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ABSTRACT: The components of a 4:1 mixture of Rh(III)Cl
tetrakis(4-methylphenyl)porphyrin 1 and a bowl-shaped
tetra(4-pyridyl)cavitand 4 self-assemble into a 4:1 complex
14•4 via Rh−pyridyl axial coordination bonds. The single-
crystal X-ray diffraction analysis and variable-temperature
(VT) 1H NMR study of 14•4 indicated that 14•4 behaves as
a quadruple interlocking gear with an inner space, wherein (i)
four subunits-1 are gear wheels and four p-pyridyl groups in
subunit-4 are axes of gear wheels, (ii) one subunit-1 and two
adjacent subunits-1 interlock with one another cooperatively,
and (iii) four subunits-1 in 14•4 rotate quickly at 298 K on the
NMR time scale. Together, the extremely strong porphyrin-
Rh−pyridyl axial coordination bond, the rigidity of the methylene-bridge cavitand as a scaffold of the pyridyl axes, and the
cruciform arrangement of the interdigitating p-tolyl groups as the teeth moiety of the gear wheels in the assembling 14-unit make
14•4 function as a quadruple interlocking gear in solution. The gear function of 14•4 was also supported by the rotation
behaviors of other 4:1 complexes: 24•4 and 34•4 obtained from Rh(III)Cl tetrakis[4-(4-methylphenyl)phenyl]porphyrin 2 or
Rh(III)Cl tetrakis(3,5-dialkoxyphenyl)porphyrin 3 and 4 also served as quadruple interlocking gears, whereas 14•5 obtained
from 1 and tetrakis[4-(4-pyridyl)phenyl]cavitand 5 did not behave as a gear. The results of activation parameters (ΔH⧧, ΔS⧧,
and ΔG⧧) obtained from Eyring plots based on line-shape analysis of the VT 1H NMR spectra of 14•4, 24•4, and 34•4 also
support the interlocking rotation (geared coupled rotation) mechanism.

■ INTRODUCTION

Porphyrin derivatives have been widely used as building blocks
for functional supramolecular architectures, owing to their
particular electronic and photophysical properties as well as
catalytic properties.1 Metalloporphyrin−pyridine axial coordi-
nation bonds are reliable supramolecular synthons for self-
assembled porphyrin architectures.1−4 Along this line, combi-
nations of metalloporphyrins and meso-tetra(p- or m-pyridyl)-
porphyrin have been used for self-assembled multiporphyrin
arrays directed to synthetic models of light-harvesting antennas
in a photosynthetic process.5 Molecular machines are another
interesting topic in supramolecular chemistry.6 In the 1980s,
triptycene-based molecular gears, the teeth of which mesh
together, were reported independently by Mislow and
Iwamura.6a Since their pioneering work, chemists have been
fascinated for decades with molecular structures that permit
internal mechanical motion at various degrees of complexity,
from random flipping to geared coupled motion. It is known
that Rh(III)Cl meso-tetraarylporphyrin very tightly binds
pyridyl compounds as an axial ligand.4 This type of complex
has been used as a building block for a rotaxane7 and a

molecular gear.8 Multicomponent machinery based on supra-
molecular strategy represents a particular challenge.8,9 How-
ever, molecular gear systems coupled with four gear wheels
(rotors) have been almost unknown.8,10,11

Tetra(4-pyridyl)cavitand 4 possesses a bowl-shaped aromatic
cavity with rigid conformation and four p-pyridyl groups
oriented in a divergent and oblique direction with C4v

symmetry and has been used as a building block for self-
assembled capsules.12 In the molecular model of 4 (R = CH3)
calculated at the B3LYP/6-31G(d) level, the tilt angle of the p-
pyridyl groups to the cavitand scaffold is 119°, and the N···N
atomic distances between two p-pyridyl groups at the adjacent
and diagonal positions are 8.7 and 12.3 Å, respectively. The
present work is concerned with a combination of meso-
tetrakis(4-methylphenyl)porphyrinato Rh(III)Cl 113 as a gear
wheel and tetra(4-pyridyl)cavitand 4 as a rigid scaffold and a
multipyridyl axial ligand. Our attention has been focused on
whether 1 and 4 self-assemble into 4:1 complex 14•4 via Rh−
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pyridyl axial coordination bonds despite steric congestion
between the adjacent subunits-1 because of the relatively short
distance between the adjacent p-pyridyl groups in 4 and on
whether this complex if formed behaves as a self-assembled
molecular gear and/or a self-assembled capsule. This approach
would be of importance because one can put four gear wheels
simultaneously on a platform in a proximate fashion to
construct molecular gears. Here, we report the formation of
14•4 as a quadruple interlocking gear with an inner space
(Scheme 1) revealed by X-ray crystallographic analysis and
variable-temperature (VT) 1H NMR study. The gear function
of 14•4 was also supported by the rotation behaviors of other
4:1 complexes 24•4, 34•4, and 14•5 and by the results of
activation parameters obtained from Eyring plots based on line-
shape analysis of the VT 1H NMR spectra of 14•4, 24•4, and
34•4. This is the first example of a quadruple interlocking gear
and the use of cavitand as multiple axes of molecular gear. We
also describe a chiral structure of 14•4 in the single crystals.

