
Coordination-Driven Self-Assembly of 2D-Metallamacrocycles Using
a New Carbazole-Based Dipyridyl Donor: Synthesis, Characterization,
and C60 Binding Study
Sankarasekaran Shanmugaraju,† Vaishali Vajpayee,‡ Sunmi Lee,‡ Ki-Whan Chi,*,‡ Peter J. Stang,*,§

and Partha Sarathi Mukherjee*,†

†Department of Inorganic and Physical Chemistry, Indian Institute of Science, Bangalore-560 012, India
‡Department of Chemistry, University of Ulsan, Ulsan 680-749 Republic of Korea
§Department of Chemistry, University of Utah, 315 South 1400 East, Salt Lake City, Utah 84112, United States

*S Supporting Information

ABSTRACT: A new carbazole-based 90° dipyridyl donor 3,6-di(4-pyridylethynyl)carbazole (L) containing carbazole-ethynyl
functionality is synthesized in reasonable yield using the Sonagashira coupling reaction. Multinuclear NMR, electrospray
ionization-mass spectrometry (ESI-MS), including single crystal X-ray diffraction analysis characterized this 90° building unit.
The stoichiometry combination of L with several Pd(II)/Pt(II)-based 90° acceptors (1a−1d) yielded [2 + 2] self-assembled
metallacycles (2a−2d) under mild conditions in quantitative yields [1a = cis-(dppf)Pd(OTf)2; 1b = cis-(dppf)Pt(OTf)2; 1c = cis-
(tmen)Pd(NO3)2; 1d = 3,6-bis{trans-Pt(CC)(PEt3)2(NO3)}carbazole]. All these macrocycles were characterized by various
spectroscopic techniques, and the molecular structure of 2a was unambiguously determined by single crystal X-ray diffraction
analysis. Incorporation of ethynyl functionality to the carbazole backbone causes the resulted macrocycles (2a−2d) to be π-
electron rich and thereby exhibit strong emission characteristics. The macrocycle 2a has a large internal concave aromatic surface.
The fluorescence quenching study suggests that 2a forms a ∼1:1 complex with C60 with a high association constant of Ksv = 1.0 ×
105 M−1.

■ INTRODUCTION
In recent times, abiological self-assembly of molecular
architectures of well-defined shapes and sizes has progressed
tremendously due to their structural diversity and potential for
applications as chemosensors, catalysts, and molecular contain-
ers.1 Of the various protocols, metal−ligand coordination self-
assembly is especially appealing for achieving such assemblies.2

In this context, Pt(II) and Pd(II)-based molecular building
units have long been used to engineer 2D- and 3D
supramolecular structures.3 Cis-blocked 90° corner units have
been widely used because of commercial availability and their
easy synthesis. Over the years we, Stang et al. and others have
constructed several molecular architectures such as rectangle,
square, hexagon, pentagon, and dodecahedron using several π-
electron-rich shape-selective di/multinuclear Pt(II)/Pd(II)
linkers.4 In light of this, we have recently reported a
carbazole-based shape-selective diplatinum 90° acceptor, and
its [2 + 2] self-assembly with various dipyridyl donors resulted
in efficient formation of two-dimensional molecular architec-

tures.5 In continuation of our ongoing interests, here we report
a complementary shape-selective carbazole dipyridyl donor
having bite angle of 90°. Furthermore, the exploitation of
luminescent conjugate organic or organic−inorganic hybrid
materials is of considerable interest because of their intrinsic
applications in the field of optoelectronics.6 Among several
moieties, unsaturated ethynyl group in the backbone helps the
assemblies to be π-electron-rich and also gives an additional
strength to keep the architectures intact.4,5

Herein, we report the synthesis of four new [2 + 2] self-
assembled metallamacrocycles (2a −2d) via coordination-
driven self-assembly of a shape-selective 90° dipyridyl donor
(L) and several Pd(II)/Pt(II)-based 90° ditopic acceptors (1a−
1d) (Scheme 1). All four macrocycles were characterized by
various spectroscopic techniques like IR, NMR [1H and
31P{1H}], and ESI-MS spectrometric analyses including X-ray
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diffraction. Macrocycle 2a has bowl-type geometry with a large
internal concave aromatic surface and it is luminescent. 2a was
tested as a macrocyclic receptor for a convex guest C60 in
solution. The solution state initial emission intensity of 2a was
quenched efficiently upon gradual addition of C60 and thereby
demonstrates its potential as a receptor.

