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ABSTRACT: Rhenium(I)tricarbonyl core-based heteroleptic “fig-
ure-eight”- and Z-shaped metallocycles (1a−4a) of the general
formula fac-[{(CO)3Re(μ-L)Re(CO)3}2(dppz)2] were self-as-
sembled from Re2(CO)10, H2-L (H2-L = 5,8-dihydroxy-1,4-
naphthaquinone (H2-dhnq) for 1a; 1,4-dihydroxy-9,10-anthraqui-
none (H2-dhaq) for 2a; 6,11-dihydroxy-5,12-naphthacenedione
(H2-dhnd) for 3a; 2,2′-bisbenzimidazole (H2-bbim) for 4a), and
bis(4-((pyrazolyl)methyl)phenylmethane) (dppz) via one-pot
coordination-driven synthetic approach. The molecular structures
of 1a and 4a were unambiguously confirmed by single-crystal X-ray
diffraction (SC-XRD) methods. The metallocycles in the DMSO
solution exist as an acyclic dinuclear−DMSO adduct of the general
formula fac-[{(CO)3Re(μ-L)Re(CO)3}(DMSO)2] (1b, L = dhnq;
2b, L = dhaq; 3b, L = dhnd; 4b, L = bbim) and dppz, which are in dynamic equilibrium. The dynamic behavior of the rhenium−
pyrazolyl bond in the solution state was effectively utilized to transform metallocycles 1a−4a into pyridyl/benzimidazolyl/phosphine
donor-based heteroleptic metallocycles and acyclic dinuclear complexes (4−13). These include tetranuclear rectangles fac-
[{(CO)3Re(μ-L)Re(CO)3}2(4,4′-bpy)2] (4 and 11, L = dhaq for 4 and bbim for 11), dinuclear metallocycles fac-[{(CO)3Re(μ-
L)Re(CO)3}(dpbim)] (5−7 and 12; L = dhnq for 5, dhaq for 6, dhnd for 7, and bbim for 12), and dinuclear acyclic complexes fac-
[{(CO)3Re(μ-L)Re(CO)3}(PTA)2] (8−10 and 13; L = dhnq for 8, dhaq for 9, dhnd for 10, and bbim for 13). These
transformations were achieved through component-induced supramolecular reactions while treating with competitive ligands 4,4′-
bipyridine (4,4′-bpy), bis(4-((1H-benzoimidazole-1-yl)methyl)phenyl)methane (dpbim), and 1,3,5-triaza-7-phosphaadamantane
(PTA). The reaction mixture in the solution was analyzed using NMR and electrospray ionization mass spectrometry (ESI-MS)
analysis. Additionally, crystal structures of 4, 6, and 13, which were obtained in the mixture of the solutions, were determined,
providing unequivocal evidence for the occurrence of supramolecular transformation within the system. The results reveal that the
size of the chelating ligand and the pyrazolyl donor angle of the ditopic ligand play crucial roles in determining the resulting solid-
state metallacyclic architecture in these synthetic combinations. The dynamic behavior of the rhenium−pyrazolyl bond in the
metallocycles can be utilized to transform into other metallocycles and acyclic complexes using suitable competing ligands via ligand-
induced supramolecular transformations.

■ INTRODUCTION
The design and synthesis of metallocycles such as cages,
helicates, and simple-to-complex topological architectures via
coordination-driven self-assembly have been gaining significant
attention owing to their potential applications in materials and
medicinal fields.1−9 Further, new aesthetically appealing
molecular architectures including intricate topological metal-
locyclic architectures such as metallo-links (a series of
interlocked metallocyclic rings where at least one ring has to
be broken to separate them) and metallo-knots similar to those
found in nature can be prepared using the self-assembly.10−18

Among various topologies, “figure-eight” architecture is one of
the elegant self-assembled structures, which is found in natural
systems such as Lissoclinamide 7, the recombinant structure of
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circular DNA and marine alkaloid.19,20 However, very few
examples of “figure-eight”-shaped metallocycles are known
until now.21−26 The design and synthesis of “figure-eight”-
shaped metallocycles and other metallocyclic architectures
using various metal precursors and organic building units are
important in the development of the field, which might yield
molecules having various potential applications in the near
future. Among the few metal ion-based coordination-driven
approaches, the fac-[Re(CO)3] core-based self-assembly
method is one of the methods to construct neutral homoleptic
and heteroleptic metallocycles, which have potential applica-
tions in the field of host−guest encapsulation, catalysis,
selective reactivity, sensing, and as bioactive agents.27−57

Although a considerable number of synthetic principles for
the preparation of various sizes and shapes of fac-[Re(CO)3]
core-based metallocycles are currently available, synthetic

approaches for preparing “figure-eight” topology, complex-
knot, and complex-link-shaped metallocycles are scarce. In
addition to the metal core, the nature of the ligand is crucial to
obtaining complex topological architectures. To the best of our
knowledge, pyridyl and imidazolyl/benzimidazolyl and their
structural analogous-based ditopic/tritopic and multitopic
ligands are frequently used to construct fac-[Re(CO)3] core-
based metallocycles. These rhenium(I)-based metallocycles are
generally kinetically inert and robust in solution, including the
coordinating DMSO solvent. On the other hand, only a
countable number of pyrazolyl donor-based ligands are used in
constructing fac-[Re(CO)3] metallocycles

