fragment cis-[M(en),]** (M = Pd**, Pt*; en =
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ethylenediamine), along with bis-monodentate bridging ligands
form M,L,-macrocycles, which self-assemble to give [2]-
catenanes in almost quantitative yield with the aid of the
hydrophobic effect and favorable interactions between the two
macrocycles.®

Although there are many examples of catenanes, those of
more complex interlocked molecular architectures, such as
triply and quadruply interlocked molecular architectures, are
rare.”*”® To the best of our knowledge, there are only three
examples of quadruply interlocked species. One is a purely
organic species that consists of two mechanically interlocked
calix[4]arenes and was reported by Bohmer’s group.7f The
others were reported by us in 2008 (Figure 1)* and very
recently by Clever’s group.” In addition, little research has been
carried out on the degradation of such interlocked complexes
back to their starting complexes,®® though formation and
degradation are complementary phenomena and are equally
important, particularly in the fields of molecular machines and
switches and supramolecular polymers.

The quadruply interlocked molecular architecture, an
interlocked metallohelicate [(Pd,L,),]** (2%), is formed by
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Figure 1. Front and top views of the X-ray crystal structure of 2% and
a schematic representation of 2%*.%* The counterion is NO;~. Color
scheme: gray (carbon), white (hydrogen), blue (nitrogen), red
(oxygen), green (palladium).

the spontaneous dimerization of monomers, [Pd,L,]* (1**), in
the presence of NO,™ as a counterion (Scheme 1).** X-ray

Scheme 1. Spontaneous Dimerization of 1** into 2D(NO;|
NO,INO;)** in the Presence of NO,~

23(NO,INO,INO,

diffraction analysis revealed that 2% has three internal cavities
(cavity A X 2 + cavity B X 1) with nearly equal volumes (ca. 62
A3, Figure 1)’ and one NO;~ ion encapsulated per cavity
(Figure Sla in the Supporting Information). That is, 2** and
the three NO;~ ions form the 1:3 host—guest complex
2D(NO,INO,INO;)*" (“D” denotes encapsulation, and (NO,|
NO,4INO;) denotes that the NO,™ ions are encapsulated in
(cavity A | cavity B | cavity A)). Electrospray ionization-mass
spectrometry (ESI-MS) suggests that the three anions are
tightly trapped in 2% (Figure Slb in the Supporting
Information). 2D(NO;INO;INO;)** is also characterized by
its unusual thermodynamic stability.® Under given reaction
conditions (<80 °C), 2D(NO,INO;INO,)** barely monomer-
izes; however, it decomposes slowly to monomers when it is
subjected to heating at high temperature (>90 °C) for several
hours. Interestingly, the resulting monomers are almost
completely converted back to 2D(NO;INO;INO;)*" in
DMSO-dg at room temperature.® This re-formation is
remarkable, because dimerization is an entropically unfavorable
process, and in some cases, such as Fujita’s [2]catenanes, the

aid of the hydrophobic effect is indispensable for the complete
conversion of the macrocycles into the interlocked species.®
This behavior implies that a strong structure-directing supra-
molecular interaction is operating and stabilizes the interlocked
structure. To date, however, neither the driving force for the
dimerization nor the origin of the thermodynamic stability has
been clarified.

On the basis of the above backgrounds, we aimed to
elucidate the driving force for the dimerization and the origin of
the thermodynamic stability of 22(NO,INO,INO;)*", partic-
ularly in relation to the encapsulated anions. In addition, we
developed a method for the monomerization of 22(NO;INO;|
NO,)*" by anions carrying a sulfonate group. Herein, we report
the anion-directed formation and degradation of the
interlocked metallohelicate.

B RESULTS AND DISCUSSION

Preparation and X-ray Crystal Structure. To investigate
the role of the anion in the dimerization, three anions Y~ (Y~ =
BF,”, PF,", and OTf") were employed. The synthesis of bis-
monodentate bridging ligand L was reported previously.*
1(Y), were synthesized by straightforward methods. The
reaction of PdY, with 2 equiv of L in DMF at 60 °C for 1 h
followed by the addition of Et,O afforded 1(Y), as a white
precipitate. 1(Y), are soluble only in DMSO and DMF.

'H NMR and ESI-MS measurements confirmed the
formation of 1**. The a-pyridyl protons H, and Hj, experience
large downfield shifts due to the loss of electron density upon
complexation with the Pd** centers (Figure 2a—c). (The signals
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Figure 2. '"H NMR spectra (500 MHz, DMSO-dg, rt) of 1* in the
presence of 4 equiv of (a) BF,”, (b) PF,", and (c) OTf. The
symmetrically independent part of 1** is colored with green. Asterisks
denote CH,Cl,.

of H, and H, of free L appear at § = 8.70 and 8.54 ppm,
respectively.**) The highly symmetrical signal pattern (average
D,;, symmetry on the NMR time scale) indicates rapid P-form
< M-form inversion.®” The ESI-MS exhibits a series of ion
peaks corresponding to [1 + (Y),]*™" (n = 0—3). Compared to
the signal of H, in the presence of PF,~ or OTf (6 = 9.40
ppm), that in the presence of BF,™ appears at a more downfield
region (6 = 9.51 ppm), indicating host—guest complexation
between 1*" and BE,".