■ RESULTS AND DISCUSSION

Formation of 14•4a in Solution. The 1H NMR spectrum
of a 4:1 mixture of Rh(III)Cl porphyrin 1 and pyridyl-cavitand
4a (R = (CH2)6CH3)

12a in CDCl3 at 298 K showed formation
of a highly symmetrical single species and the complete
disappearance of the signals of free 1 and free 4a (Figure 1).
This result undoubtedly indicates the quantitative formation of
a 4:1 complex 14•4a via Rh−pyridyl axial coordination bonds
(Scheme 1). The signal assignments of 14•4a were confirmed
by the 1H−1H COSY and 2D NOESY spectra (Figures S6 and
S7). In the 1H NMR spectrum of 14•4a (Figure 1b), the signals
of the Pyα-proton (signal a) and Pyβ-proton (b), the cavitand
aromatic proton (c), and the inner proton (d) and outer proton
(e) of the methylene bridge rim (O−CHinHout−O) of subunit-
4a were shifted upfield by 7.79, 2.79, 1.48, 2.06, and 1.81 ppm,
respectively, relative to those of free 4a, owing to the ring-
current effect of subunit-1. In particular, the extremely large

Scheme 1. Self-Assembly of a 4:1 Mixture of 1 and 4 into 14•4 through Rh−Pyridyl Axial Coordination Bonds

Figure 1. 1H NMR spectra (400 MHz, CDCl3, 298 K): (a) 4a alone, (b) 14•4a ([1] = 8 mM and [4a] = 2 mM), and (c) 1 alone. The signals
marked “A−F” and “a−m” are assigned in Scheme 1.
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upfield shift of the Pyα-proton signal (Δδ = −7.79 ppm) is
concrete evidence for the Rh−pyridyl axial coordination bond
between subunit-1 and subunit-4a.4,7,8 The 1H NMR signals of
the pyrrole-βH (signal F) and the CH3 group (E) of the p-tolyl
group in subunit-1 appeared as one singlet signal (Δδ = −0.11
and +0.04 ppm relative to those of free 1), namely, the four
subunits-1 in 14•4a were observed as an averaged form. This
result indicates that rotations of the four subunits-1 about the
respective Rh−pyridyl axial coordination bond are fast on the
NMR time scale at room temperature (vide infra). On the
other hand, the two ortho-protons and the two meta-protons on
each p-tolyl group of subunit-1 were nonequivalent by the
effect of Cl−Rh−pyridyl bonds,5a,c,7,8 namely, the signals of the
o- and m-protons of the p-tolyl group were observed as four
doublet signals in total (see also Figure S5). This result
indicates that rotation about the C−C bond between the
porphyrin ring and the p-tolyl group is slow on the NMR time
scale. The signals of o- and m-protons (signals C and D) on the
Rh−pyridyl side of 14•4a were shifted upfield by 0.31 and 0.14
ppm, respectively, relative to those of free 1, and the signals of
o- and m-protons (A and B) on the Rh−Cl side of 14•4a were
slightly shifted downfield by 0.06 and 0.09 ppm, respectively,
relative to those of free 1.
The formation of 14•4a was also confirmed by changing the

stoichiometry upon mixing 1 with 4a (Figures S8 and S9). The
1H NMR spectrum of a 2:1 mixture of 1 and 4a in CDCl3 at
298 K showed a mixture of 14•4a, free 4a, and other species
(Figures S8c and S9a). This mixture remained unchanged after
1 day at room temperature (Figure S9b). However, after
heating this mixture at 50 °C for 1 day, the spectrum changed
and showed the complete disappearance of the signals of 14•4a
and free 4a and the increase of the signals of other species,
which could be a mixture of 1•4a, two kinds of 12•4a (two
subunits-1 are placed at the adjacent and diagonal positions),
and 13•4a (Figure S9d,b). These results suggest that 14•4a
obtained from a 2:1 mixture of 1 and 4a is a kinetic product. In
contrast, the 1H NMR spectrum of a 5:1 mixture of 1 and 4a in
CDCl3 at 298 K showed a 1:1 mixture of 14•4a and free 1
(Figure S8g), wherein the signals of 14•4a and free 1 were
independently observed and remained unchanged even after
heating this mixture at 50 °C for 1 day. Thus, upon mixing 1
and 4a in a 4:1 ratio (Figure S8e), 14•4a is thermodynamically
stable and quantitatively formed as a single species.
In the 1H NMR spectra of a mixture of 14•4a and a small

amount of free 1 in CDCl2CDCl2 at 298−358 K (Figure S10),
the chemical shift of the Pyβ-proton (b) of subunit-4a
remained completely unchanged even at 358 K,14 although
the four signals of o- and m-protons (A−D) on each p-tolyl
group of subunit-1 became broadened at 328 K and coalesced
at 348 K. Furthermore, the chemical shifts and integrations of
the signals of the pyrrole-βH (F) and the CH3 group (E) of the
p-tolyl group of subunit-1 and those of free 1 also remained
completely unchanged even at 358 K. These results indicate
that the Rh−pyridyl axial coordination bond in 14•4a is
extremely strong and that 14•4a is thermodynamically stable
even at 358 K8,15,16 although rotation about the C−C bond
between the porphyrin ring and the p-tolyl group becomes fast
on the NMR time scale above 348 K. In fact, under the
conditions of [1] = 6 mM and [4a] = 0.75 mM in CDCl3,
namely, [free 1] = 3 mM and [14•4a] = 0.75 mM (subunit-1 in
14•4a is equivalent to 3 mM), the 2D NOESY spectrum
showed no exchange cross-peaks between 14•4a and free 1
even at 323 K (Figure S12). This result indicates that the

dissociation rate of the Rh−pyridyl axial coordination bond in
14•4a is too slow and below the detection limits on the NMR
time scale.15

Figure 2 shows the UV−vis absorption spectra of 14•4a ([1]
= 3.6 × 10−5 M and [4a] = 0.9 × 10−5 M) and 1 alone ([1] =

3.6 × 10−5 M) in toluene. The Soret band and Q-bands of
14•4a shifted to longer wavelengths with increases in their
molar absorption coefficients, relative to those of free 1. The
spectral data are summarized in Table S1.

X-ray Crystal Structure of 14•4b. Single crystals of 14•4b,
suitable for X-ray diffraction analysis, were obtained by slow
diffusion of EtOH into a CHCl3 solution of a 4:1 mixture of 1
and 4b (R = CH2CH(CH3)2).

