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Abstract

Self-assembled coordination squares consisting of cis-protected dinuclear Rh(Il) corner complexes and linear ditopic ligands were selectively
produced in solution under kinetic control with the assistance of a weak monotopic carboxylate ligand (2,6-dichlorobenzoate: dcb™) as a leaving
ligand. Preventing the cyclization step in the triangular formation by the leaving ligand enabled to produce the molecular square only. It was also
found that dcb™ can selectively convert the triangular complex into the square complex at room temperature, though heating at 373 K for 2 days
is needed for the conversion without dcb™ and that DMSO blocked the transformation process with dcb™. These results indicate that the energy
landscape of the Rh(ll)-based molecular self-assembly can be modulated properly by monotopic carboxylate ligand and solvent so that the self-
assembly proceeds under kinetic control. Furthermore, one of the molecular squares assembled into a dimeric structure by the solvophobic effect,

whose structure was characterized by NMR spectroscopy and single-crystal X-ray analysis.

Introduction

Molecular square is one of the most representative molecular
architectures in coordination self-assembly."?' Thanks to 90° of the
L-M-L bond angle provided by octahedral and square planer
transition metal ions, square complexes are thermodynamically most
stable over other polygonal structures such as a triangular complex.
However, as a matter of fact, corresponding triangular complexes are
often coproduced in solution even in the case where linear ditopic
ligands that act as the side of the polygons are rigid,?*™? so the
selective formation of molecular squares and understanding of its
origin are still a challenging topic in supramolecular chemistry.*®

There are two strategies to produce molecular squares selectively.
If the molecular square is more stable than the other products with
large enough energy differences, the square is produced as a single
product under thermodynamic control (Fig. 1a). What is required in
this case is to provide high reversibility of M—L coordination bonds as
seen in Pd(Il)-N and Zn(ll)-N bonds so that the self-assembly
reaches equilibrium (global reversibility in the system).

When the energy difference between the square and the triangle
is small, even if the molecular square is thermodynamically most
stable, the molecular triangle cogenerates under thermodynamic
control (Fig. 1b). In the case where reversibility of M—L coordination
bond is not so high, the metastable triangle is kinetically so stable that
its conversion to the thermodynamically most stable square is
prevented (Fig. 1c). In such a case, the square complex should be
selectively produced by pathway selection, inhibiting the triangular
formation under kinetic control. Such a kinetic approach is rare in
molecular self-assembly except unexpected observation of kinetic
traps.*-52 As far as we know, there is no report on the selective
formation of a triangular or square complex under kinetic control.

Cotton and his co-workers and others reported that molecular
squares composed of cis-protected dinuclear Rh(Il) complexes (Rh*":
[Rhz(DANiF)2]** % and [Rhy(02C-R-CO2)** %) and linear

dicarboxylates (L2") were selectively obtained in crystalline states.5%

As Rh(ll)-carboxylate coordination bonds in dinuclear Rh(ll)
complexes are relatively strong, the reversibility of the coordination
bond is not high,® which would let the self-assembly of the Rhsl4
squares proceed under kinetic control. Thus, we are interested in why
the RhsL4 squares were selectively produced in the solid state in the
previous research and how to selectively form the RhilLs squares
under kinetic control in solution by modulation of the energy landscape.
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Figure 1. Schematic representation of energy landscapes of self-assembly of
thermodynamically most stable MslLs square and metastable MslLs triangular
complexes. (a) When the free energy difference between MsLs and MsLs, AGy, is large,
MaL4 is exclusively produced under thermodynamic control. (b) When the energy
difference, AGz, is small, MisLs and Msls; are produced under thermodynamic
equilibrium (Boltzmann distribution). (c) When the energy barriers of the conversion
between MsLs and MsLs are so high that they are not interconvertible under self-
assembly condition, MsL4 can be selectively produced by pathway selection under
kinetic control (orange arrow) regardless of the energy difference AGs.