46,58 It is well-known
that metal−pyrazolyl bonds are labile in the donor solvents. It
is expected that the rhenium−pyrazolyl bond in the metallo-
cycles can also be dynamic in the donor solvent. This dynamic
nature of metal−donor bonds in the metallocycles can be

Scheme 1. Self-Assembly of Metallocycles 1a−4a
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utilized potentially both in supramolecular transformations and
as an active agent for biological systems. However, the design,
synthesis, and structural transformation of a rhenium−
pyrazolyl motif containing metallocycles are unknown.
We have used the flexible ditopic pyrazolyl donor (dppz)

consisting of biphenylmethane (−CH2−Ph−CH2−Ph−
CH2−) as a spacer and utilized it in constructing a new type
of helicate with the bis-chelating ligand and Re2(CO)10.

46 In
this approach, both the rigid ligand (H-L) and the
coordination angle of pyrazolyl donor play an important role
in dictating the helical structure because the flexible ditopic
ligand containing the same spacer with the benzimidazolyl
donor yields metallocavitand.47 Therefore, we envision that
modulating the width and the length of the rigid bis-chelating
ligands (H-L) in the self-assembly combinations of Re2(CO)10,
H-L, and dppz would result in hitherto unknown metallocycles
including “figure-eight” architecture, metallo-links, or metallo-
knots. Hence, rigid bis-chelating ligands 5,8-dihydroxy-1,4-
naphthaquinone (H2-dhnq), 1,4-dihydroxy-9,10-anthraqui-
none (H2-dhaq), 6,11-dihydroxy-5,12-naphthacenedione (H2-
dhnd), and 2,2′-bisbenzimidazole (H2-bbim) having different
widths and lengths were chosen along with dppz in the present
study. These rigid bis-chelating ligands are widely used in the
construction of supramolecular coordination complexes
including Ir/Rh-based metallo-links/metallo-knots and a
considerable number of Re molecular rectangles, which have
potential applications in the medicinal and material field.16,56,57

Herein, we combine the self-assembly of pyrazolyl motif-
based fac-[Re(CO)3] core metallocycles, study their dynamic
behavior in DMSO solution, and utilize the dynamic nature of
the rhenium−pyrazolyl bond in creating potential new
metallocycles and acyclic complexes via ligand-induced supra-
molecular transformation. In this paper, we report on a neutral
heteroleptic “figure-of-eight”- and “Z”-shaped metallocycles
(1a−4a), which were self-assembled using Re2(CO)10, rigid
bis-chelating ligands, and dppz in a one-pot approach. The
solid-state structures of 1a and 4a were determined by single-
crystal X-ray diffraction analysis. The metallocycles are in
dynamic equilibrium with disassembled dinuclear−DMSO
complexes (1b−4b) and dppz in the solution state. The
dynamic nature of the Re-pyrazolyl bond of the metallocycles
was fruitfully utilized further to transform these metallocycles

into other nitrogen donor-based tetranuclear and dinuclear
metallocycles and phosphine donor-based dinuclear acyclic
complexes (4−13) via ligand-exchange process, which were
studied using NMR, ESI-MS analysis, and single-crystal X-ray
analysis.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of 1a−4a. Compounds

1a−4a were synthesized by treating Re2(CO)10, rigid bis-
chelating ligand (H2−dhnq for 1a; H2−dhaq for 2a), and dppz
in mesitylene under a one-pot reflux approach (Scheme 1).
Compounds 3a−4a were synthesized by treating Re2(CO)10,
rigid bis-chelating ligand (H2−dhnd for 3a; H2−bbim for 4a),
and dppz in toluene for 3a and in mesitylene:hexane for 4a
under a one-pot solvothermal approach (Scheme 1). The
products are stable in air and moisture. All of the complexes
displayed two strong C�O stretching bands in the region of
2017−1872 cm−1 (2010 and 1882 cm−1 for 1a; 2008 and 1886
cm−1 for 2a; 2011 and 1872 cm−1 for 3a; 2017 and 1882 cm−1

for 4a), characteristic of fac-[Re(CO)3] motif in an asymmetric
environment (Figures S1, S3, S10, and S17 in the SI). The
formation of tetranuclear structures in solution was further
confirmed by ESI-mass analysis, which shows molecular ion
peaks (m/z: 2115.1687 for [1a + H]+; 2215.1185 for [2a +
H]+; m/z: 2315.1704 for [3a + H]+; m/z: 2203.2252 for [4a +
H]+) that matches with the theoretical values (Figure 5, S7−
S9, S14−S16, and S21−S23 in the SI).