12b An ORTEP view and crystal
data are shown in Figure S13 and Table S2, respectively. The
1H NMR spectrum of a solution of 14•4b upon dissolving the
single crystals in CD2Cl2 showed that single crystals of 14•4b
include EtOH and CHCl3 as cocrystal solvents in a ratio of
14•2b/EtOH/CHCl3 = 1:7:7 (Figure S14). Single-crystal X-ray
diffraction analysis of 14•4b indicated chiral space group I4.
The molecular structure of 14•4b in the single crystal is shown
in Figure 3. Four molecules of achiral 1 and one molecule of 4b
self-assemble into 14•4b with a chiral arrangement of the
assembling 14-unit through the Rh−pyridyl axial coordination
bonds (Figure 3a−h), with the Rh−Npy atomic distance of
2.07 Å, the Cl−Rh−Npy angle of 177.4°, and the Rh−Npy···
C4py angle of 164.3° (Figure 3k).4a As shown in Figure 3a−d,
14•4b seems to be a quadruple interlocking gear. Four
subunits-1 are gear wheels, wherein the porphyrin ring is a
rotor and the four protruding p-tolyl groups at the meso-
positions are teeth. Four p-pyridyl groups in subunit-4b, i.e., the
Rh−Py axial coordination bonds, are rotation axes of the gear
wheels. In the assembling 14-unit shown in Figure 3e−h, two
inwardly oriented p-tolyl groups shown in purple (A and B) of
each subunit-1 cruciately interdigitate with one of two inwardly
oriented p-tolyl groups of two adjacent subunits-1 at both sides
to form four sets of cruciform π-stack dimers of p-tolyl groups
(A1 and B2, A2 and B3, A3 and B4, and A4 and B1; see also
Figure 5a,b). One of the two inwardly oriented p-tolyl groups
(A) of each subunit-1 is regularly placed at the inside position
of the π-stack dimer of the p-tolyl groups, and the other of the
two inwardly oriented p-tolyl groups (B) of each subunit-1 is
regularly placed at the outside position of the π-stack dimer. In
other words, one subunit-1 and two adjacent subunits-1 at both
sides interlock with one another cooperatively. Thus, the top

Figure 2. UV−vis absorption spectra of 14•4a (blue line: [1] = 3.6 ×
10−5 M and [4a] = 0.9 × 10−5 M) and 1 alone (red line: [1] = 3.6 ×
10−5 M) in toluene at 298 K.
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view (view down along the c-axis) of 14•4b indicates that the
assembling 14-unit is oriented clockwise, as shown in Figure
3a,c,e,g. Therefore, the regular interdigitation of inwardly
oriented p-tolyl groups of the four achiral subunits-1 forms
the arrangement of the assembling 14-unit chiral.
Figure 4 shows the 3D packing structure of 14•4b in the X-

ray crystal structure. The top view (view down along the c-axis)
indicates that all assembling 14-units in the crystal of 14•4b are
arranged in the same clockwise orientation. Furthermore, a side
view (view along the a-axis) indicates that all 14•4b are

unidirectionally aligned along the c-axis. Thus, the single crystal
of 14•4b self-assembled by achiral 1 and 4b gave chiral space
group I4.17−19

As shown in Figure 3, 14•4b possesses an entrance aperture
for guest encapsulation with diameter of 6.7 Å at a maximum
including van der Waals radii and an inner space in which at
least three molecules of EtOH can be encapsulated (Figures
3a,b,i,j), although EtOH and CHCl3 molecules as cocrystal
solvents were highly disordered. The N···N atomic distances
between two p-pyridyl groups at the adjacent and diagonal

Figure 3. Molecular structure of 14•4b in the X-ray crystal structure: (a and c) top view (viewed down the c-axis) and (b and d) side view (viewed
down the a-axis), wherein the CH3 group and the C6H4 ring of the p-tolyl groups of each subunit-1 are highlighted as red purple and purple,
respectively. In a and b, the oxygen atoms of the encapsulated EtOH molecules are shown in light blue. Assembling 14-unit in 14•4b: (e and g) top
view and (f and h) side view, wherein two inwardly oriented p-tolyl groups of each subunit-1 are highlighted as purple and subunit-4b is omitted for
clarity. Subunit-4b with the encapsulated EtOH molecules: (i) top view and (j) side view, wherein EtOH molecules are heavily disordered and only
oxygen atoms are shown in light blue for clarity (occupancy factor: O1 = 1, O2 = 0.5). The side chains of subunit-4b are replaced by carbon atoms
for clarity. (k) Subunit-1 with axial coordination of the pyridyl moiety of subunit-4b.

Figure 4. 3D packing structure of 14•4b in the X-ray crystal structure: (a) top view (viewed down the c-axis) and (b) side view (viewed down the a-
axis). The porphyrin ring and the p-tolyl groups of each subunit-1 are shown in red and purple, respectively, and the cavitand and its side chains of
subunit-4b are shown in blue and green, respectively. Hydrogen atoms of 14•4b and cocrystal solvents (EtOH and CHCl3) are omitted for clarity.
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positions of subunit-4b in 14•4b were 9.7 and 13.7 Å,
respectively, the values of which are 1.0 and 1.4 Å, respectively,
greater than those of the calculated structure of 4 as mentioned
above, probably because of the steric congestion between the
adjacent subunits-1.
Dynamic Behavior of 14•4a in Solution as a

Quadruple Interlocking Gear. As mentioned above, the
following three features are noteworthy concerning the
structural properties of 14•4a and 14•4b: (i) extremely strong
porphyrin-Rh−pyridyl axial coordination bond, revealed by the
NMR studies of 14•4a at 298−358 K (Figures S10 and
S12),8,15 (ii) rigidity of the methylene-bridge cavitand as a
scaffold of the pyridyl axes,12 and (iii) cruciform arrangement of
four sets of the interdigitating p-tolyl groups as the teeth moiety
of the gear wheels in the assembling 14-unit, revealed by the X-
ray crystallographic analysis of 14•4b (Figures 3 and 5a−c).