1(OTY), afforded single crystals for X-ray diffractometry. The
colorless crystals of 1(OTf), grew slowly from a DMF solution
of 1(OTf), at room temperature, following the diffusion of 1,4-
dioxane vapor into the solution. Fi%ure 3a shows the X-ray
structure of 1* (triclinic, PT1)."” The crystallographic
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Channel B

Figure 3. (a) ORTEP drawing (30% probability ellipsoids) of the X-
ray crystal structure of 1**. The counterion is OTf". Color scheme:
gray (carbon), white (hydrogen), blue (nitrogen), red (oxygen), green
(palladium). (b and c) Space-filling illustrations of the crystal structure
of 1*" viewed along the [010] axis and the [100] axis, respectively.
OTf ions are not shown. In panels b and ¢, 1*" is colored in blue or
green.

parameters are compiled in the Supporting Information. The
symmetry of 1*" is significantly lower than that of the complex
in the solution. Most likely, this difference results from the
flexible framework of 1** and packing effects; the stacking of 1**
along the [100] axis “squashes” it (Figure 3b). C—H--z and
-7 interactions are present between the neighboring bridging
ligands. The Pd**/Pd** separation is 16.14 A. There are two
types of channels penetrating through the crystal (channel A
and channel B, see Figure 3c). One of the two OTf™ ions was
located in channel B, without any interaction with the Pd**
centers. The other OTf™ ion could not be located.""

Anion Template Effect. DMSO-d; solutions of 1(Y), (5.0
mM) were heated at 60 °C for 24 h. Interestingly, in the cases
of Y° = PF, and OTf, no dimerization occurred at all
(Scheme 2a). Prolonged heating of the solutions did not induce
dimerization. Thermal treatment at 80 °C gave the same
results. On the other hand, in the case of Y~ = BF,”, similar
heating afforded a new species in 7.7% yield.'* (15.4% of 1*
was converted to the new species.)

The signal pattern of the new species (Figure 4a), which is
characterized by 14 independent signals and a large upfield shift
of one of the two methylene protons (AS(H,) = —1.53 ppm),
is similar to that of 2D(NO;INO;INO;)** (Figure 4b). The
large upfield shift of H, in 22(NO,INO,INO,)*" results from a
shielding effect, because methylene proton H, lies on a benzene
ring of a neighboring strand of 2** (Figure 4b, inset). Thus, this
upfield shift is one piece of evidence for the interlocked
structure. 'H DOSY confirmed that the new species is an
interlocked metallohelicate, because its diffusion rate is very
similar to that of 2D(NO;INO;INO;)*>" (Figure S2a in the
Supporting Information). The NMR and ESI-MS measure-
ments demonstrate that the new species is 2D(BF,IBF,/BF,)>*
(Figure S2 in the Supporting Information). The signals of the
encapsulated BF,~ ions appear at 6 = —142.9 and —144.4 ppm
with relative signal intensities of 2:1. The signal of free BF,~
appears at 6 = —148.3 ppm, indicative of slow anion exchange
on the NMR time scale. The relative position of two
interlocked 1* in 2D(BF,IBF,IBF,)** is similar to that in
2D(NO5INO;INO,)>, because the chemical shifts of H,—H,

Scheme 2. (a) Thermal Reactions of 1(PF), and 1(OTf),“
(b) of 1(BE,),,” and (c) of 1(BE,), with 4 equiv of NO,~,
PF,~, and OTf as the (n-Bu),N* Salts®
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“No dimerization occurred. “The reaction afforded 2>(BF,BF,|
BF,)>" in 9.7% yield at the equilibrium state. “The reaction afforded
25(NO,INO,INO,) .

which are susceptible to the relative position of two interlocked
1*, are very similar to each other. Attempts to crystallize
2D(BF,IBF,IBF,)>* were unsuccessful.

The thermal reaction of 1(BF,), at 60 °C for 48 h led to an
equilibrium state in which 2D (BF,BF,IBF,)*" was formed in
9.7% yield (19.4% conversion). No other species, including the
1:1 and 1:2 host—guest complexes of 2°" and BF,”, were
observed in the 'H and "F NMR spectra. These results
indicate that an equilibrium is established between 25 (BF,IBF,|
BF,)*" and monomer and that the equilibrium position lies
with monomer (Scheme 2b). This is in contrast to the thermal
reaction of 1* in the presence of NO;~, in which the
equilibrium position lies far toward 22(NO;INO;INO;)%", as
mentioned earlier.** The inability of PF,~ and OTf™ to induce
dimerization and the strong dependency of the equilibrium
position on the encapsulated anion demonstrate that the
dimerization is driven by the anion template effect.

The fact that the anion templates are essential for the
dimerization indicates that the interlocked structure itself is not
thermodynamically stable and that the interaction among the
bridging ligands of 2** (C—H---x and 77 interactions, and van
der Waals contacts®®) alone is insufficient to stabilize the
interlocked structure. It is not until 28" and the three anions
form the 1:3 host—guest complex that the interlocked structure
is stabilized. This is in contrast with other multi-interlocked
systems. For example, the triply interlocked systems reported
by Cooper’s”® and Fujita’s’® groups do not require auxiliary
template species. A similar result was very recently reported by
Lindoy’s group.7h They demonstrated that a triple-stranded
helicate undergoes a spontaneous structural conversion to a
universal three-ravel structure without an auxiliary template
species. In these examples, self-templating stabilizes the
entangled structures, and the structural conversion proceeds
without requiring auxiliary template species. To understand the
detailed mechanism of the dimerization, the origin of the anion
template effect was investigated.
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Figure 4. "H NMR spectra (500 MHz, DMSO-d,, t) of (a) an equilibrium mixture of 2D(BF,IBF,IBF,)** and monomer and (b) 22(NO;INO;|
NO,;)*". In part a, ® denotes monomer. Monomer = 12J(BE,),*™ (x = 0—2). The symmetrically independent part of 22(XIXIX)*" is colored with

red and blue (X~ = NO;~, BF,”).