Molecular Structures of Metallocycles 1a and 4a. The
molecular structures of 1a and 4a were confirmed by single-
crystal X-ray diffraction analysis. Both complexes adopt a
M4L2L′-type supramolecular metallocyclic structure and
consist of four fac-[Re(CO)3] cores, two dianionic bis-
chelating dhnq/bbim motifs, and two dppz ligands (Figure
1). The asymmetric unit of complex 1a consists of one
metallocycle and five mesitylene solvent molecules. The overall
shape of complex 1a can be best described as a “figure-eight”
topology. This can be viewed as the dinuclear fac-[{Re-
(CO)3}(dhnq){Re(CO)3}] motif as one node and the dppz
motif as an “S”-shaped helical framework unit. Two dppz
motifs helically coordinated to two dinuclear nodes resulting in
the “figure-eight” metallomacrocyclic architecture.

Figure 1. Various views of “figure-eight”-shaped metallocycle 1a showing both (M)-helicity and (P)-helicity. Carbonyl groups are removed for
clarity. Color code: Re = green; red = dhnq2−; blue/pale blue with pink = dppz with N; and H = gray.
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The unit cell of 1a contains two metallocycles and ten
mesitylene solvent molecules. One metallocycle adopts (M)-
helicity (50%), whereas the other metallocycle adopts (P)-
helicity (50%). The two dhnq units in 1a are positioned one
over the other where the edge of the one dhnq faces the edge
of the another dhnq (dihedral angle = ∼31°), i.e., no face-to-
face stacking of the two dhnq units. The closest H···H contacts
between two dhnq units are 2.348 and 2.652 Å, indicating
weak noncovalent dispersion contacts present between these
units. The two dhnq units almost act as one central twisted
rigid strand, restricting any direct intramolecular noncovalent
contacts between the aromatic units of the two dppz motifs.
However, intramolecular noncovalent contacts are present
between the dhnq motif and the phenyl unit of the dppz motif.
The dppz ligand adopts a syn-anti cofacial arrangement, i.e.,
two phenyl units are V-shaped and two pyrazolyl units are
arranged anti-cofacially. The N···N distance of dppz in 1a is
12.16/12.33 Å (N1···N5/N7···N3). The pyrazolyl unit is
coordinated to the rhenium core and is trans to the carbonyl
unit. The plane of the pyrazolyl ring is not overlying on the
plane of the dhnq unit. The biphenyl spacer is arranged as a V
shape with the dihedral angle of 117/111°. Among the
biphenyl units, the one adjacent to the coordinated pyrazolyl
unit overlie the dhnq unit in a face-tilted manner.
The molecular structure of 4a consists of four fac-

[Re(CO)3] cores, two bis-benzimidazolate motifs, and two
dppz motifs (Figure 2). The complex adopts “Z”-shaped
tetranuclear metallocyclic architecture. The overall sizes of the
metallocycle are 22.4 Å (length, terminal ···O along the Re···Re
axis), 13.5 Å width, and 11.2 Å (height, length of bbim). The
rhenium core is surrounded by three carbonyl groups that are
arranged in a facial manner, one chelating motif from bbim,
and one pyrazolyl motif. Rhenium(I) adopts an octahedral
geometry. Among the four rhenium tricarbonyl groups, two are
arranged by directing their carbonyl groups outward and
another two fac−Re(CO)3 are arranged at the center by
directing two of their carbonyl groups inward. The dianionic

bbim ligand bischelates two Re cores symmetrically with Re···
Re distances of 5.71 Å (Re1···Re2) and 5.72 Å (Re3···Re4).
The bond distances of the two-chelating ring and the C−C
distance (which connects two bim units) are 1.42(3) and
1.43(3) Å, revealing that the electronic delocalization of the π-
system occurs in the bridging site, i.e., imidazolate unit. The
Re−N bond distance is 2.21−2.23 Å, which is well within the
expected range.46,58,61 Two bbim2− units are arranged side by
side, i.e., almost in the same plane. The dppz ligand adopts a
syn-anti-cofacial arrangement, i.e., two phenyl units are V-
shaped and two pyrazolyl units are arranged anti-cofacially.
The N···N distances of dppz in 4a are 12.550, 12.665 and
12.616, 12.479 Å (N3···N5/N7···N2). The pyrazolyl unit is
coordinated with the rhenium trans to the carbonyl unit and is
oriented along the Re−CO axis. The plane of the pyrazolyl
ring is not overlying on the plane of the bbim unit. The
biphenyl spacer is arranged as a V shape with a dihedral angle
of 97/91°. Among the two phenyl units, one adjacent to the
coordinated pyrazolyl unit overlies the bbim unit in a face-
tilted manner. The two pyrazolyl units of the bidentate ligand
are coordinated to two rhenium atoms, each coordinated with
one bis-chelating motif. This type of arrangement leads to a
metallocycle of a longer length. The crystal structure of 4a
showed various types of intermolecular interactions including
weak H-bonding interactions (H···O ≡ C−Re) that play a
profound role in the supramolecular network structure.60

Along the “c”-axis, molecules are packed in “abab” pattern,
forming a supramolecular helical superstructure via C−H···π
(C20−H···C45 = 2.959 Å and 175°) and C−H···O ≡ C−Re
(C21−H···O2 = 2.505 Å and 145°). Three adjacent molecules
along the c-axis interact noncovalently, resulting in a one-
dimensional helical twist with a distance of 59 Å. Along the b-
axis, a columnar pattern was found, and intermolecular C−H···
O ≡ C−Re (C59−H···O12 = 2.65 Å and 151°; C54−H···O5 =
2.658 Å and 148°) and Re−C ≡ O(5)···O(10) ≡ C−Re
(2.916 Å and 109°/98°) contacts hold the two adjacent
molecules.