■ EXPERIMENTAL SECTION
Materials and Methods. The 90° dipyridyl donor L was

synthesized under dry nitrogen atmosphere using a standard Schlenk
technique. Solvents were dried and distilled according to the standard
literature procedures. 3,6-Dibromocarbazole and 4-ethynylpyridine
hydrochloride were purchased from various commercial sources and
were used without further purification. cis-(dppf)Pd(OTf)2 (1a), cis-
(dppf)Pt(OTf)2 (1b), cis-(tmen)Pd(NO3)2 (1c), and 3,6-bis[trans-
Pt(CC)(PEt3)2(NO3)]carbazole (1d) were synthesized following
the reported procedures.5,7 NMR spectra were recorded on a Bruker
400 or 300 MHz spectrometer. The chemical shifts (δ) in 1H NMR
spectra are reported in ppm relative to tetramethylsilane (Me4Si) as
internal standard (0.0 ppm) or proton resonance resulting from
incomplete deuteration of the NMR solvents: CD3NO2 (4.33) or
CDCl3 (7.26) or DMSO-d6 (2.50).31P NMR were recorded at 121
MHz, and the chemical shifts (δ) are reported in ppm relative to
external 85% H3PO4 at 0.00 ppm. Mass-spectral analyses of the self-
assembled macrocycles were recorded on an ESI-MS spectrometer
using standard spectroscopic grade solvents. IR spectra were recorded
on a Bruker Alpha FT-IR spectrometer. Electronic absorption spectra
were recorded on a Perkin-Elmer Lambda 750 UV−visible
spectrophotometer. Fluorescence emission studies were carried out
on a Horiba Jobin Yvon Fluoromax-4 spectrometer.
Synthesis of 3,6-Di(4-pyridylethynyl)carbazole (L). A mixture

of 3,6-dibromocarbazole (0.635 mmol), 4-ethynylpyridine·HCl (1.78
mmol), t-butylphosphine (0.079 mmol), CuI (0.026 mmol), Pd-
(PhCN)2Cl2 (0.038 mmol), diisopropyl amine (4.91 mmol), and 1,4-
dioxane (2−3 mL) was taken in a flame-dried 100 mL Schlenk flask
and stirred at 50 °C for 48 h. After completion of the reaction (as
judged by thin layer chromatography (TLC)), the mixture was diluted
with ethyl acetate (50 mL) and filtered through Celite. The ethyl
acetate solution was washed with 10% aqueous ethylenediamine, brine
solution, dried over anhydrous Na2SO4, and concentrated. The crude
product was purified by column chromatography (silica) using
CHCl3/CH3OH (96:4) and 2 mL of triethylamine as eluents to give
light yellow solid compound in 60% isolated yield. Anal. Calcd for

C26H15N3: C, 84.53; H, 4.09; N, 11.37. Found: C, 84.22; H, 4.31; N,
10.99. Melting point > 250 °C. 1H NMR (DMSO-d6, 400 MHz): δ
11.96 (s, NH), 8.64 (d, 4H, J = 5.6 Hz, Hα-pyridyl), 8.54 (s, 2H, H1-
carbazole), 7.69 (d, 2H, J = 8.4 Hz, H2-carbazole), 7.62 (d, 2H, J = 8.4
Hz, H3-carbazole), 7.55 (d, 4H, J = 5.6 Hz, Hβ-pyridyl).