Anion Competition Experiment. An anion competition
experiment was carried out to investigate the relative affinities
of 2%* for NO,~, BF,”, PF¢, and OTf". Adding NO;™, BE,",
PF;", and OTf as the tetrabutylammonium (n-Bu),N* salts
(20.0 mM each) to a DMSO-d, solution of 1(BF,), (5.0 mM)
([1**]):[NO;™]:[BE, ]:[PF¢ ]:[OTf ] = 1:4:4:4:4) followed by
heating of the solution at 60 °C for 48 h afforded 2D(NO;|
NO,INO;)*" as the sole reaction product (Scheme 2c)."> 'F
NMR spectroscopy confirmed the selective encapsulation of
NOj;7, because the spectrum exhibited only signals of free BF,”,
PF,~, and OTf~ (Figure S3 in Supporting Information). These
results demonstrate that (i) 2% exhibits a much higher affinity
for NO;™ than BF,~; (ii) once 2D(NO5INO,INO;)** is formed,
no anion exchange (NO;~ — BF,”, PF,", and OTf") occurs;
and (iii) 2D(NO;INO;INO;)*>" is thermodynamically much
more stable than 2D(BF,IBF,IBF,)"*.

Since 2D(XIXIX)** (X~ = NO;~, BF,") is a 1:3 host—guest
system, the selective anion encapsulation, tight binding, and
different thermodynamic stabilities should result from favorable
host—guest interactions and the suitable size of NO;™ as an
anion template. The anion recognition properties of 2°* are
closely related to those of 1*', because 2% consists of two
mechanically interlocked 1**. To clarify these factors, we have
investigated (i) the anion recognition properties of 1*' for the
three anions (NO;~, BF,”, and PF¢"); (ii) the relationship
between the cavities of 2%* and the anions in terms of their
Rebek’s packing coeficients;'* (jii) the host—guest interaction
between 1*' and X7, as well as between 2°* and X7, using
model host—guest complexes of 1** and X~ (1, D(X)) and 2%
and X~ (2yD(X)), respectively; and (iv) the kinetics of the
NO; -induced dimerization.

i. Anion Recognition. The anion recognition properties of
1* for NO,~, BF,, and PF,~ were investigated by '"H NMR
titration experiments. The experiments were carried out by the
addition of 0.5—8 equiv of NO;~, BF,”, or PF, as the (n-
Bu),N* salt to a DMSO-d solution of 1(OTf), (1.0 mM) at
room temperature. The 'H NMR spectra were recorded
immediately after the addition of the anion. Previously, it was
demonstrated that 1** exhibits a negligible affinity for OTf~ 8o

Parts a and b of Figure 5 show the chemical shift changes of
H, and Hjy, respectively, upon addition of NO;~, BF,”, and
PF". 1** recognizes NO;~ and BE,”, but not PFs". NO;~ and
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Figure 5. Chemical shift changes of (a) H, and (b) H,, of 1** during
NMR titrations of NO;~ (O), BF,~ (A), and PE,~ (O).

BF,” are encapsulated in the cavity, because only the a-pyridyl
proton H, experienced a downfield shift, probably due to the
C—H,~-O (NO;") and C—H,-F (BF,”) hydrogen bonding.
Unlike the anions in 2%, the exchange rate is rapid on the
NMR time scale. This rapid exchange is due to the cavity of 1**
being sterically less crowded than that of 2%, which facilitates
the passage of the anion and solvent molecules in and out of
the cavity.

The titration experiments were analyzed by a nonlinear least-
squares fitting procedure using the WinEQNMR2 program.'®
The titration curves could be best fitted to a 1:2 host-to-guest
ratio (Figures S4 and SS in the Supporting Information). This
result is reasonable, because 1** has the two Pd>* centers. The
calculated association constants, log;o(K,;) and log;o(K,),
where K, = [1D(V)*]/{1*][Y7]}, K, = [15(Y),""]/
{[1*]1[Y"]*}, and Y~ = NO;~ or BF,, are listed in Table 1.
As expected, 1** exhibits a strong affinity for NO;~ but a weak
affinity for BF,”. The anion recognition properties of 1* for
the four anions are in good agreement with the coordination

Table 1. Association Constants, log,(K,,), log,o(K,), and

log,o(K,,), for the Complexation of Anions by 1*
anion Y~ log;o(K,p)” 10810(Ka)b log;o(Ky)*
NO;~ 3.7(2) 59(2) 22
BF,” 2.41(8) 3.6(4) 12
OTs™ 2.9(3) 5.1(5) 22
ONs™ 3.01(10) 5.57(14) 2.6

Ky = (1D IADIY . PK, = (100,140 K,

= K, /K, = [12(Y),>*1/{[12(Y)*][Y"]}. “Reference 8b.
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ability of the anions, i.e., strong (NO;"), weak (BF,”), and very
weak (PF,-, OTf), indicating that not only electrostatic
interactions but also the Lewis basicity of the anions affects
host—guest complexation. Most likely, the size of the anions is
not very important for the host—guest complexation, because
the cavity volume of 1** (ca. 406 A%)® is much larger than the
anions. In all cases, Ioglo(Kaz) (=10g10(1<a) - logm(Kal); K, =
[12(Y),>]/{[12(Y)**][Y"]}) is smaller than log;o(K,,),
indicating a negative allosteric effect on the inclusion of the
second anion, probably due to electrostatic repulsion between
the first and second anions. The titration experiments suggest
that the strong affinity of 2** for NO;~ originates in part from
the strong affinity of 1** for NO;™.