Figure 2.Molecular structure of metallocycle 4a. Four carbonyl groups are shown as a thin ball-and-stick model for clarity. Color code: C = green/
purple, N = blue, O = red, and H = aqua.
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Solution Dynamics and Structural Transformation. It
is well-known that metal-N(pyrazolate/pyrazolyl/pyrazole)-
based complexes undergo various structural transformations in
the solution due to the dynamic nature of the metal−pyrazolyl
bond.24,58,59,61−63 The solid-state structures of pyrazolyl-based
complexes may differ in the solution state. Therefore, the
stability of the metallocycles and the exact nature of the
coordination motifs present in the solution state are worth
studying due to the fact that the fac-[Re(CO)3] core-based
acyclic complexes and metallocycles have potential applications
in the biomedical fields.28−30 Metallocycles 1a−3a are
sparingly soluble in CHCl3, acetone, and DMSO at room
temperature and completely soluble in hot DMSO, whereas
complex 4a is soluble only in hot DMSO. All of the complexes
were dissolved in hot d6-DMSO, allowed to cool down to
room temperature, and used for further studies. No precipitate
was observed from the d6-DMSO solution of the metallocycles
during the studies and even after a period of two to three days.
The 1H NMR spectra of 1a−4a in d6-DMSO displayed well-
separated peaks for both the bis-chelating ligand and dppz
motifs (Figures 3 and S2, S4−S6, S11−S13, and S18−S20 in
the SI).
In all of the cases, the protons of the bis-chelating ligand

were slightly/significantly downfield/upfield shifted relative to

the free bis-chelating ligands, suggesting the coordination of
the ligand to the metal cores. A doublet peak corresponding to
the HA protons of the dhnq2− motif (δ = 7.26 ppm, J = 2.5 Hz)
was observed in 1a and was upfield shifted as compared to that
of the proton of free dhnq. The protons of dhaq appeared as
two multiplets (HB−C) and one unsymmetrical doublet (HA)
with a coupling constant of 2.0 Hz in 2a. Among these peaks,
HB was shifted downfield, whereas HC and HA were shifted
upfield relative to that of free H2-dhaq, suggesting the
coordination of the dhaq2− motif in 2a. The protons (HA
and HB) of dhnd in 3a appeared as two well-separated
multiplets with equal intensity. The HA peak was shifted
slightly downfield compared to that of the free H2-dhnd. The
proton (HA‑B) signals of bbim in 4a appeared as two multiplets
and were downfield shifted relative to that of free H2-bbim.
The data indicate that the bis-chelating ligand symmetrically
coordinated to two rhenium cores.
On the other hand, the signals of the protons of the dppz in

1a−4a remain similar to that of the free dppz. It is well-known
that the proton adjacent to the coordinated nitrogen atom
generally shifts to the downfield region due to the loss of
electron density. Further, the C−H proton directing toward
the π-electron cloud undergoes an upfield shift due to the ring
current effect. Based on the X-ray structures, the protons of the

Figure 3. (i) 1H NMR spectra of H2-dhnq and dppz and the 1H DOSY spectrum of disassembly products of 1a in d6-DMSO. (ii) HR-ESI-MS
spectrum of 1a inset shows experimental and calculated isotopic distribution for peaks corresponding to “figure-eight” tetranuclear [1a + H]+ and
dinuclear [1c + H]+ in a solvent.
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dppz motif are expected to appear in the downfield and upfield
regions. However, the protons of dppz did not show any shift
in comparison to the free dppz. Therefore, this can be
explained if metallocycles 1a−4a in d6-DMSO after heating
disassembled into acyclic dinuclear−DMSO adduct of the
general formula fac-[{(CO)3Re(μ-L)Re(CO)3}(DMSO)2]
(1b, L = dhnq; 2b, L = dhaq; 3b, L = dhnd; 4b, L = bbim)
and dppz, which are in dynamic equilibrium (Schemes 2
and3). The disassembled reaction process may proceed via the
dinuclear acyclic complexes fac-[{(CO)3Re(μ-L)Re(CO)3}-
(L)] (1c, L = dhnq; 2c, L = dhaq; 3c, L = dhnd; 4c, L =
bbim). This is probably because of the labile nature of metal−
pyrazolyl bonds observed in many systems and the nonlabile
nature of the bis-chelating dinuclear complex.24,31 Further to
attain stable electronic configuration around the rhenium metal
center, each metal can receive one DMSO molecule. To
understand further the species present in the solution, 2D
diffusion-ordered 1H DOSY NMR spectroscopy was carried
out. Metallocycle 1a displays two sets of peaks, which are very
close to each other, indicating the presence of two units
possibly 1c and dppz. The 1H DOSY spectra of other
metallocycles 2a−4a showed two types of peaks that are well-