Judging from these results in a comprehensive manner, it is
strongly suggested that 14•4a in solution behaves as a
quadruple interlocking gear, wherein one subunit-1 and two
adjacent subunits-1 interlock cooperatively, with mutually
inverse rotation (Figure 5d). The strong bond excludes a
dissociation−association mechanism of the Rh−pyridyl coor-
dination bond in 14•4a for random rotation. Based on the
rigidity and cruciform arrangement, a slipping rotation between
adjacent subunits-1 with the cruciately interdigitating p-tolyl
groups would be sterically impossible in 14•4a, without relation
to rotation about the C−C bond between the porphyrin ring
and the p-tolyl group. In addition, the Rh−Npy···C4py angle in
14•4b was 164.3° (Figure 3k),4a suggesting that the Rh−pyridyl
coordination bond in 14•4a is unlikely to be bent more than
this angle for a slipping rotation between adjacent subunits-1.
Thus, it is strongly suggested that 14•4a in solution behaves as
a quadruple interlocking gear. The results of activation
parameters (ΔH⧧, ΔS⧧, and ΔG⧧) obtained from Eyring

plots based on line-shape analysis of the VT 1H NMR spectra
of 14•4a also support the interlocking rotation (geared coupled
motion) mechanism (vide infra).
If the interlocking rotation of four subunits-1 is slow on the

NMR time scale, then each subunit-1 would be desymmetrized
and the 1H NMR signals of the pyrrole-βH and the CH3 group
of the p-tolyl group in subunit-1 would appear as up to 8 and 4
sets of signals, respectively.8 In contrast, if the interlocking
rotation of the four subunits-1 is faster than the NMR time
scale, then each subunit-1 would be symmetrized as an
averaged form and the 1H NMR signals of the pyrrole-βH
and the CH3 group of the p-tolyl group would appear as one
singlet signal.8 The signals of the aryl-A−D protons of the p-
tolyl groups in subunit-1 would also behave in a similar way to
that of the CH3 group of the p-tolyl group (up to 16 sets of
signals). As noted above (Figure 1b), the 1H NMR spectrum of
14•4a in CDCl3 at 298 K showed, respectively, one singlet
signal of the pyrrole-βH (F) and the CH3 group (E) of the p-
tolyl group in subunit-1 as an averaged form and indicated the
faster rotation of the four subunits-1 than the NMR time scale.
Figure 6 shows VT 1H NMR spectra of 14•4a in CD2Cl2 at

298−188 K. The singlet signal of the pyrrole-βHs (F) and the
CH3 groups (E) of the p-tolyl groups in subunit-1 became
broadened at 238 K and began to split at 218−208 K. The
signals of the aryl-C and -D protons on the Rh−pyridyl side
and the signals of the aryl-A and -B protons on the Rh−Cl side
of the p-tolyl groups in subunit-1 became broadened at 238 and
218 K, respectively. The former would be more sensitive to
geared motion than the latter probably because of proximity
effect of subunit-4a. Furthermore, the signals of the C and D
protons were coalesced at 218 K.
These results strongly suggest that 14•4a behaves as a

quadruple interlocking gear and that the interlocking rotation
of the four subunits-1 in 14•4a becomes slow on the NMR time
scale below 218−208 K. Furthermore, the gear function of
14•4a was also supported by the rotation behaviors of the
following 4:1 complexes based on the combinations of Rh(III)
Cl meso-tetraarylporphyrins bearing various teeth-moiety and
tetra(p-pyridyl)cavitand derivatives: 24•4a, 3a4•4a, 3b4•4a,
and 14•5.

Formation and Dynamic Behavior of 24•4a in
Solution as a Quadruple Interlocking Gear. First, the
combination of 4a and meso-tetrakis[4-(4-methylphenyl)-
phenyl]porphyrinato Rh(III)Cl 2 is a tooth-expanded version
of 1 as a gear wheel (Scheme 2). Based on the X-ray crystal
structure of 14•4b (Figure 5), it is expected that replacement of
the p-tolyl group in 1 by the p-methylbiphenyl group in 2
would not block the formation of 24•4a because of protrusion
of the additional p-tolyl groups on the cruciform arrangement
of the interdigitating p-tolyl groups in subunits-1. In fact, in a
way similar to that of 14•4a, a 4:1 mixture of 2 and 4a
quantitatively self-assembled into 24•4a as a highly symmetrical
single species in CDCl3 at 298 K (Figures 7b and S15), wherein
the Δδ values of the 1H NMR signals of the Pyα-proton (a)
and Pyβ-proton (b) of subunit-4a were ca. −7.69 and −2.75
ppm, respectively.20 The 1H NMR spectrum of 24•4a in CDCl3
at 298 K showed, respectively, one singlet signal of the pyrrole-
βH (H) and the CH3 group (G) of the p-methylbiphenyl group
in the subunit-2 as an averaged form. This result indicates the
rotation of four subunits-2 was faster than the NMR time scale
at 298 K, although these two signals of 24•4a were somewhat
broadened compared with those of 14•4a.

Figure 5. Cruciform arrangement of the interdigitating p-tolyl groups
A1 and B2 between adjacent two subunits-1 in 14•4b in the X-ray
crystal structure: (a) top view and (b) side view. (c) 14•4b in the X-
ray crystal structure. (d) Schematic representation of interlocking gear
of four subunits-1 in 14•4.
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Figure 8 shows VT 1H NMR spectra of 24•4a in CD2Cl2 at
298−188 K. The singlet signal of the pyrrole-βHs (H) and the
CH3 group (G) of the p-methylbiphenyl groups in subunit-2
became broadened at 228 K but did not split even at 188 K. In
24•4a, a slipping rotation between adjacent subunits-2 with the
cruciately interdigitating p-methylbiphenyl groups as a tooth-
expanded version of 1 is absolutely impossible. These results
indicate that 24•4a behaves as a quadruple interlocking gear
and suggest that it is hard to stop the interlocking rotation of
the assembling 24-unit in 24•4a with longer teeth compared
with that of the assembling 14-unit in 14•4a with shorter teeth.