ii. Packing Coefficient. The packing coefficient (PC) is
defined as PC = nVy,eq/Veayityy Where n = the number of guests
encapsulated in a cavity, Vg = the volume of the guest, and
Veaviey = the volume of the cavity.14 Rebek’s group demonstrated
that a PC of 0.55 + 0.09 gives the best binding constants for
resulting host—guest complexes. The anion volumes'® of NO;~,
BF,”, and PF;~ and the PCs of these anions in the cavities of
2%* (ca. 62 A®) are listed in Table 2. The PCs demonstrate that

Table 2. Anion Volumes (A*) and Packing Coefficients
(PCs)

anion volume /A3? pc?
NO;~ 34 0.55
BF,” ) 0.68
PE, 58 0.94

“Anion volume.*® ¥PC = 1V guest/ ch-ty-H

NO;™ and BF,” can be templates for the interlocked structure,
whereas PF,~ cannot, because PF¢~ is too large to be
encapsulated in the cavities [PC(PF¢~) = 0.94]. Plainly, OTf"
is larger than PF4~ and cannot be a template either. These are
consistent with the inability of PF,~ and OTf to induce
dimerization. The PCs also indicate that NO;~ is an ideal
template, whereas BF,” is not, because its PC is close to
Rebek’s limiting value (PC = 0.70).

The shape of the anions (NO;7, trigonal; BF,”, tetrahedral)
is not very important. 22 (BF,BF,IBF,)** and 22(NO,INO;|
NO,)*" adopt an average D,, symmetry on the NMR time
scale, irrespective of the symmetries of the encapsulated anions
(Figure 4, parts a and b, respectively). These observations
indicate that the encapsulated anions are tumbling, rather than
being locked in one orientation.

iii. Host—Guest Interaction. Density functional theory
(DFT) calculations'”'® of the model host—guest complexes,
1,,2(X) and 24,D(X), in which anion X~ is placed between two
[Pd(py),]** (py = pyridine) units (Figure 6), were carried out.

g Y N =

— Pd* Q”@J—Pahhn@ [Pd(py),F
H H H
H H H

o N =

X pge QN@T.PG-—L-NQ [Pd(py),F

d,

PdPd

Figure 6. Schematic representation of the model host—guest complex
and the definition of dpy;pg, which is fixed to 16.14 A for 1, D(X) and
to 8.32 A for 2, D(X).
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The Pd**/Pd*" separations (dpypg) were fixed to dpypg = 16.14
A for 1,;D(X) and dpy;pg = 8.32 A for 2 D(X). These values
are the Pd**/Pd** separations of the X-ray crystal structures of
1** (Figure 3) and 2% (Figure 1),** respectively. The energy-
minimized structures were calculated at the B3LYP/6-31G(d,p)
level, and the results are shown in Figure S6 in the Supporting
Information. In addition, those of 1,,D(NO;) and 2,,0(NO;)
are also shown in parts a and b of Figure 7, respectively. The
selected interatomic distances of 1 D(X) and 2, D(X) are
listed in Tables S1 and S2, respectively, in the Supporting
Information.

4 = H_ X~ hydrogen bonding
1 = Pd*---X electrostatic interaction

4 = H X hydrogen bonding
4 x H X" hydrogen bonding
2 x Pd**-- X" electrostatic interaction

25 (X X|X)*
X-=NO., BF,

2, D(BF,)
Dihedral angle

16.1

Figure 7. Schematic representation of the environments around the
anions (a) in the cavity of 1** and (b) in cavity A of 2%. (Right)
Energy-minimized (B3LYP/6-31G(d,p)) structures of (a) 1,,D(NO,)
and (b) 2,,D(NO;). In part a, one of the two [Pd(py),]*" units remote
from the NO;™ ion is omitted. (c) van der Waals representation of the
model host—guest complexes of 2, D(NO;) and 2, D(BF,). Color
scheme: gray (carbon), white (hydrogen), orange (boron), blue
(nitrogen), red (oxygen), green (fluorine), purple (palladium).

As indicated by the chemical shift of H, in 1*" in the presence
of X~ and those of H,, H,, and H, in 2D(XIXIX)"*, the DFT
calculations suggest the presence of hydrogen bonding between
the a-pyridyl hydrogen atoms and X™. In addition, the oxygen
atom of NO;™ and the fluorine atom of BF,” point to the Pd**
center, which may imply an interaction between the lone pair of
the anion and the d,? orbital of the Pd** center. The Pd**---O
distances are 2.761 A for 1,;D(NO;) and 3.111 and 3.101 A for
2,D(NO;). The Pd*"--F distances are 2.826 A for 1,,0(BF,)
and 3.058 and 3.206 A for 2y,D(BF,). The longer Pd**---X~

dx.doi.org/10.1021/ja303634u | J. Am. Chem. Soc. 2012, 134, 10987—10997
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distances in 2);D(X) are due to the anion interacting with the
upper and lower Pd** centers at the same time. Interestingly,
the dihedral angles between the mean planes defined by the
Pd**—N, coordination site of 2,;2(X) are 6.6° (X~ = NO;~)
and 16.1° (X~ = BF,”) (Figure 7c). The large dihedral angle of
2, D(BF,) results from the larger size of BF,” in comparison
with NO;™.