Herein, we report the selective self-assembly of the RhsL4 squares
in solution under kinetic control by using a weak monotopic
carboxylate (2,6-dichlorobenzoate: dcb™) as the leaving ligand to
properly modulate the free energy landscape (Fig. 2). Without dcb™ in
the Rh(Il) metal source, triangular and square complexes were
produced in solution. When dcb™ was used as the leaving ligand, the
Rh4L4 squares were obtained without formation of the RhsLs triangles
during the self-assembly. It was also found that the RhsLs triangles
were transformed into the Rhsl4 squares at room temperature by



in CDCl3

in acetone-ds/DMSO-ds (9:1)

G Y @D
4

dcb-

kinetic control

[Rh(CH3CN)a]2*
(Rh: [Rhy(DAnNIF);]2+)

(dcb- as leaving ligand) ¢

Rh(dcb),

Rh(dcb);

Figure 2. Schematic representation of kinetically controlled self-assembly of the RhsL4 squares in solution. The axial ligands on the Rh(ll) centers are omitted for clarity.

addition of dcb™. This assist effect of dcb™ was perfectly blocked by 10
volume% of DMSO in solvent. The self-assembly process of the Rhal4
square was investigated experimentally to discuss why the Rhils
square was selectively assembled with dcb~ under kinetic control.
Furthermore, one of the RhsLs squares aggregates to form a
supramolecular dimer by the solvophobic effect.

Results and discussion

Self-assembly of Rh(ll)-triangle and square with CHsCN as a
leaving ligand
We first carried out the self-assembly from [Rh(CH3sCN)4](BF4)2 and
12~ in CHsCN ([1%] = 10 mM) according to the literature.®® Dark red
solid was precipitated in 1 day. Its "H NMR spectrum in CDCls showed
two prominent singlet signals of H? (aromatic protons of 12~ (Fig. 3)) in
a 1:3 integral ratio, suggesting the formation of two highly symmetric
cyclic structures (Fig. S1). Crystallization of this mixture in CHCI; gave
single crystals of the Rh414 square as was reported.*® The major 'H
NMR signals are the same as those of the Rh414 square (Fig. S2), so
the minor signals are expected to correspond to the Rhs1s triangle,
which was supported by 'H DOSY spectroscopy (Fig. S3). Therefore,
the Rh414 square and the Rhs1; triangle were produced in CH3CN.
To deeply investigate the solution process, the self-assembly was
carried out in CDCls at 298 K ([127] = 1.0 mM). It was found that a
mixture of the Rhs1s3 triangle and the Rhs14 square in a 1:2 ratio was
obtained (Fig. 3a). Similarly, the self-assembly of [Rh(CH3CN)4](BFa1)2
and another ditopic ligand (227) in CDCls gave the triangular and
square complexes in a 1:2 ratio (Figs. S2, S4, and S5). Heating a 1:2
mixture of the Rhs1; triangle and the Rhs14 square in CDCls at 60 °C
did not show any change except slight broadening of the "H NMR
spectrum (Fig. S6a). Heating the mixture in dimethylacetamide (DMA)
at 100 °C for 2 days afforded the Rhs14 square as a solo product (Fig.
S6b). This result indicates that the Rha14 square is thermodynamically
most stable and that heating at high temperature (100 °C) for long time
is necessary for the conversion of the triangle into the square.
Consequently, the self-assembly of [Rh(CH3sCN)4J** and linear ditopic
ligands (L) at room temperature gave a mixture of molecular triangle
and square in solution and the Rhs414 square was selectively
crystalized from the mixture in the previous report.
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Figure 3. 'H NMR spectra (500 MHz, CDCls, 298 K, aromatic region) of the self-
assembly of the RhslL4 squares under various conditions ([127] = [Rh*] = 1 mM). (a)
Self-assembly from [Rh(CHsCN)4](BF4)2 and 12~ in CDCls at 298 K, giving the Rhs1s
triangle and the Rh14 square in 23 and 39%, respectively. (b) Self-assembly of the
Rh414 square from Rh(dcb), and 1% in CDCls at 298 K to produce the Rh414 square in
65% without formation of the Rhs13 triangle during the self-assembly. The yields were
determined based on the internal standard. (c) Addition of n-BusN-dcb in a mixture of
the Rha13 triangle and the Rhs1s square obtained from the self-assembly of
[Rh(CHsCN)4](BF4)2 and 1% in CDCls after the convergence. The Rhs1s triangle was
converted into the Rh414 square at 298 K assisted by dcb~, though heating at 100 °C
for 2 days is necessary without dcb™ (see Fig. 6).