A possible reason for this behavior may be related to the
activation parameters for the interlocking rotation (vide infra).

Formation and Dynamic Behavior of 3a4•4a in
Solution as a Quadruple Interlocking Gear. Second, the
combination of 4a and meso-tetrakis(3,5-dimethoxyphenyl)-
porphyrinato Rh(III)Cl 3a is another version of teeth-moiety of
1 (Scheme 3). In a way similar to that of 14•4a, a 4:1 mixture of
3a and 4a quantitatively self-assembled into 3a4•4a as a highly
symmetrical single species in CDCl3 at 298 K (Figures S16−
S18), wherein the Δδ values of the 1H NMR signals of the Pyα-
proton (a) and Pyβ-proton (b) of subunit-4a were −7.79 and
−2.78 ppm, respectively. The signal of the pyrrole-βH (signal

Figure 6. Temperature dependence of the 1H NMR spectra (400 MHz) of 14•4a (2 mM) in CD2Cl2 at 298−188 K.

Scheme 2. Self-Assembly of a 4:1 Mixture of 2 and 4a into 24•4a through Rh−Pyridyl Axial Coordination Bonds
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F) of subunit-3a appeared as one singlet signal as an averaged
form. These results indicate that the rotation of the four
subunits-3a in 3a4•4a was faster than the NMR time scale at
298 K.
Figure 9 shows VT 1H NMR spectra of 3a4•4a in CD2Cl2 at

298−188 K. The singlet signal of the pyrrole-βHs (F) and the
p-protons (E) of the 3,5-dimethoxyphenyl groups in subunit-3a
became broadened at 238 K and highly broadened at 218−208
K but did not split even at 188 K. The signals of the aryl-C and
methoxy-D protons on the Rh−pyridyl side and the signals of
the aryl-A and methoxy-B protons on the Rh−Cl side of the

3,5-dimethoxyphenyl groups in subunit-3a became broadened
at 248 and 218 K, respectively. Furthermore, the signals C and
D became highly broadened at 228 K and almost disappeared at
208 K.

Formation and Dynamic Behavior of 3b4•4a in
Solution as a Quadruple Interlocking Gear. Third, the
combination of 4a and meso-tetrakis(3,5-di-n-propoxyphenyl)-
porphyrinato Rh(III)Cl 3b is a sterically bulky version of 3a
and 1 (Scheme 4). A 4:1 mixture of 3b and 4a quantitatively
self-assembled into 3b4•4a as a highly symmetrical single
species in CDCl3 at 298 K (Figures 10b, S19, and S20),

Figure 7. 1H NMR spectra (400 MHz, CDCl3, 298 K): (a) 4a alone, (b) 24•4a ([2] = 4 mM and [4a] = 1 mM), and (c) 2 alone. The signals
marked “A−H” and “a−m” are assigned in Scheme 2.

Figure 8. Temperature dependence of the 1H NMR spectra (400 MHz) of 24•4a (1 mM) in CD2Cl2 at 298−188 K.
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although the assembling 3b4-unit is sterically more congested
than the assembling 3a4-unit and 14-unit. The Δδ values of the
1H NMR signals of the Pyα-proton (a) and Pyβ-proton (b) of
subunit-4a in 3b4•4a were −7.86 and −2.87 ppm,
respectively.21 In a way similar to that of 3a4•4a, rotation
about the C−C bond between the porphyrin ring and the 3,5-
di-n-propoxyphenyl group in 3b4•4a was slow on the NMR
time scale at 298 K, leading to the appearance of two singlet
signals of the o-protons (signals A and C) and two sets of
signals of the m-n-propoxy groups (B, F, and G; D, F′, and G′)
of the 3,5-di-n-propoxyphenyl group, wherein signals A, B, F,
and G are on the Rh−Cl side and signals C, D, F′, and G′ are

on the Rh−pyridyl side. The signal of the pyrrole-βH (signal
H) of subunit-3b appeared as one singlet signal as an averaged
form. These results indicate that the rotation of the four
subunits-3b in 3b4•4a was faster than the NMR time scale at
298 K. A slipping rotation between adjacent subunits-3b with
the cruciately interdigitating 3,5-di-n-propoxyphenyl groups is
also sterically impossible in 3b4•4a.
VT 1H NMR spectra of 3b4•4a in CDCl2CDCl2 at 298−358

K are shown in Figure S21, wherein all signals and their
chemical shifts almost remained unchanged even at 358 K. This
result indicates that the Rh−pyridyl axial coordination bond in
3b4•4a is also extremely strong and that 3b4•4a is

Scheme 3. Self-Assembly of a 4:1 Mixture of 3a and 4a into 3a4•4a through Rh−Pyridyl Axial Coordination Bonds

Figure 9. Temperature dependence of the 1H NMR spectra (400 MHz) of 3a4•4a (2 mM) in CD2Cl2 at 298−188 K.
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thermodynamically stable even at 358 K. This result also
indicates that rotation about the C−C bond between the
porphyrin ring and the 3,5-di-n-propoxyphenyl group in 3b4•4a
is slow on the NMR time scale even at 358 K.
Figures 11 and S22 show VT 1H NMR spectra of 3b4•4a in