The enthalpies of host—guest complexation per one anion in
the gas phase [AH(X™, dpy/pq)] were calculated at the B3LYP/
6-311G*(d,p) level, and the results are listed in Table 3. The

Table 3. Enthalpies of Host—Guest Complexation Per One
Anion [AH(X", dpg/pg)] in the Gas Phase (B3LYP/6-
311G*(d,p) level)

anion X~ AH(X", 16.14 A)/kJ] mol™ AH(X™, 8.32 A)/kJ mol™
NO;~ —802.3 —1012.8
BE,” —776.7 —992.7

model hosts exhibit a much higher affinity for NO;™ than BE,~
in the two different dpy;pg. For example, in the case of 1y,2(X),
AH(NO;, 16.14 A) — AH(BF,, 16.14 A) = —25.6 k] mol™".
These theoretical calculations are in good agreement with the
results of the anion competition and the "H NMR titration
experiments.

Importantly, IAH(X™, 8.32 A)l is considerably larger than
IAH(X™, 16.14 A)l. That is, the dimerization enhances the
host—guest interaction. This enhancement is due to the anion
interacting with both the [Pd(py),]*" units (Figures 7b and S6¢
and S6d in the Supporting Information). The observed 'H
NMR spectra support the relationship IAH(X", 8.32 A)l >
IAH(X™, 16.14 A)l. The signals of H,, Hy, and H, of 2D(BF,|
BF,IBF,)*" and 2D(NO,INO;INO,)*" appear at a more
downfield region (Figure 4a and 4b) compared to those of
H, and Hj of 1*" in the presence of BF,” or NO;, indicating
that the three anions in 22(XIXIX)*" form stronger hydrogen
bonds with the surrounding a-pyridyl hydrogen atoms.

iv. Kinetics. DMSO-dg solutions of 1(NO;), (2.0 mM) were
subjected to heating at given temperatures, and the variations in
the concentrations of monomer and 2D(NO,NO,INO;)**
were examined by 'H NMR spectroscopy. The plots of
[monomer]™ as a function of reaction time at the different
temperatures exhibit a linear relationship (Figure S7 in the
Supporting Information), indicating a second-order reaction.
That is, the collision of two monomers is the rate-determining
step. This result is reasonable, because the host—guest
complexation between 1** and NO,~ is much faster than the
dimerization."”” No direct formation of 22(NO;INO;INO,)>*
from the starting materials (Pd*, L, and NO;) can be
explained, because the self-assembly of the 15 components (4 X
Pd** + 8 Xx L + 3 X NO;”) to form one supramolecular
complex is entropically disfavored. The activation energy for
the dimerization is estimated to be +108.9 kJ mol™"' by the
Arrhenius plot (Table S3 and Figure S8 in the Supporting
Information).

Dimerization. The DFT calculations demonstrated that the
dimerization enhances the host—guest interaction, and thus,
this interaction is the principal driving force of the dimerization.
In addition, compared to BF,”, NO;~ strongly stabilizes the
interlocked structure [AH(NO;™, 8.32 A) — AH(BF,~, 8.32 A)
= —20.1 k] mol™']. The contribution of the interactions
between the bridging ligands of 2** to the driving force is not

sufficiently large, because no dimerization occurs without a
suitable template species, as mentioned earlier.

On the other hand, the dimerization considerably decreases
the cavity volume from ca. 406 A® (one big cavity of 1**) to ca.
62 A® (for each of the three cavities of 2%*). Clearly, the steric
complementation between the host cavity and the template is
an important factor for the template-directed self-assembly. For
example, Fujita’s group reported that a tubular supramolecular
complex is formed only when an organic carboxylate of a
suitable size and shape coexists in solution.”® In the present
case, the size of the anions affects the stability of the interlocked
structure due to the anions tumbling in the cavities. From the
PC of BF,” (Table 2) and the energy-minimized structure of
2, D(BF,) that has the large dihedral angle between the two
Pd—N, sites (Figure 7c), the three BF,” ions impose strain on
2%, whereas the three NO;™ ions do not, as suggested by the
DEFT calculation and evidenced by the X-ray crystal structure of
2%* (Figure 1), in which the mean planes of the two Pd—N,
sites are coplanar.

These differences, ie, the host—guest interaction and the
size of the anions, result in the different anion template effects
of NO;~ and BF,” and are the origin of the different
thermodynamic stabilities of 2D(NO;INO;INO;)%* and
2D(BF,|IBF,IBF,)"".

Monomerization Induced by 2-Naphthalenesulfo-
nate. There are several examples of structural interconversions
driven by the anion template effect.*' For example, Lehn et al.
reported that anion exchange induces a structural interconver-
sion between pentanuclear and hexanuclear helicates.”*® These
examples demonstrate that even a tiny difference in the nature
of the anions may drastically affect the product distribution of
the final assemblies. The driving force for these structural
interconversions is the stabilization of one particular assembly
over another due to favorable interactions between the
assembly (host) and the template (guest), and thus, the final
assembly represents a minimum in the energy profile of the
system based on a combination of enthalpic and entropic
factors.”

In the present case, the high thermodynamic stability of
2D(NO;INO4INO,)*" originates from the large enthalpic
stabilization of the interlocked structure by the host—guest
interaction and the suitability of NO;™ as the anion template.
Thus, if a molecule expels the NO; ™ ion(s) from 22(NO5/NO,|
NO,)*", monomerization should occur. In addition, if such a
molecule forms a stable host—guest complex with resulting 1**,
dimerization would be obstructed to a certain extent.

Previously, we reported the 1:2 host—guest complex of
and 2-naphthalenesulfonate (ONs~) in DMSO-d (Figure 8).8b
"H NMR spectroscopy and X-ray diffraction analysis revealed
that the sulfonate group of ONs~ exhibits a relatively high
affinity for the Pd*" centers due to Pd*--O;SR™ interaction
and C—H,-O;SR™ hydrogen bonding. These interactions
encourage host—guest complexation with relatively high
association constants (Table 1). Thus, it was expected that
ONs~ may expel the NO,™ ion(s) from 22(NO;NO,/INO;)**
through anion exchange. In addition, this anion alone cannot
induce dimerization.®® On the basis of these backgrounds, we
have attempted monomerization of 22 (NO,INO;INO,)*" with
ONs™.