separated, suggesting the presence of two motifs in the
solution. The value of a one set of the peaks corresponding to
the protons of the dppz in all of the complexes is similar to that
of the value found for the free dppz. The above result
suggested that one of the diassembly products is free dppz, and
the other should be the dinuclear−DMSO adduct complexes
1c−4c. To gain insight into the structure of the molecular
species, the solutions were analyzed by ESI-mass spectrometry.
All of the metallocycles displayed relatively less intense peaks
corresponding to tetranuclear motifs and strong peaks
corresponding to the dinuclear complexes (1c−4c) (m/z:
1057.0819 for [1c + H]+; 1107.0808 for [2c + H]+; m/z:
1157.0852 for [3c + H]+; m/z: 1101.1126 for [4c + H]+). The
experimental isotopic distribution peaks for both the
tetranuclear metallocycles and dinuclear complexes match
the theoretical values. No peaks corresponding to the DMSO
adduct of dinuclear complexes 1b−4b were found in the ESI-
MS spectra. The 1H NMR and ESI-MS analysis of 1a−4a in
DMSO solution indicates the dynamic nature of the metallo-
cycles.
Component-induced supramolecular transformations in

metallocycles occur because of rearrangement or partial or

Scheme 2. Proposed Dynamic Nature of 1a, (or) 2a, (or) 3a and Component-Induced Supramolecular Transformations into
Tetranuclear Rectangle (4), Dinuclear Metallocycles (5−7), and Dinuclear Acyclic Complexes (8−10) in DMSO
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complete disassembly of the structural framework units upon
the addition of another competitive building block, which leads
to the formation of more stable or new discrete supramolecular
structures.64−68 To utilize the dynamic nature of M−N
(rhenium−pyrazolyl) bond and the dynamic nature of
metallocycles 1a−4a in the DMSO solution (Schemes 2
and3), competitive selectivity studies were carried out using
different donor ligands such as 4,4′-bipyridine (4,4′-bpy), 4,7-
phenanthroline (4,7-Phen), bis(4-((1H-benzoimidazole-1-yl)-
methyl)phenyl)methane (dpbim) (dpbim), and 1,3,5-triaza-7-
phosphaadamantane (PTA). The supramolecular reactions of
the metallocycles with the chosen ligands were carried out by
adding an equivalent or excess amount of the donor to the
DMSO-d6 solution of the metallocycles, followed by heating,
analyzing using 1H NMR and ESI-mass analysis.
When 4,4′-bpy was subjected to a DMSO-d6 solution of 1a−

4a, changes were observed in the 1H NMR spectra for
complexes 2a and 4a, particularly the appearance of new
proton peaks that correspond to coordination of 4,4′-bpy to
the rhenium core as found in 4 and 11 (Figures S24, S29, S34,
and S41 in the SI).56,57 This indicates that structural
transformation takes place by a ligand-exchange process.
Supramolecular structural transformation occurring in the

present case was further confirmed by X-ray analysis of single
crystals formed in the NMR tube containing 4a and 4,4′-bpy in
DMSO-d6. The solid-state structure unambiguously confirmed
the format ion of molecular rectangle fac -[{Re-
(CO)3}4(bbim)2(4,4′-bpy)2] (11).
However, tetranuclear heteroleptic molecular rectangles

consisting of fac-[Re(CO)3] cores, two bbim2−, and two
4,4′-bpy units are known.56 Hence, no detailed discussion of
the molecular structure of molecular rectangle 11 is included.
Surprisingly, no proton peak shifts of 4,4′-bpy were observed
in the 1H NMR spectrum of 1a + 4,4′-bpy and 3a + 4,4′-bpy in
DMSO-d6, indicating that ligand exchange did not occur in
these cases.
The ligand 4,7-Phen is rarely used in the construction of fac-

[Re(CO)3] core-based metallocycles. The known 4,7-Phen-
based rhenium metallocycles contain either a dhnq or dhaq
motif.35 Therefore, supramolecular transformation reactions of
metallocycles 1a−4a with 4,7-Phen were attempted. Upon the
addition of 4,7-Phen to the DMSO-d6 solution of 1a−4a, no
changes were observed in the 1H NMR spectra of the
complexes (Figures S25, S30, S35, and S42 in the SI). The
ESI-mass spectra of the above mixture did not show any peaks
corresponding to the expected new and known tetranuclear