Selective self-assembly of Rh(ll)-squares with the aid of
leaving ligand
It was previously reported that the ligand exchange concerning Rh(ll)—
carboxylate bonds takes place through associative process like
Pd(I1)-N coordination donds.®*%” In our previous research on Pd(ll)-
based coordination self-assemblies, the leaving ligand contributes to
the modulation of the free energy landscape, resulting in changing the
self-assembly pathway and the outcome.%% We then investigated the
kinetic effect of the leaving ligand on the Rh-based self-assembly. 2,6-
dichlorobenzoate (dcb™) was chosen as the leaving ligand (Fig. 2). As
the pKa value of Hdcb in H20 (1.82)%%6" is lower than that of those of
the ditopic ligands (L%"), dcb™ would act as a leaving ligand. To test the
potential of dcb™ as a leaving ligand, the ligand exchange of dcb™ in
Rh(dcb)> with p-toluate (tol”) in CDCls was monitored by 'H NMR
spectroscopy (Fig. S7a). The ligand exchange took place at 298 K to
produce Rh(tol)2 in 82 % yield (Fig. S7b), indicating that dcb™ can be
used as a leaving ligand in Rh-based self-assembly at room
temperature.

The self-assembly of Rh(dcb)2 and L2 (12~ and 22°) in CDCl; at 298
K was monitored by 'H NMR spectroscopy (Figs. 3b and S8).
Surprisingly, it was found that the signals of the RhsL3 triangles did not
appear during the self-assembly for 12~ and 2% to produce the RhsLs
squares selectively. These results indicate that the formation of the
RhsLs triangles was kinetically prevented by modulation of the energy
landscape of the self-assembly with dcb™ as a leaving ligand.

Self-assembly process of Rh(ll)-squares

The self-assembly processes of the RhsL4 squares from Rh(dcb)z2 and
L2 (1% or 2%°) were investigated by QASAP (quantitative analysis of
self-assembly process).®?%4 We have applied QASAP in Pd(ll)- and
Pt(Il)-based coordination self-assemblies. QASAP of the Rhil4
squares is the first example of the investigation of the self-assembly
process for metal-organic assemblies with transition metal centers
other than Pd(Il) and Pt(Il) ions.

In QASAP of the RhsL4 squares, the substrates (Rh(dcb). and L)
and the products (RhsLs and dcb™) were quantified by 'H NMR
spectroscopy (Fig. 4b), and the change in the average composition of
all intermediates with time was plotted in a 2D map (n-k map) (Fig. 4c).
The species regarding the self-assembly are expressed by
RhalLs(dcb). (a—c are 0 or positive integer). The (n, k) values of
Rh.Ly(dcb)c are defined as n = (2a — ¢)/b and k = a/b.5?% The n value
indicates the average number of Rh?* bound to a single ditopic ligand,
L%, while the k value indicates the ratio between Rh?** and L%". The
experimentally obtained (n, k) values, which is indicated as ((n), (k)),
are calculated for the average composition of all intermediates
(Rh(@zLy(dcb)), whose time-development was used for the
discussion on the self-assembly process (Fig. 4c).