The thermal reaction of [2D(NO;INO,INO;)](NO;); (2.0
mM) with 8 equiv of ONsas a sodium salt in DMSO-dj at 60
°C was carried out ([2D(NO;INO;INO;)%*]:[NO;™]:[ONs~]
= 1:5:8, reaction condition I). As expected, monomerization

14+
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Figure 8. ORTEP drawing of the X-ray crzstal structure of
[1D(ONs),](ONs), (50% probability ellipsoids).*” In the solid-state,
the Pd** centers form pseudo-octahedral coordination geometry due
to the occupancy of the axial positions by the oxygen atoms of the
ONs” ions. Color scheme: gray (carbon), white (hydrogen), light-blue
(nitrogen), red (oxygen), green (palladium), blue (ONs~). Green and
red dotted lines denote Pd**---O,SR™ interaction and C—H-+-O,SR”
hydrogen bonding, respectively.

occurred. The equilibrium was established after ca. 72 h, and
the reaction afforded monomer in 28.0% yield'” (14.0% of
2D(NO;INO;INO,)’* was monomerized). Interestingly, a trace
amount of a new species was detected. To promote
monomerization, a thermal reaction under a higher concen-
tration of ONs™ (24 equiv) was carried out ([2D(NO;INO;|
NO,)*"]:[NO;7]:[ONs~] = 1:5:24, reaction condition II).
Again, the solution contained only 2D(NO;INO,INO,),
monomer, and the new species throughout the reaction
(Figures 9 and S9 in the Supporting Information). This new
species is neither a 1:1 nor a 1:2 host—guest complex of 2** and
NO;™ and is not the host—guest complex of 1* and ONs~,
because none of these host—guest complexes were observed in
the previous studies.® No monomerization occurred when
naphthalene was used instead of ONs~, indicating that the
affinity of the sulfonate group for the Pd** center plays a crucial
rule in the monomerization.

The signal pattern of the new species, which is characterized
by the splitting of the signals of the bridging ligand, is very
similar to those of 2D(NO4NO,INO;)** and 2D(BF,BFE,l
BF,)"*. 'TH-DOSY confirmed that this species is an interlocked

metallohelicate, because its diffusion rate is very similar to that
of coexisting 2D(NO;INO;INO;)** (Figure S10a in the
Supporting Information). The NMR and ESI-MS measure-
ments indicate that the new species is 22(ONsINO;/ONs)™*,
where the sulfonate groups of ONs™ are encapsulated in cavities
A (Figure S10b—d in the Supporting Information). In
2D(ONsINO4IONs)*, two interlocked 1* slide apart to
expand cavities A to encapsulate the sulfonate group of
ONss™, while at the same time, cavity B contracts, and the NO;~
ion is encapsulated more tightly [AS(H,) = +1.46 ppm],
resulting in a weakened shielding effect [AS(H,) = +0.76 ppm)
(Figure 9). An attempt to crystallize 22(ONsINO;|ONs) was
unsuccessful.

The host—guest complexation between 1* and ONs~ was
confirmed by the characteristic downfield shift of the signal of
H, in 1*" [AS(H,) = +0.66 ppm, compared to the signal of H,
of 1** in the presence of NO;~ alone].* This downfield shift is
due to C—H,-O;SR™ hydrogen bonding. In addition, in
contrast to the thermal decomposition of 2D(NO;INO;
NO,)**, in which the resulting monomers almost completely
converted back into 2D(NO;INO;INO;)*"* the product
distribution remained unchanged at room temperature,
indicating that the host—guest complexation between 1*" and
ONs™ obstructs the dimerization.

Intermediate. Figure 10 shows the time course of the
product distribution of 22(NO4/NO,/NO,)%*, monomer, and
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Figure 10. Time course of the thermal reaction of [2D(NO;NO;|
NO;)](NO;), (2.0 mM) with ONs™ as sodium salt (48.0 mM). O, @,
and A denote 2D(NO;INO;INO;)**, monomer, and 2D(ONsINO;|
ONs)™, respectively. Monomer = 13(N03)x(ONs)y4_(’”y) (x+y=
0-2).

2D(ONsINO;/ONs)®*. The reaction reached an equilibrium
state after ca. 125 h, at which the product distribution of
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Scheme 3. Equilibrium among the Three Supramolecular Complexes 22 (NO;INO,INO;)3*, Monomer [13(N03)x(ONs)y4_("+" )

(x + y = 0—2)], and 22(ONsINO;|ONs)**

Route B

+2xONs™ + 1xNO,

23(NO,INO,INO,)*

25(ONs|NO,[ONs)*

Pd-N bond
cleavage

@ 12(NO,),(ONs) “*%

— &

\j

’ © = anior

15(NO,) (ONs) 7

i

| (x+y=02)

Route A
+3xNO,

22(NO;INO,INO;)**, monomer, and 22(ONsINO;IONs)**
was 40.7%, 84.6% and 17.0%, respectively'” (42.3% and
17.0% of 2D(NO;INO,INO;)>* was converted to monomer
and 2D(ONsINO;IONs)**, respectively). Figure 10 (inset)
shows that 2D(ONsINO;IONs)®* increased immediately,
followed by an increase in monomer. For example, at a
reaction time of 4 h, 10.5% and 14.6% of 22(NO;INO,INO;)**
was converted to monomer and 2D(ONsINO;IONs)™,
respectively. After ca. 10 h, the concentration of 2D(ONil
NO,IONs)*" reached a plateau (17%—18%), suggesting that
2D(ONsINO;IONs)®* is an intermediate and that an
equilibrium was established among the three supramolecular
complexes. This assumption is supported by the thermal
reaction of [1D(ONs),](ONs), (1.0 mM) with a low
concentration of NO;~ as the (n-Bu),N* salt (0.5 mM) in
DMSO-dg at 60 °C. The reaction afforded 22(ONsINO,|
ONs)*" as the sole reaction product (Figure S11 in the
Supporting Information).