13C NMR
(DMSO-d6, 400 MHz): δ 150.8 (4C, C1-pyridyl), 131.7 (2C, C9-
carbazole), 130.8 (2C, C3-pyridyl), 126.1 (4C, C2-pyridyl), 125.7 (2C,
C7-carbazole), 123.0 (2C, C11-carbazole), 112.8 (2C, C8-carbazole),
112.5 (2C, C6-carbazole), 96.5 (2C, C10-carbazole), 86.1 (2C, C4-
ethynyl), 80.2 (2C, C5-ethynyl). ESI-MS (m/z): 370.4 [L + H]+. IR
(KBr): ν (cm−1) = 2211.1 for ethynyl group.

Synthesis of the Macrocycle 2a. To a clear nitromethane
solution (0.5 mL) of the acceptor 1a (2.7 mg, 0.003 mmol) was added
a clear nitromethane solution (0.5 mL) of the ligand L (1.1 mg, 0.003
mmol) drop-by-drop with continuous stirring. After stirring the
reaction mixture at 50 °C for 5 h in a closed glass vial, the clear dark
red solution was concentrated. Pure 2a was isolated as brown solid
upon addition of cold diethyl ether into the concentrated solution.
Isolated yield: 91%. Anal. Calcd for C124H86F12Fe2N6O12P4Pd2S4: C,
56.06; H, 3.26; N, 3.16. Found: C, 56.32; H, 3.44; N, 3.30. Melting
point > 250 °C. 1H NMR (300 MHz, CD3NO2): δ 9.67 (s, 2H, NH),
8.60 (d, J = 6.0 Hz, 8H, Hα-pyridyl), 8.24 (s, 4H, H1-carbazole), 8.24
(br, 4H, H2-carbazole), 8.04−7.78 (m, 40H, H-phenyl), 7.54 (br, 4H,
H3-carbazole), 7.20 (d, J = 6.0 Hz, 8H, Hβ-pyridyl), 4.77−4.84 (d,
16H, H-Cp). 31P {1H} NMR (121 MHz, CD3NO2): δ 34.9 (s). IR: ν
(cm−1) = 2205.4 and 1243.6 for CC and C−F (OTf), respectively.

Synthesis of the Macrocycle 2b. This was prepared in an
analogous way as used for 2a using 1b (4.2 mg, 0.004 mmol) and L
(1.4 mg, 0.004 mmol). Isolated yield: 88%. Anal. Calcd for
C124H86F12Fe2N6O12P4Pt2S4: C, 52.55; H, 3.06; N, 2.97. Found: C,
52.81; H, 3.28; N, 3.11. Melting point >250 °C. 1H NMR (300 MHz,
CD3NO2): δ 9.69 (s, 2H, NH), 8.27 (d, J = 6.0 Hz, 8H, Hα-pyridyl),
8.02 (br, 4H, H2-carbazole), 7.77 (br, 4H, H3-carbazole), 7.70 (m,
40H, H-phenyl), 7.55 (s, 4H, H1-carbazole), 7.24 (d, J = 6.0 Hz, 8H,
Hβ-pyridyl) 4.74−4.83 (d, 16H, H-Cp). 31P {1H} NMR (121 MHz,
CD3NO2): δ 3.73(s). IR: ν (cm

−1) = 2179.9 and 1243.6 for CC and
C−F (OTf), respectively. ESI-MS (m/z): 795.67 [2b − 3O3SCF3

−]3+,
559.51 [2b − 4O3SCF3

−]4+.
Synthesis of the Macrocycle 2c. To a stirred suspension of

dipyridyl donor L (1.8 mg, 0.005 mmol) in 0.5 mL of acetone was
added a clear aqueous solution (0.5 mL) of 1c (1.7 mg, 0.005 mmol)
drop-by-drop with continuous stirring. After stirring the reaction
mixture at 50 °C for 5 h in a closed glass vial, the clear yellow solution
was vacuum-dried to isolate the expected macrocycle 2c in pure form
as yellow solid. Isolated yield: 85%. Anal. Calcd for C64H62N14O12Pd2:
C, 53.68; H, 4.36; N, 13.69. Found: C, 53.95; H, 4.60; N, 13.87.
Melting point > 250 °C. 1H NMR (400 MHz, DMSO-d6): δ 11.94 (s,
2H, NH), 8.64 (d, J = 6.0 Hz, 8H, Hα-pyridyl), 8.54 (s, 4H, H1-
carbazole), 7.68 (d, J = 8.5 Hz, 4H, H3-carbazole), 7.61 (d, J = 8.4 Hz,
4H, H2-carbazole), 7.54 (d, J = 6.0 Hz, 8H, Hβ-pyridyl) 2.64 (s, 8H,
H−CH2), 2.51 (s, 24H, H−CH3). IR: ν (cm−1) = 2171.4 for ethynyl
group. ESI-MS (m/z): 654.05 [2c − 2NO3