CD2Cl2 at 298−188 K. At a lower temperature, the signal
changes of 3b4•4a were more noticeable than those of 3a4•4a.
The singlet signal of the pyrrole-βHs (H) and the p-protons
(E) of the 3,5-di-n-propoxyphenyl groups in subunit-3b became
broadened at 248 K and began to split at 228 K. The signal of
the o-protons (C) on the Rh−pyridyl side and the o-protons
(A) on the Rh−Cl side of the 3,5-di-n-propoxyphenyl groups in
subunit-3b became broadened at 278 and 238 K, respectively.
Furthermore, signal C disappeared at 238 K, and signal A
became highly broadened at 218 K. Finally, at 188 K, the signal
of the pyrrole-βHs (H) split into 7 sets of signals, and the
signals of the aryl-A, -C, and -E protons split into 9−10 sets of
signals in total. When the interlocking rotation of four subunits-

3b is very slow on the NMR time scale, each subunit-3b in
3b4•4a is desymmetrized, leading to the appearance of up to 8
sets of the 1H NMR signals of the pyrrole-βHs and up to 12
sets of the signals of the aryl-A, -C, and -E protons in total (3 ×
4 sets). These results clearly indicate that 3b4•4a behaves as a
quadruple interlocking gear and that the interlocking rotation
(geared coupled motion) of the four subunits-3b in 3b4•4a
becomes slow on the NMR time scale below 238−228 K.

Formation and Dynamic Behavior of 14•5 in Solution.
Fourth, the combination of 1 and tetrakis[4-(4-pyridyl)-
phenyl]cavitand 5 (R = (CH2)6CH3) is an axis-expanded
version of 4a (Scheme 5). A 4:1 mixture of 1 and 5
quantitatively self-assembled into 14•5 in CDCl3 at 298 K
(Figures S23 and S24), wherein the Δδ values of the 1H NMR
signals of the Pyα-proton (a) and Pyβ-proton (b) of subunit-5
were −7.65 and −2.41 ppm, respectively. In marked contrast to
14•4a, 24•4a, 3a4•4a, and 3b4•4a, VT 1H NMR spectra of
14•5 in CD2Cl2 at 298−188 K showed that the singlet signal of

Scheme 4. Self-Assembly of a 4:1 Mixture of 3b and 4a into 3b4•4a through Rh−Pyridyl Axial Coordination Bonds

Figure 10. 1H NMR spectra (400 MHz, CDCl3, 298 K): (a) 4a alone, (b) 3b4•4a ([3b] = 8 mM and [4a] = 2 mM), and (c) 3b alone. The signals
marked “A−H” and “a−m” are assigned in Scheme 4.
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the pyrrole-βH (F) and the CH3 group (E) of the p-tolyl group
as well as the signals of the aryl-A−D protons of the p-tolyl
group in subunit-1, remained completely unchanged even at
188 K (Figure 12). These results clearly indicate that the four
subunits-1 in 14•5 do not interlock with one another and
randomly and freely rotate faster than the NMR time scale even
at 188 K because the four p-(p-pyridyl)phenyl groups in
subunit-5 are too long to serve as axes of gear wheels. Thus,
14•5 did not behave as a gear.

Line-Shape Analysis of VT 1H NMR Spectra: Activation
Parameters of Quadruple Interlocking Gears. To obtain a
deeper understanding of the present rotation characteristics, we
performed the line-shape analysis of the VT 1H NMR spectra
using coupled stochastic Liouville equations for 14•4a, 24•4a,
3a4•4a, and 3b4•4a based upon the chemical shifts of the
desymmetrized 8 sets (Figure 13b and Table S3) by the
pyrrole-βHs, as detailed in the Supporting Information.
Evaluations of the activation parameters from Eyring plots of
exchange rates (k) between magnetic environments of 1 ⇄ 3, 1

Figure 11. (a) Temperature dependence of the 1H NMR spectra (400 MHz) of 3b4•4a (2 mM) in CD2Cl2 at 298−188 K and (b) expansion
spectrum in the aromatic region at 188 K.

Scheme 5. Self-Assembly of a 4:1 Mixture of 1 and 5 into 14•5 through Rh−Pyridyl Axial Coordination Bonds
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⇄ 8, 2 ⇄ 4, 2 ⇄ 7, 3 ⇄ 5, 4 ⇄ 6, 5 ⇄ 8, and 6 ⇄ 7 in Figure
13a would give an insight into the rotational mechanism
(geared coupled rotation or slipping rotation) of the four RhCl-
tetraarylporphyrin subunits about the respective Rh−pyridyl
axial coordination bond in 14•4a, 24•4a, 3a4•4a, and 3b4•4a.
As a typical example, Figure 14 shows the VT 1H NMR

signals of the pyrrole-βHs of 3b4•4a in CD2Cl2 and their line-
shape simulation, by which the exchange rate constants (k)
were determined. Line-shape simulation and k values of those
of 14•4a, 24•4a, and 3a4•4a are shown in Figure S25. Based on
these data, the enthalpic (ΔH⧧) and entropic (ΔS⧧)
contributions to the free energy of activation (ΔG⧧) and
Arrhenius activation energies (Ea) for the rotational steric
barriers of the four RhCl-tetraarylporphyrin subunits in (RhCl-
tetraarylporphyrin)4•4a were obtained by Eyring and Arrhenius
plots, respectively (Figure S26). The results are summarized in
Table 1. Comparison between the exchange rate constant for
the rotation of RhCl-tetraarylporphyrin subunits on 4a (k > 104

s−1 at 298 K, derived from the Arrhenius equation and Figure
S26) and that for the dissociation of RhCl-tetraarylporphyrin
subunit from 4a (k−1) is important in supramolecular system
because the rotation might proceed through a dissociation−
association mechanism of the Rh−pyridyl axial coordination
bond in (RhCl-tetraarylporphyrin)4•4a. However, the k−1 value
was too small and below the detection limits (k−1 ≪ 0.1 s−1) on

Figure 12. Temperature dependence of the 1H NMR spectra (400 MHz) of 14•5 (2 mM) in CD2Cl2 at 298−188 K.