Structural Interconversion. Scheme 3 shows the equili-
brium among 2D(NO;INO;INO;)**, monomer, and 22 (ONsl
NO,|ONs)**. Under the reaction condition II ([2D(NO5NO,|
NO;)**]:[NO;"]:[ONs™] = 1:5:24), 40.7% of 2D(NO,INO;|
NO,)*" still exists at the thermal equilibrium, despite the
presence of an excess amount of ONs™. This result indicates
that 2% exhibits a higher affinity for NO;~ than ONs™.
Therefore, the equilibrium position of the eq 1 lies to the left
side.

25(NO,|NO,|NO,)* + 20Ns ===22(ONs|NO,|ONs)**+2NO," (1)

Figure 9 shows that 22(ONsINO,|ONs)** adopts an average
D,;, symmetry on the NMR time scale and that there is only
one set of the signals of ONs™, indicating rapid anion exchange
(ONs™ in 2% < free ONs™ <> ONs™ in 1**) on the NMR time
scale. Because the anion templates are essential for sustaining
the interlocked structure, the dissociation of ONs~ from
2D(ONsINO,IONs)®* destabilizes the interlocked structure.
Therefore, the resulting unstable complexes monomerize via
the Pd**—N bond cleavage or capture ONs~ or NO;~ to go
back to 2D(ONsINO;IONs)** or convert to 2D(NO,INO;|
NO;)**, respectively (Scheme 3).

Whether resulting 1* dimerizes depends on the relative
concentrations of NO;~ and ONs™. These anions compete with

10994

each other for the host—guest complexation with 1*.
Therefore, the following equilibrium is established in solution:
In the case of [NO;~] ~# [ONs~], the equilibrium position of

eq 2 lies to the left side, because 1** exhibits a higher affinity for

1D (NO,)(ONs)>

+ ONs// ONs + No;\\\\- NO,
-NO; + ONs-

1D(NO ) *===1D(NO,)* 12(ONs)* =—=12(ONs),*

+NO~ / - ONs~
-NO,- NO_- -ONs +ONs~
14+

NO,~ than ONs~ (Table 1), and the dimerization proceeds
mainly via route A, in which two 1*" and three NO;™ ions
afford 2D(NO;INO,INO,)*>* (Scheme 3). With increasing the
concentration of ONs”, the equilibrium position shifts toward
the middle to the right side, and route B, in which two 1*, two
ONs™ ions, and one NO;™ ion afford 22(ONsINO;/ONs),
begins to compete with route A. In the case of [NO;™] <
[ONs~], the dimerization is to a large extent obstructed by the
formation of 1D(ONs),.

The product distribution at the thermal equilibrium under
the given reaction conditions can be explained as follows.
Under the reaction condition I ([2D(NO;INO;INO;)>*]:
[NO;7]:[ONs™] = 1:5:8), only 14.0% of 2D(NO;INO,!
NO;)>* was monomerized, and a trace amount of 22(ONil
NO;|ONs)** was formed. This result is because under the given
reaction conditions, the anion exchange on 2D(NO,NO;|
NO,)** proceeds slightly, and 1** dimerizes mainly via route A.
Under the reaction condition II, 42.3% of 2D(NO5NO,!
NO;)>* was monomerized and 17.0% of 22(ONsINO;/ONs)>*
coexisted in the solution. This occurs because under the high
ONSs™ concentration, the probability of the anion exchange on
2D(NO;INO4INO;)*>" becomes high and monomerization
proceeds efficiently, route B competes with route A, and the
dimerization is to a large extent obstructed by the formation of
1D(ONs),.

Solid—Solute Equilibrium. Although ONs™ induces
monomerization, both 22(NO;NO,NO;)** and monomer
still coexist in the solution. Finally, we have attempted to
physically separate 22(NO;INO,INO;)>* and monomer.

dx.doi.org/10.1021/ja303634u | J. Am. Chem. Soc. 2012, 134, 10987—10997
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Previously, we reported that the host—guest complexation of
1* and p-toluenesulfonate (OTs™) affords the barely soluble
precipitate [1D(OTs),](OTs),.*" Because OTs ™ also exhibits a
relatively high affinity for 1** (Table 1), it was expected that
OTs™ would also induce the monomerization of 22(NO;/NO;|
NO,)**, and resulting 1*" and OTs™ would then associate
together to form the precipitate [1D(OTs),](OTs),.