Scheme 3. Proposed Dynamic Nature of 4a and Component-Induced Supramolecular Transformations into Tetranuclear
Rectangle (11), Dinuclear Metallocycle (12), and Dinuclear Acyclic Complex (13) in DMSO
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metallocycles. The data indicate that dppz is the preferred
ligand over 4,7-Phen in the current self-assembly combina-
tions.
Further, when a competitive experiment was performed with

a benzimidazolyl-based ditopic donor dpbim in the solution of
complexes 1a−4a, the 1H NMR spectra showed the binding of
the dpbim ligand over the dppz ligand with the appearance of
new sets of peaks, which were shifted relative to the free dpbim
ligand (Figures S26, S31, S36, and S43 in the SI). The ESI-
mass spectra of the mixture displayed molecular ion peaks (m/
z: 1259.1300 for [7 + H]+ and 1203.1549 for [12 + H]+),
confirming the formation of dinuclear complexes fac-[{Re-
(CO)3}2(L)(dpbim)] (where L = dhnd for 7; bbim for 12)
(Figures S37, S38, S44 and S45 in the SI). Our group
previously reported the formation of dinuclear metallocycle by
the reaction of H2-dhnd/H2-dhaq, Re2(CO)10, and dpbim.
Among the metallocycles, the complexes comprising dhnd
were unambiguously proven by SC-XRD analysis. The ligand-
exchange phenomenon was further confirmed by the solid-
state structure of 6, which adopts a dinuclear M2LL′-type
metallocyclic structure (Figure 4).
The rhenium tricarbonyl cores are chelated by rigid

dianionic bis-chelating dhaq and clipped by a neutral dpbim
nitrogen donor. The dhaq motif is significantly above the Re···
Re plane and bent toward the center of the metallocycle. The
distance between two Re atoms is found to be 8.41 Å, and the
N2···N3 distance is 9.16 Å. The benzimidazolyl motifs of the
dpbim ligand are arranged with a dihedral angle of 76°. The
orientations of both the ligand frames create an internal cavity,

which perfectly accommodates solvent DMSO. The DMSO
molecule is stabilized in the cavity via cumulative hydrogen
bonding (d = C21−H···O�S(CH3)2 = 2.25 Å, 141°; d =
C49−H···O�S(CH3)2 = 2.43 Å, 127°) contacts and CH···π
interactions, which occurs between the methyl units of DMSO
and π surface of both the benzimidazolyl motif and dhaq unit.
The guest molecule dictates the unusual arrangement of the
metallocycle, which is facilitated by the flexible nature of the
neutral ditopic ligand. One molecule of 6 interacts with an
adjacent molecule via Re−C≡O(6)···O(19) ≡C−Re (2.97 Å),
Re−C≡O(5)···O(18)≡C−Re (2.92 Å) interactions to form a
noncovalent dimer. This dimer further interacts with another
adjacent dimer via CH···π contacts between the benzimida-
zolyl motif of one and the phenyl spacer unit of another.
Similarly, 1,3,5-triaza-7-phosphaadamantane (PTA) was

added to the d6-DMSO solution of complexes 1a−4a. Changes
in both the 1H and 31P NMR spectra were observed, indicating
that the ligand exchange takes place with PTA, resulting in
acyclic dinuclear complexes fac-[{Re(CO)3(TPA)}2(L)]
(where L = dhnq for 8; dhaq for 9; dhnd for 10; bbim for
13) (Figures 5 and S27, S28, S39, S40, S46 and S47 in the SI).
Among these complexes, complexes 9 and 10 exist as a single
isomer in the solution, which is based on the appearance of a
single peak (δ = −56.99 ppm for 9 and δ = −56.56 ppm for
10) in 31P NMR, which are downfield shifted relative to the
free PTA ligand (δ = −104.25 ppm) (Figure 5).
On the other hand, the 31P NMR spectrum of complex 10

displayed four peaks (δ = −11.978, − 57.2397, − 77.6733, and
−85.4257 ppm) with different intensities, which are downfield

Figure 4. Stick (back view) and space-filling (front view) representations of metallocycle 6 with a DMSO guest molecule. Color code: C = green/
purple, H = aqua, N = blue, O = red, S = yellow, and Re = orange.

Figure 5. (i) Partial 1H NMR spectra of PTA, dppz, 2a, and 2a + PTA in d6-DMSO. (ii) 31P NMR spectra of PTA and 2a + PTA in d6-DMSO (2a
= powder 2a was dissolved in d6-DMSO).
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shifted compared to those of free PTA ligand possibly because
of the presence of isomers in the solution. The 31P NMR
spectrum of complex 13 displayed four peaks (δ = −71.21, −
71.43, − 72.44, and −72.69 ppm) with different intensities,
which are significantly downfield shifted compared to those of
the free PTA ligand. The data proves that the phosphorus
ligand coordinated with the rhenium center. The ESI-MS
spectra of the mixture of metalloocycle and PTA displayed
peaks (m/z = 1092.1028 for [9 + H]+, m/z = 1087.1148 for
[13 + H]+), corresponding to the acyclic dinuclear complexes
(Figures S32, S33, S48 and S49 in the SI).
Further, the formation of complex 13 was also confirmed by