Figure 13. (a) Rotational model of the four RhCl-tetraarylporphyrin
subunits in (RhCl-tetraarylporphyrin)4•4a for the line-shape analysis
of the VT 1H NMR signals of the pyrrole-βHs based on the X-ray
crystal structure of 14•4b and (b) the assignments of the 8 sets of the
pyrrole-βH signals of 3b4•4a in CD2Cl2 at 188 K deduced from the
model.

Figure 14. Temperature dependence of the 1H NMR signal of the
pyrrole-βH of 3b4•4a (400 MHz, CD2Cl2): (a) observed spectra and
(b) line-shape simulation. Values of temperature (T, K) and exchange
rate constant (k, s−1) are given for every trace.
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the NMR time scale even at 323 K, as mentioned above (Figure
S12).15 Thus, even if the dissociation of RhCl-tetraarylporphyr-
in subunit from 4a occurs, the dissociation would be at least 5
orders of magnitude slower than the rotation of RhCl-
tetraarylporphyrin subunits on 4a. This result excludes a
dissociation−association mechanism of the Rh−pyridyl coor-
dination bond for the rotation of the four RhCl-tetraarylpor-
phyrin subunits in (RhCl-tetraarylporphyrin)4•4a.
In Table 1, the following features are noteworthy concerning

the rotation of the four RhCl-tetraarylporphyrin subunits in
(RhCl-tetraarylporphyrin)4•4a.
Item 1. The ΔH⧧ and Ea decreased in the order 3b4•4a >

14•4a > 3a4•4a > 24•4a. In other words, from the viewpoint of
the ΔH⧧ contribution, the four RhCl-tetraarylporphyrin
subunits easily rotate in the order 3b4•4a < 14•4a < 3a4•4a
< 24•4a.
Item 2. From the viewpoint of the ΔS⧧ contribution, the

four RhCl-tetraarylporphyrin subunits easily rotate in the order
24•4a < 3a4•4a < 14•4a < 3b4•4a. The reverse of the order
between ΔH⧧ and ΔS⧧ contributions to the free energy of the
activation (ΔG⧧), namely, the rotational steric barriers of RhCl-
tetraarylporphyrin subunits on 4a, is considered as a result of
enthalpy−entropy compensation.
Item 3. If the π−π stacking and CH−π interactions between

the cruciately interdigitating aryl groups (as shown by the X-ray
structure in Figure 5) among adjacent RhCl-tetraarylporphyrin
subunits are more effective in the ground state than in the
activation state, then the ΔH⧧ value would become large. The
negative ΔS⧧ values denote that the activation states are more
ordered than the ground states, suggesting an existence of weak
attractive interactions in the activation states between the
adjacent RhCl-tetraarylporphyrin subunits. This may be related
to the geared coupled rotation but not the slipping rotation.
For 24•4a as a tooth-expanded version, more disordered
structures may be generated in the ground states by weakened
π−π stacking interactions, probably due to rotation of the p-
methylphenyl moiety of the p-methylbiphenyl group (see
signals E and F in Figures 7b and 8), leading to a smaller ΔH⧧

and a smaller (more negative) ΔS⧧. In contrast, for 3b4•4a as a
sterically tooth-bulky version, the steric hindrance may be
greater in the activation state than in the ground state since the
bulky n-propoxy groups are substituted at the meta-positions of
the aryl rings, leading to a relatively larger ΔH⧧ and a larger
(less negative) ΔS⧧.
Item 4. The calculated free energy of activation (ΔG⧧ =

ΔH⧧ − TΔS⧧), namely, the rotational steric barriers of RhCl-
tetraarylporphyrin subunits on 4a, increased in the order 24•4a
< 3a4•4a < 14•4a < 3b4•4a at 188 K. This tendency reflects
splitting degrees of the 1H NMR signals of the pyrrole-βHs of
(RhCl-tetraarylporphyrin)4•4a at 188 K, wherein no splitting
for 24•4a and 3a4•4a, some splitting for 14•4a, and splitting in
the seven signals for 3b4•4a, as mentioned above. On the other
hand, ΔG⧧ increased in the order 3a4•4a < 14•4a < 3b4•4a <

24•4a at 298 K because of the contribution of the entropy term.
This tendency somewhat reflects the sharpness of the 1H NMR
signal of the pyrrole-βH at 298 K, wherein the signal of 24•4a
was somewhat broadened, compared with those of 14•4a,
3a4•4a, and 3b4•4a. This strongly implies that the activation
characters obtained from the Eyring plots for the lower
temperature region (118−230 K) are held even at the higher
temperature region.

Item 5. The Arrhenius activation energies (Ea) for the
rotational steric barriers of the four RhCl-tetraarylporphyrin
subunits in (RhCl-tetraarylporphyrin)4•4a were 3.8−8.1 kcal
mol−1 and increased in the order 24•4a < 3a4•4a < 14•4a <
3b4•4a. For reference, these values are comparable to or lower
than that of a RhCl-tetraarylporphyrin-based molecular gear8a

and much lower than those of tripticene-based gear-slippage
processes.6a

Item 6. The values of ΔG⧧ for the rotational steric barriers of
the four RhCl-tetraarylporphyrin subunits in (RhCl-tetraar-
ylporphyrin)4•4a were 10.8−11.6 kcal mol−1 at 298 K. For
reference, these values are lower than that of a RhCl-
tetraarylporphyrin-based molecular gear8a and much lower
than those of rotational barriers for the p-substituted-phenyl
group rotations in metalated tetrakis(p-substituted-phenyl)-
porphyrins bearing one or two axial ligands on the metal.6b

Such substantially low activation barriers in the present systems
would be explained by the above-mentioned attractive
interactions in the activation states since this stabilization
may contribute to the smaller ΔH⧧ together with the negative
ΔS⧧.