Adding 8.2 equiv of OTs™ as the (n-Bu),N* salt to a DMSO-
dg solution of [2D(NO;INO;INO,;)](NO,;)s (2.7 mM)
([22(NO5INO,INO;)**]:[NO;™]:[OTs™] = 1:5:8.2) followed
by stirring at 60 °C yielded the white precipitate [1D(OTs),]-
(OTs),. After heating for 96 h, the reaction reached an
equilibrium state (Figure 11). The product distribution was

the solution at the equilibrium state and of the precipitate
dissolved in DMSO-d, (suspension) are shown in parts a and b
of Figure 12, respectively. The solution contained 2D(NOj|
NO,INO,)*" and a trace amount of monomer, while the
suspension contained only monomer and there are none of the
signals of (n-Bu),N*. These results indicate that OTs™ induces
monomerization and the formation of the precipitate
[1D(OTs),](OTs),, whereas a slight amount of [1D(OTs),]-
(OTs), dissolves in the solution and dimerizes to give 2D(NO|
NO;INO;)*" via anion exchange. Apparently, OTs~ promotes
monomerization more efficiently than ONs™. However, this is
due to the barely soluble nature of [1D(OTs),](OTs),. That is,
the precipitation promotes monomerization due to Le
Chatelier’s principle. Because of this behavior, we could
accomplish the physical separation of the monomer and the
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Figure 11. Time course of the thermal reaction of [2D(NO;NO;|
NO,;)](NO;)s (2.7 mM) with OTs™ as the (n-Bu),N* salt (22.1 mM).
® and O denote monomer and 2D(NO,INO,INO,)**, respectively.
Monomer = 12(0Ts),*™ (x = 0-2).

determined by integrating the signals of 22(NO;INO;INO;)**
and (n-Bu),N*.**> The proportion of [1D(OTs),](OTs),
(precipitate) and 22D (NO3INO4INO,)** (solute) at the thermal
equilibrium was 136% and 32%, respectively. This result
indicates that 68% of 2D(NO;NO,NO;)** monomerized.
Intermediate 2D(OTsINO5IOTs)> was not detected due to
[NO,;7] > [OTs™] in the solution.** The 'H NMR spectra of

interlocked metallohelicate.

B CONCLUSIONS

We have demonstrated that the dimerization of 1*" is driven by
the anion template effect. The thermodynamic stability of
2D(XIXIX)>* strongly depends on the encapsulated three
anions X~ (X~ = NO;, BE, ™). In the case of X~ = NO;, the
equilibrium position lies far toward 22 (NO,/NO,INO,)**, and
monomerization is difficult, whereas in the case of X~ = BF,”,
the equilibrium position lies toward monomer, and only a small
amount of 2D(BF,IBF,IBF,)* is formed at the thermal
equilibrium state. The experimental results, Rebek’s packing
coefficients (PCs), and DFT calculations all support the
proposal that the difference in the thermodynamic stability
originates from both the host—guest interaction between 2%
and X~ and the size of the anion. The high affinity of 2%* for
NO;™ and the ideal size of NO;™ as an anion template (PC =
0.55) significantly stabilize the interlocked structure and
prevent monomerization, while the weak affinity of 2% for
BF,” and its large anion size (PC = 0.68) cannot. The inability
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Figure 12. 'H NMR spectra (500 MHz, DMSO-d,, rt) of (a) the reaction solution at the equilibrium state and (b) a suspension of
[1D(0Ts),](0Ts),. W, A, and * denote OTs™, (n-Bu),N", and an impurity (CH,CL,), respectively.

10995

dx.doi.org/10.1021/ja303634u | J. Am. Chem. Soc. 2012, 134, 10987—10997



Journal of the American Chemical Society

of PF;~ and OTf™ to induce dimerization results from their size
being much larger than those of NO;™ and BE,™, and thus, they
cannot be templates of the interlocked structure. These results
indicate that, unlike other multi-interlocked systems, such as
Cooper’s and Fujita’s triply interlocked systems, the interlocked
structure itself is not thermodynamically stable, and the
interaction between the bridging ligands of 2°' alone is
insufficient to sustain the interlocked structure. It is not until
2%* and three anions X~ form 1:3 host—guest complex 22 (XIXI
X)3* that the interlocked structure is stabilized.

We have found that 2-naphthalenesulfonate (ONs~) induces
the monomerization of 2D(NO;INO;INO,)%* at a lower
reaction temperature and obstructs the dimerization of
resulting 1** through the host—guest complexation between
1*" and ONs™. Detailed investigation has revealed that the
important step in the monomerization is the substitution of the
NOj;™ ions in cavities A with the sulfonate groups of the ONs~
ions, which affords intermediate 2D(ONsINO5IONs)>*. The
dissociation of the ONs~ ion(s) from the intermediate
destabilizes the interlocked structure, because the three anions
are required to sustain it. The resulting unstable complexes
monomerize or capture ONs~ or NO;™ to go back to 2D(ONsl
NO;|ONSs)** or convert to 2D(NO;/NO,INO,)**, respectively.
On the basis of this finding, and using p-toluenesulfonate
(OTs™), the physical separation of 2D(NO5INO;INO,)>* and
1* as OTs™ salt was achieved. The results, ie. the anion-
directed formation and degradation of the interlocked structure,
may be applicable to the construction of supramolecular
switches.

It is also very interesting to note that the relative position of
two interlocked 1*" changes when anions of different sizes
(NO;™ and the sulfonate group of ONs™) are encapsulated.
This change implies that 2%* may encapsulate different anions at
the same time and may encapsulate other anions whose sizes
are similar to or smaller than those of NO;~ and BEF, .
Additionally, since the steric environment of cavity A and cavity
B is quite different (cavity A is surrounded by the four bridging
ligands, whereas cavity B by the eight bridging ligands), this
difference may affect the anion recognition properties of 2%'.
We are currently investigating the detailed anion recognition
properties of 2°* and also performing the design and synthesis
of new quadruply interlocked architectures, as well as the
applicability of the present interlocked system for use in the
preparation of supramolecular polymers.
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