−]2+, 296.02 [2c −
4NO3

−]4+.
Synthesis of the Macrocycle 2d. To a stirred suspension of

dipyridyl donor L (1.8 mg, 0.005 mmol) in 0.5 mL of methanol was
added a clear chloroform solution (0.5 mL) of 1d (6.0 mg, 0.005
mmol) drop-by-drop with continuous stirring. After stirring the
reaction mixture at 50 °C for a further 5 h in a closed glass vial, the
clear pale yellow solution was concentrated and treated with cold
diethylether to isolate 2d in pure form as an off-white solid. Isolated
yield: 91%. Anal. Calcd for C132H164N12O12P8Pt4: C, 50.51; H, 5.27; N,
5.35. Found: C, 50.67; H, 5.44; N, 5.54. Melting point > 250 °C. 1H
NMR (CDCl3/CD3OD, 400 MHz): δ 8.71 (d, J = 5.2 Hz, 8H, Hα-
pyridyl), 8.52 (s, 4H, H1-carbazole), 8.41 (m, 4H, H2-carbazole), 8.34
(s, 2H, NH), 7.96 (s, 4H, H4-carbazole), 7.94 (s, 2H, NH), 7.78 (d, J =
6.0 Hz, 8H, Hβ-pyridyl), 7.55 (m, 4H, H3-carbazole), 7.35 (m, 4H,
H5,6-carbazole), 1.91 (m, 24H, CH2-ethyl), 1.26 (m, 36H, CH3-ethyl).
31P NMR (CDCl3/CD3OD, 121 MHz): δ 16.00 (s, 1JPt-P = 1750.0
Hz). IR: υ (cm−1) = 2170.0 for ethynyl group. ESI-MS (m/z): 984.30

Scheme 1. [2 + 2] Self-Assembly of Metallamacrocycles 2a−
2d via a New Carbazole-Based 90° Ditopic Donor L and
Several Pd(II)/Pt(II) Based 90° Acceptors (1a−1d)
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[2d − 3NO3
−]3+, 905.60 [2d − 3NO3

− − 2PEt3]
3+, 722.72 [2d −

4NO3
−]4+.

X-ray Data Collection and Structure Refinements. The
diffraction data of 2a were collected with synchrotron radiation (λ =
0.699 98 Å) using wiggler beamline 4A at the Pohang Accelerator
Laboratory. This multipole wiggler has 28 magnet poles with 2.02 T
and its periodic length and gap size are 14 cm and 14 mm, respectively.
A fast speed CCD is installed for multiwavelength anomalous
diffraction (MAD) experiments in the energy range of 6−18 keV.
Crystal data for L were collected on a Bruker Smart Apex CCD
diffractometer using the SMART/SAINT software.8 X-ray quality
crystals were mounted on a glass fiber with traces of viscous oil.
Intensity data were collected using graphite monochromatic Mo−Kα
radiation (0.7107 Å) at 150 K. The structures were solved by direct
methods using SHELX-979 incorporated in WinGX.10 Empirical
absorption corrections were applied with SADABS.11 All non-
hydrogen atoms were refined with anisotropic displacement
coefficients. Hydrogen atoms were assigned isotropic displacement
coefficients U(H) = 1.2U(C) or 1.5U (C-methyl), and their
coordinates were allowed to ride on their respective carbons.
Structures were drawn using DIMOND.12,13

C60 Binding Study. Stock solutions (1 mM) of C60 (1.0 × 10−3

M) in tetrachloroethane and that of 2a (1.0 × 10−4 M) in acetonitrile
were prepared. A volume of 2 mL of stock solution of 2a (1.0 × 10−5