Item 7. In general, it is known that ΔG⧧(Ea) of slipping
rotation is much greater than that of geared rotation.6a Despite
large differences of aryl groups as teeth of gear wheels among
14•4a, 24•4a, 3a4•4a, and 3b4•4a, the differences of ΔG⧧

values among them were very small within the range of only
0.80 kcal mol−1 at 298 K (11.06 kcal mol−1 for 14•4a vs
maximum = 11.56 kcal mol−1 for 24•4a and minimum = 10.76
kcal mol−1 for 3a4•4a) and within the range of only 1.24 kcal
mol−1 at 188 K (9.16 kcal mol−1 for 14•4a vs maximum = 9.62
kcal mol−1 for 3b4•4a and minimum = 8.38 kcal mol−1 for
24•4a). If 24•4a as a tooth-expanded version of 14•4a and
3b4•4a as a sterically tooth-bulky version of 14•4a obey a
slipping rotation mechanism, then ΔG⧧ values of 24•4a and
3b4•4a should be much greater than that of 14•4a. However,
the differences of ΔG⧧ values among them were very small in
practice. The ΔG⧧ value of 14•4a was in between those of
24•4a and 3b4•4a at 188 K and was only slightly lower than
those of 3b4•4a (ΔΔG⧧ = 0.22 kcal mol−1) and 24•4a (ΔΔG⧧

= 0.50 kcal mol−1) at 298 K.
Thus, these results clearly exclude a slipping rotation
mechanism. Judging from these results in a comprehensive
manner, we conclude that 14•4a, 24•4a, 3a4•4a, and 3b4•4a in
solution obey a geared coupled rotation mechanism and behave
as quadruple interlocking gears, wherein one subunit-1 (2, 3a,

Table 1. Activation Parameters for the Rotation of Porphyrin Subunits in (RhCl-tetraarylporphyrin)4•4a in CD2Cl2
a

complex Ea (kcal mol
−1) ΔH⧧ (kcal mol−1) ΔS⧧ (cal K−1 mol−1) ΔG⧧ at 188 K (kcal mol−1) ΔG⧧ at 298 K (kcal mol−1)

14•4a 7.09 5.92 −17.25 9.16 11.06
24•4a 3.77 2.96 −28.87 8.38 11.56
3a4•4a 6.49 5.38 −18.05 8.78 10.76
3b4•4a 8.08 6.79 −15.05 9.62 11.28

aValues of Ea as well as those of ΔH⧧ and ΔS⧧ were obtained by Arrhenius and Eyring plots, respectively, based on the exchange rate constants
derived from the line-shape analysis of the VT 1H NMR spectra of the pyrrole-βH signals.
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and 3b) and two adjacent subunits-1 (2, 3a, and 3b) have to
interlock with cooperative, mutually inverse rotation (Figure
5d).

■ CONCLUSIONS

We have demonstrated that four molecules of Rh(III)Cl meso-
tetraarylporphyrins and one molecule of bowl-shaped tetra(p-
pyridyl)cavitand derivatives self-assemble into 4:1 complexes in
CDCl3 via Rh−pyridyl axial coordination bonds. This is a new
molecular gear system coupled with four gear wheels.
Complexes of 14•4a, 24•4a, 3a4•4a, and 3b4•4a derived
from Rh(III)Cl meso-tetrakis(4-methylphenyl)porphyrin 1,
Rh(III)Cl meso-tetrakis[4-(4-methylphenyl)phenyl]porphyrin
2, Rh(III)Cl meso-tetrakis(3,5-dimethoxyphenyl)porphyrin 3a,
or Rh(III)Cl meso-tetrakis(3,5-di-n-propoxyphenyl)porphyrin
3b and tetra(4-pyridyl)cavitand 4a (R = (CH2)6CH3) behaved
as a quadruple interlocking gear with an inner space, wherein
four subunits-1, -2, and -3 are gear wheels, their four aryl
groups at the meso-positions are the teeth moieties of the gear
wheels, and four p-pyridyl groups in the subunit-4a are axes of
gear wheels. The extremely strong porphyrin-Rh−pyridyl axial
coordination bond, the rigidity of the methylene-bridge
cavitand as a scaffold of the pyridyl axes, and the cruciform
arrangement of four sets of the interdigitating aryl groups as the
teeth moieties of the gear wheels in the assembling (RhCl-
tetraarylporphyrin)4-unit made 14•4a, 24•4a, 3a4•4a, and
3b4•4a function as a quadruple interlocking gear in solution,
namely, having no slipping rotation mechanism. The results of
activation parameters (ΔH⧧, ΔS⧧, and ΔG⧧) obtained from
Eyring plots based on line-shape analysis of the VT 1H NMR
spectra of 14•4a, 24•4a, 3a4•4a, and 3b4•4a supported the
interlocking rotation (geared coupled rotation) mechanism.
Despite large differences of aryl groups as teeth of gear wheels
among 14•4a, 24•4a (a tooth-expanded version of 14•4a),
3a4•4a, and 3b4•4a (a sterically tooth-bulky version of 14•4a),
the differences of ΔG⧧ values among them were very small,
within the range of only 0.80 kcal mol−1 at 298 K and within
the range of only 1.24 kcal mol−1 at 188 K.
The single-crystal X-ray diffraction analysis of 14•4b (R =

CH2CH(CH3)2) indicated chiral space group I4, wherein (i)
the regular interdigitation of inwardly oriented p-tolyl groups of
the four achiral subunits-1 made the arrangement of the
assembling 14-unit chiral, (ii) all 14•4b were unidirectionally
aligned along the c-axis, and (iii) 14•4b encapsulated at least
three molecules of EtOH upon recrystallization.
Thus, we can put four gear wheels 1−3 simultaneously on a

platform 4 in a proximate fashion to construct quadruple
interlocking gears. Studies on (i) searching for a guest molecule
that can be encapsulated in 14•4a, 24•4a, and 34•4a and (ii)
control of the gear-rotation behavior of them by an external
stimulus such as a guest addition9,11 are currently under way in
our laboratory.
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