SC-XRD analysis. Single crystals suitable for XRD data
collection were obtained from the NMR tube after a week.
The molecular structure of 13 shows that it is a dinuclear
acyclic complex having two fac-Re(CO)3 cores, one dianionic
bbim motif, and two PTA ligands (Figure 6). The geometry
around the rhenium centers is distorted octahedral with a
C3O2P donor environment. The bbim ligand is almost planar
and coordinated with two rhenium cores symmetrically. The
PTA ligand is coordinated with a rhenium center using its
phosphorus atom. The two PTA ligands in the complex are
arranged in a “Z-type” trans-position. The Re−C distances
trans to the N,N(bbim) atoms are 1.922 Å (Re1−C8) and
1.914 Å (Re1−C10), whereas the Re−C distance trans to the
P(PTA) atom is 1.931 Å (Re1−C9). The longer Re−C
distance trans to PTA can be ascribed to the trans effect of
PTA due to the stronger π-acceptor ability of PTA.69−71 The
Re···Re distance is 5.753 Å, which is in the expected range.
Each molecule interacts with the neighboring molecule
through various intermolecular and supramolecular interac-
tions. Two neighboring molecules are arranged in such a way
that the PTA of one molecule faces the PTA of another
molecule, which contact each other through C−H···N
hydrogen bonding interactions (d = C15−H···N8 = 2.705 Å;
C14−H···N8 = 2.672 Å) and C−H···H−C dispersion contacts
(d = C13−H···H−C14 = 2.340 Å).

■ CONCLUSIONS
In conclusion, neutral heteroleptic metallocycles having
“figure-of-eight”-shaped architecture and a “Z′-type” structure
(1a−4a) were obtained from Re2(CO)10, rigid bis-chelating
ligands, and flexible ditopic pyrazolyl donor dppz. To the best
of our knowledge, this is the first synthetic report on
heteroleptic fac-[Re(CO)3] core-based coordination-driven
self-assembly approach for figure-of-eight-shaped metallocycle.
The metallocycles were found to be in dynamic equilibrium
with disassembly products in the solution state. The dynamic
nature of the rhenium−pyrazolyl coordination bond in the
metallocycles was further utilized in transforming the metal-
locycles into pyridyl/benzimidazolyl nitrogen donor-based
metallocycles such as molecular rectangles (4, 11), dinuclear
metallocycles (5−7, and 12), and phosphine donor-based
acyclic complexes (8−10 and 13) via component-induced
supramolecular transformation reactions with the addition of
various types of competing ligands. The results reveal that
modulation of the size of the rigid bis-chelating ligand and the
coordination angle of pyrazolyl donor directs the final shape of
the metallocyclic architecture during the self-assembly process,
thereby providing insights for design of hitherto unknown fac-
[Re(CO)3] core-based intricate topological architectures
including figure-eight supramolecules. Further, rhenium metal-
locycle coordinated with the pyrazolyl ligand is attractive
because of the easily breakable rhenium−pyrazolyl bond in a
DMSO solution. The pyridyl/imidazolyl ligands have the
ability to substitute the pyrazolyl donors through supra-
molecular transformation. The results may pave the way to the
development of less explored competitive ligand-induced
supramolecular transformations in rhenium carbonyl-based
metallocycles.

■ MATERIALS AND METHODS
Re2(CO)10, pyrazole (H−pz), diphenylmethane, H2-dhnq, H2-
dhaq, H2-dhnd, KOH, DMF, HBr-acetic acid (33%),
paraformaldehyde, o-phenylenediamine, hexachloroacetone,
orthophosphoric acid, NBS, CCl4, toluene, mesitylene, hexane,
and ethylene glycol were purchased and used as received. H2-
bbim and dppz were prepared by following known

Figure 6. Ball-and-stick and space-filling representations of the molecular structure of 13. Color code: C = green/purple, H = aqua, N = blue, O =
red, S = yellow, and Re = orange.
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procedures.47 ATR-IR spectra were recorded on a Nicolet iS5
IR spectrophotometer. NMR spectra were recorded on a
Bruker Avance III 500 MHz spectrometer. High-resolution
ESI-MS (HR-ESI-MS) spectra were recorded on a Bruker-
maXis mass spectrometer. Single-crystal X-ray data of 1a, 4a, 6,
and 13 were collected on a Rigaku Oxford Diffractometer
(λ(Mo Kα) = 0.71073 Å). The molecular structures were solved
by direct methods using SHELXS-97 (Sheldrick 2008) and
refined using the SHELXL-2018/3 program (within the
WinGX program package).72,73 Non-H atoms were refined
anisotropically.