M) was placed in a quartz cell of 1 cm width and C60 solution (1.0 ×
10−3 M) was added in an incremental fashion and their corresponding
fluorescence spectra were recorded at 298 K. Each titration was
repeated at least three times to get a consistent value. For all
measurements λexc = 410 nm and the emission wavelength was
monitored from λem = 420 nm onward. Both excitation and emission
slit widths were kept at 1 nm. There was no change in shape of the
emission spectra of 2a except gradual quenching of the initial
fluorescence emission intensity upon gradual addition of C60 solution.
Analysis of the normalized fluorescence intensity (I0/I) as a function
of increasing C60 concentration ([G]) was well described by the
Stern−Volmer equation I0/I = 1 + KSV[G]. The KSV was obtained
from the slope of the linear Stern−Volmer plot.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of the 90° Dipyridyl

Donor (L). As illustrated in Scheme 2, the 90° dipyridyl donor

[L, 3,6-di(4-pyridylethynyl)carbazole], is synthesized via a
Sonagashira coupling reaction of 3,6-dibromocarbazole with
4-ethynylpyridinehydrochloride using Pd(II)- catalyst in
reasonable yield (∼60%). The linker L was fully characterized
by various spectroscopic techniques such as IR, NMR {1H and
13C}, and ESI-MS.
The IR spectrum of L showed an intense peak at υ = 2211.1

cm−1 corresponding to the presence of an ethynyl (CC)
functional group (Figure S1 in the Supporting Information).
The 1H NMR spectrum of L exhibited characteristic peaks in
the range δ = 11.96−7.60 ppm for carbazole protons (two
singlets and two doublets) and two sharp doublets at δ = 8.64
ppm and δ = 7.55 ppm corresponding to the Hα- and Hβ-

protons of 4-pyridyl units, respectively (Figure S2 in the
Supporting Information). The 13C NMR spectrum of L
exhibited all the characteristics resonance corresponding to
carbazole, pyridyl, and ethynyl units in the aromatic region in
the range of δ = 150.8−80.2 ppm (Figure S3 in the Supporting
Information). Electrospray ionization mass-spectrometric (ESI-
MS) analysis of L showed a peak at m/z = 370.40,
corresponding to the molecular ion [L + H] + (Figure S4 in
the Supporting Information).
Finally, the molecular structure of the 90° building unit (L)

was unequivocally determined by X-ray diffraction analysis. The
diffraction quality single crystals of L were obtained by slow
evaporation of a concentrated clear solution of L in DMSO at
room temperature. The dipyridyl donor L crystallized in the
P21/n space group with four formula units per asymmetric
units. A ball and stick representation of the structure of L
(Figure 1) shows that the N3−NH−N2 angle being

approximately 95°. Crystallographic data and refinement
parameters are summarized in Table S1 in the Supporting
Information, while selected bond lengths and angles are
assembled in Table S2 in the Supporting Information. Notably,
the pyridyl donor (N2) makes a dihedral angle of 11.6° with
the carbazole moiety, whereas the other arm (N3) adopts a
dihedral angle of 92.5°. One of the pyridyl donors and
carbazole unit almost lie in the same plane, while the other
pyridyl donor (N3) is perpendicular to the plane of carbazole.
The average CC bond distance (1.17 Å) is in good
agreement with other reported ethynyl compounds.4−6

Interestingly, the pyridyl unit perpendicular to carbazole
plane forms an intermolecular hydrogen bonding interaction
(2.12 Å) with carbazole-NH of the adjacent molecule; thereby
it forms a supramolecular 1D-chain in the solid-state (Figure S5
in the Supporting Information).