There are three types of chain intermediates with different in the
terminals (Types I-I1l) (Figure 4a).%5% The (n, k) values of the three
types of oligomers are plotted on different straight lines in the n-k map
(Figure 4c). With increase in the oligomerization degree (m in Figure
4a), the (n, k) values become close to (2, 1), which is the (n, k) value
of cyclic structures (triangle and square). Thus, the (n, k) plot enables
us to discuss which type of oligomers were mainly produced and how
large the chain-like oligomers grew during the self-assembly.
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Figure 4. (a) Three types of possible chain intermediates in the self-assembly of MaLs
square. Type I: MuLm+1), Type Il: Mm+1)Lm+1)(dcb), Type Il: Mms2)Ln+1)(dcb)2. (b) Plots
of the existence ratios of the substrates and products in the self-assembly of the Rhs24
square from Rh(dcb)z and 2% in CDCls at 298 K. [Rh]o = [2%]o = 0.86 mM. (c) Plots of
the ((n), (k)) values in the n-k map of the Rhs24 square (red filled circles). Green
crosshairs indicate the (n, k) values of chain intermediates. The three types of chain
intermediates, Types |, Il, and Ill, are plotted on each straight line. Brown number
indicates m in each type of oligomer in (a). The definition of (n) and (k) values is shown
in the main text and the Supplementary Information (equations S1 and S2).

As to QASAP for the Rh414 square, the (n) value was smaller than
1 (Fig. S9 and Table S1), which suggests that Rh?" units in the
intermediates have more than two carboxylate ligands (1%~ and/or
dcb™), so further analysis could not be done (for detailed discussion,
see Fig. S9). Such a strange behavior was not found for the self-
assembly of the Rhs24 square (Figs. 4c and S10 and Table S2). The
(n) value increased with almost constant (k) value of 1, indicating that
the self-assembly took place mainly producing Type |l oligomers as
intermediates, whose m value finally reached 3 or 4, corresponding to
4 or 5 Rh* units in the oligomers.

Reason for the selective formation of Rh(ll)-squares under
kinetic control

Based on the result obtained by QASAP that Type Il chain oligomers
Rhm+1Lm+1(dcb) are major intermediates, the reason why the Rhsls
triangles were not produced when dcb™ was used as the leaving ligand
is discussed. RhaLs(dcb). is indicated as (a,b,c) for simplicity. There
are two types of reactions to produce the RhsLs triangle by cyclization
of Type Il intermediates: (1) The cyclization of (3,3,1) to form (3,3,0)
through breaking the coordination bond between Rh(ll) and the
leaving ligand (CHsCN or dcb™) (Fig. 5a, left) and (2) the cyclization of
longer oligomers than (3,3,1), (m+1, m+1, 1) (m = 3), by breaking a
Rh-L coordination bond (Fig. 5a, right). The formation of the RhsLs
triangle from (m+1, m+1, 1) (m 2 3) is not affected by the leaving ligand.
The (n, k) plot of the self-assembly from Rh(dcb). and 2% (Fig. 4c)
indicates the formation of such long oligomers (m = 3). Therefore, the
formation of the RhslLs triangles from (m+1, m+1, 1) (m 2 3) should be
prevented and the cyclization of (3,3,1) to form (3,3,0) should also be
prevented when dcb™ is the leaving ligand. In other words, the RhslL3
triangles is produced only through the cyclization of chain-like
intermediate RhsL3(CH3CN)2 ((3,3,1) in Fig. 5a whose green sphere
are two molecules of CH3CN).
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Figure 5. (a) Two possible pathways to produce the triangle (3,3,0) from Type Il
intermediates (3,3,1) (left) and from Type Il oligomers with more than three Rh?" units
(m+1, m+1, 1) (m 2 3) (right). Green sphere indicates the leaving ligand(s) (dcb™ or
two molecules of CH3sCN). (b) A plausible key structure in the triangular formation
through associative process.