Synthesis of fac-[{(CO)3Re(μ-dhnq)Re(CO)3}2(dppz)2]
(1a). A mixture of Re2(CO)10 (50.0 mg, 0.076 mmol), H2-
dhnq (14.6 mg, 0.076 mmol), dppz (25.1 mg, 0.076 mmol),
and mesitylene (20 mL) was refluxed for 5 h and cooled to 30
°C. A dark green precipitate obtained was filtered, washed with
hexane, and air-dried. Yield: 35% (115 mg). Green crystals
suitable for single-crystal X-ray diffraction analysis were
obtained from the filtrate. The 1H NMR spectra of precipitate
and crystals are the same. AT-IR (cm−1): 2010 (s) and 1882
(s) (C ≡ O). HR-ESI-MS (m/z): [M + H]+ calcd for
C74H49N8O20Re4, 2115.1269; found, 2115.1687. 1H NMR
(500 MHz, DMSO−d6, ppm): 7.76 (d, J = 1.5 Hz, 4H, Hc),
7.42 (d, J = 1.5 Hz, 4H, Ha), 7.26 (d, J = 2.5 Hz, 4H, HA), 7.16
(d, J = 5 Hz, 8H, He/f), 7.11 (d, J = 5 Hz, 8H, He/f), 6.24 (t, J =
1 Hz, 4H, Hb), 5.25 (s, 8H, Hd), 3.86 (s, 4H, Hg).

Synthesis of fac-[{(CO)3Re(μ-dhaq)Re(CO)3}2(dppz)2]
(2a). A mixture of Re2(CO)10 (200.0 mg, 0.3065 mmol), H2-
dhaq (74.0 mg, 0.3065 mmol), dppz (101.6 mg, 0.3065
mmol), and mesitylene (30 mL) was refluxed for 5 h and
cooled to 30 °C. Compound 2a was obtained as a dark green
powder. The product was filtered, washed with hexane, and air-
dried. Yield: 41% (150 mg). AT-IR (cm−1): 2008 (s) and 1886
(s) (C ≡ O). HRMS-ESI (m/z): [M + H]+ calcd for
C82H53N8O20Re4, 2215.1583; found, 2215.1185. 1H NMR
(500 MHz, d6-DMSO, δ): 8.36−8.43 (m, 8H, HC), 7.94−7.92
(m, 8H, HB), 7.76 (d, J = 1.5 Hz, 4H, Hc), 7.42 (d, J = 1.5 Hz,
4H, Ha), 7.29 (d, J = 4 Hz, HA), 7.16 (d, J = 5 Hz, 8H, He/f),
7.11 (d, J = 5 Hz, 8H, He/f), 6.24 (t, J = 1 Hz, 4H, Hb), 5.25 (s,
8H, Hd), 3.86 (s, 4H, Hg).

Synthesis of fac-[{(CO)3Re(μ-dhnd)Re(CO)3}2(dppz)2]
(3a). A mixture of Re2(CO)10 (100.1 mg, 0.1532 mmol), H2-
dhnd (45.2 mg, 0.153 mmol), dppz (50.4 mg, 0.153 mmol),
and toluene (10 mL) was kept in an oven maintained at 160
°C for 48 h and cooled to 30 °C. Compound 3a was obtained
as a dark purple powder. The product was filtered, washed with
hexane, and air-dried. Yield: 27% (48 mg). AT-IR (cm−1):
2011 (s) and 1872 (s) (C ≡ O). HRMS-ESI (m/z): [M + H]+
calcd for C90H57N8O20Re4, 2315.1898; found, 2315.1704. 1H
NMR (500 MHz, DMSO−d6, ppm): 8.42−8.39 (m, 8H, HA),
7.94−7.92 (m, 8H, HB), 7.76 (d, J = 1.5 Hz, 4H, Hc), 7.42 (d, J
= 1.5 Hz, 4H, Ha), 7.16 (d, J = 5 Hz, 8H, He/f), 7.11 (d, J = 5
Hz, 8H, He/f), 6.24 (t, J = 1 Hz, 4H, Hb), 5.25 (s, 8H, Hd),
3.86 (s, 4H, Hg).

Synthesis of fac-[{(CO)3Re(μ-bbim)Re(CO)3}2(dppz)2]
(4a). A mixture of Re2(CO)10 (100 mg, 0.153 mmol), H2-bbim
(36.0 mg, 0.156 mmol), dppz (50.5 mg, 0.157 mmol), and
mesitylene:hexane (10:2 mL) in a Teflon flask was placed in a
steel bomb. The bomb was kept in an oven maintained at 175
°C for 72 h and cooled to 30 °C. Compound 4a was obtained
as light yellow crystals. The product was filtered, washed with
hexane, and air-dried. Yield: 50% (84 mg crystals). ATR−IR
(cm−1): 2017 (s) and 1882 (s) (C ≡ O). HRMS−ESI (m/z):

[M + H]+ calcd for C82H57N16O12Re4, 2203.2548; found,
2203.2252. 1H NMR (500 MHz, DMSO−d6, ppm): 7.76 (d, J
= 1.5 Hz, 4H, Hc), 7.65−7.61 (m, 8H, HA), 7.42 (d, J = 1.5 Hz,
4H, Ha), 7.39−7.37 (m, 8H, HB), 7.16 (d, J = 5 Hz, 8H, He/f),
7.11 (d, J = 5 Hz, 8H, He/f), 6.24 (t, J = 1 Hz, 4H, Hb), 5.25 (s,
8H, Hd), 3.86 (s, 4H, Hg).
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