The benzene ring and carboxylate in dcb™ are not planer due to steric
repulsion around the two Cl atoms at 2 and 6 positions (Fig. 5b), which
is different from the ditopic ligands, 12~ and 2% To investigate the
effect of planarity of benzoate ligands on the cyclization processes,
the self-assembly was carried out with 3,4-dichlorobenzoate (dcb*")
(Fig. 5b) as the leaving ligand. The coordination ability of dcb*~ is lower
than that of benzoate (pKa of Hdcb* = 3.64).55! As with dcb™, the self-
assembly from Rh(dcb*). and 12~ gave the Rhil1s square without
formation of the Rhs13 triangle during the self-assembly (Fig. S11).
This result suggests that the triangular formation processes releasing
a benzoate derivative (dcb™ or Rhx+1Lx+1(dcb) (Fig. 5a, right)) are
kinetically suppressed.

Considering the ligand exchange mechanism of Rh(ll)-
carboxylate bonds by associative process, the triangular formation
should take place by the coordination of the free carboxylate in Type
Il intermediates to the axial site of a Rh(ll) center (Fig. 5b). The
instability of a cyclic intermediate or a transition state with a benzoate
derivative (L*, dcb™ and dcb*") as the leaving ligand would be the
reason for the suppression of the RhsLs triangles. In contrast, when
the leaving ligand is CHsCN (from [Rh(CHsCN)4?*), the RhslLs
triangles can be formed as a minor product.

Conversion of Rh(ll)-triangles into Rh(ll)-squares assisted by
dcb™

Considering the associative ligand exchange mechanism of Rh(ll)-
carboxylate bonds, the ligand exchange is expected to be facilitated
by monotopic carboxylate with weak coordination ability such as dcb™.
Thus, n-BusN-dcb was added in a mixture of Rhz13 and Rhs14in CDCls,
and the reaction at 298 K was monitored by 'H NMR spectroscopy
(Fig. 3c). The signals assigned to Rh313 slowly decreased with time
and almost disappeared in 18 h. Likewise, the conversion of Rh323
into Rhs24 also took place at 298 K in 13 h (Fig. S12). These results
indicate that dcb™ efficiently converts the RhsLs triangles into the Rhal4
squares under mild condition (room temperature), though heating at
100 °C for 2 days is needed for the conversion without dcb™ as
mentioned above, indicating that the energy barriers of the conversion
of the RhsLs triangles to the Rhala squares are largely lowered by dcb~
(Fig. 6).
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Figure 6. Transformation of the RhsLs triangles into the RhsL4 squares is possible at
rt. assisted by dcb™ or dcb*-, while heating at 373 K for 2 days is needed without dcb~
or dcb*~. The chemical structure of dcb*~ is shown in Fig. 5b.

Solvent effect on kinetically controlled self-assembly

The rate of the self-assembly of the RhsLs square was affected by
solvent. It was found that the self-assembly from Rh(dcb). and 12~ was
largely retarded by addition of 10 volume% of DMSO in CDCl3 solvent
and that the Rhs14 square was not produced (Fig. S13). Slow release
of free dcb™ in the self-assembly indicates the inhibition of the ligand
exchanges by DMSO. The color of the reaction mixture in
CDCI3/DMSO (9:1 (v/v)) (orange) is different from the green solution
in CDCls, suggesting the coordination of S atom of DMSO to the axial
site of Rh(11).535768 This idea was supported by the crystal structure of
the Rhs414 square obtained from acetone/DMSO (Fig. 7b). The
coordination of DMSO to the axial sites in Rh?* would be the reason
for the slow ligand exchange between carboxylate ligands. In contrast,
the rate of the self-assembly in acetone-ds/DMSO-ds (9:1 (v/v)) is
similar to that in CDClIs, though the color of the reaction mixture in
acetone-de/DMSO-ds is orange (Figures S14 and S15). Acetone may
compete with DMSO, which would diminish the blocking effect of
DMSO on the ligand exchange.

The effect of DMSO on the conversion of the RhsLs triangle into
the RhsLs squares assisted by dcb™ was then investigated. The
conversion of the RhsLs triangles into the Rhsl4 squares by dcb™ was
perfectly blocked in CDCls/DMSO-ds (9:1) (Figs. S16 and S17).

The triangle/square ratio was also affected by DMSO. The RhsLs
triangle and the RhsL4 square were produced in a 1:2 ratio from
Rh(dcb)2 and L2 (12~ or 2%) in acetone-ds/DMSO-ds (9:1 (v/v)) (Figs.
S14 and S15). These results suggest that DMSO affects the
stabilization of the intermediate(s) or the transition state(s) in the
triangular formation process.

Supramolecular dimerization of Rh(ll)-square by solvophobic
effect
It was found that new set of signals appeared when the Rh414 square
was dissolved in CD3NO2/CDCls (9:1 (v/v)) (Fig. 7c). Similar spectral
change was observed in acetone-ds and CDsCN with 10 volume% of
CDCls (Fig. S18). Significant up-field shift of aromatic protons (H* and
HP) suggests the aggregation of the square (Fig. 7a). All the signals
except for H® were observed as two sets with a 1:1 integral ratio, which
is consistent with the crystal structure of the [Rh414(dmso-S).)2 dimer
(Fig. 7b) obtained after the self-assembly in acetone-ds/DMSO-ds (9:1
(v/v)) at 298 K.

The [Rh414)2 dimer CD3NO2/CDCls (9:1 (v/v)) was characterized by
"H DOSY, (H, H)-COSY and (H, H)-NOESY spectroscopy (Figs. 7c,
S19, and S20). A cross peak was found between H¥°W and Hdim
protons in the NOESY spectrum (Fig. S20), indicating the chemical
exchange of the two proton signals caused by the rotation of the 1,4-



phenylene ring in 12-, which would be the reason for broadening of the
two H signals (Fig. 7c). The monomer (RhsLs) and dimer ([Rha14]2)
equilibrium shifted towards the dimer with increase in the composition
ratio of CD3NO2/CDCl; (Fig. S21), indicating the dimerization of the
Rh414 square due to the solvophobic effect.
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Figure 7. (a) Dimer formation of the Rh414 square by the solvophobic effect. (b) Crystal
structure of [Rha14(dmso-S)s]2. Two Rha14 squares engaged each other are shown in
red and blue. DMSO molecules axially coordinating to the Rh(lIl) centers are colored
in green. (c) '"H NMR spectra (500 MHz, 298 K, aromatic region) of [Rhs14]2 in
CD3NO2/CDCls (9:1 (v/v)) and Rhs14 in CDCls. (d) 'H DOSY spectrum of [Rha14]2 in
CDsNO2/CDCl3 (9:1 (v/v)).

Conclusions

In conclusion, the self-assembly of the RhsL4 squares was controlled
kinetically to produce the RhilLs squares selectively assisted by
monotopic carboxylate ligand (dcb™), which prevents the cyclization of
the RhsLs(dcb) chain intermediate. This is the first example of
selective formation of coordination squares under kinetic control in
solution. The metastable yet kinetically highly stabilized RhslLs
triangles can be transformed into the RhsL4 squares with dcb™ under
very mild condition. The kinetic control of the self-assembly was also
affected by solvent. The conversion of the RhsL3 triangles assisted by
dcb™ was blocked by DMSO. These results indicate that the energy
landscape of the dinuclear Rh(ll)-based coordination self-assembly
can be tuned by the leaving ligand and the solvent. These basic

knowledges would be applied to a wide range of Rh(ll)-based metal-
organic polyhedra (MOPs),®*7" whose self-assembly is limited
compared with MOPs composed of other transition metal ions owing
to the relatively inert equatorial Rh(ll)-carboxylate bonds. As Rh(ll)-
based MOPs possess high thermal and chemical stabilities and
catalytic activity, they are expected as a platform of new materials, so
exploring the novel structures of Rh(ll)-based MOPs and their efficient
self-assembly by modulation of the energy landscapes will make a
great progress of this filed.
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