Synthesis and Characterization of the Macrocycles
2a−2d. The dipyridyl donor L was treated separately with four
different Pd(II)/ Pt(II) based 90° acceptors (1a−1d) [1a = cis-
(dppf)Pd(OTf)2; 1b = cis-(dppf)Pt(OTf)2; 1c = cis-(tmen)Pd-
(NO3)2; 1d = 3,6-bis{trans-Pt(PEt3)2(NO3)(CC)}-
carbazole] in a 1:1 molar ratio to obtain the [2 + 2] self-
assembled macrocycles (2a−2d) after 5 h of stirring at 50 °C
(Scheme 1). The resulting macrocycles are highly soluble in
common organic solvents and were fully characterized using
various spectroscopic techniques like IR, multinuclear {1H and
31P} NMR, as well as ESI-MS. The multinuclear NMR spectra
of the assemblies (2a−2d) were consistent with the formation
of a single and symmetrical product (Figures S6−S12 in the
Supporting Information).

Scheme 2. Schematic Representation of the Synthesis of 3,6-
Di(4-pyridylethynyl)carbazole (L) from 3,6-
Dibromocarbazole and 4-Ethynylpyridinehydrochloride

Figure 1. Molecular structure of dipyridyl donor L with atom labeling
(color codes: blue = N, gray = carbon).
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The 31P NMR spectra of assemblies 2a, 2b, and 2d exhibited
sharp singlets [34.9 (2a), 3.73 (2b), 16.00 (2d)], which are
significantly upfield shifted with respect to the starting 90°
acceptor units (1a, 1b, 1d) (Supporting Information). The
upfield shifts of the phosphorus peaks indicated the ligand to
metal electron donation due to ligand−metal coordination.
Moreover, a decrease in coupling of the observed flanking 195Pt
satellites of assemblies 2b (ΔJ = −2373.6 Hz) and 2d (ΔJ =
−1750.0 Hz) were consistent with the back-donation from
Pt(II) metal centers. In the 1H NMR spectrum of all the
resulted assemblies (2a−2d), hydrogen atoms of the pyridine
rings exhibited a downfield shift due to the loss of electron
density upon coordination of pyridine-N to Pd(II)/Pt(II)
centers (Supporting Information). A strong band in IR spectra
of the assemblies [υ (cm−1) = 2205.4 (2a), 2179.9 (2b), 2171.4
(2c), 2170.0 (2d)] supported the presence of a CC ethynyl
bond in the resulting macrocycles (Figure S1 in the Supporting
Information).
Although the initial characterization of these assemblies using

multinuclear (1H and 31P) NMR spectroscopy suggested ligand
to metal coordination, it does not furnish any information
about the exact composition and nuclearity of the resulting
macrocycles. ESI-mass spectrometry is a well accepted soft-
ionization technique to determine the composition of the
charged species in solution.14 Formation of [2 + 2] self-
assembled macrocycles 2b−2d was supported by the
appearance of peaks in the ESI-MS spectra corresponding to
multiple charged fragments (Figure 2 and Figures S13 and S14

in the Supporting Information). The multiple charged
molecular ions for 2b at m/z = 795.67 [2b − 3O3SCF3

−]3+,
559.51 [2b − 4O3SCF3

−]4+; for 2c at m/z = 654.05 [2c −
2NO3

−]2+, 296.02 [2c − 4NO3
−]4+; for 2d at m/z = 984.30 [2d

− 3NO3
−]3+, 905.60 [2d − 3NO3

− − 2PEt3]
3+, 722. 72 [2d −

4NO3
−]4+ were observed. The experimentally observed isotopic

distributions of the peaks corresponding to [2b −
3O3SCF3

−]3+, [2b − 4O3SCF3
−]4+, [2c − 2NO3

−]2+, and [2d
− 3NO3

−]3+ fragments were consistent with their charge state
(Figure 2 and Figures S13 and S14 in the Supporting
Information).
Crystal Structure of the Macrocycle 2a. The structure of

2a was determined unambiguously by single crystal X-ray
diffraction analysis. The diffraction quality single crystals of 2a
were grown by slow vapor diffusion of diethylether into a
concentrated nitromethane/methanol (1:1) solution at room
temperature. Diffraction analysis of 2a demonstrated the
formation of a tetranuclear heterometallic Fe2Pd2 bowl-shaped
macrocycle, where two pyridine units of L linked with two cis-
(dppf)Pd(OTf)2 building blocks (Figure 3). Each Pd center is
coordinated to two P atoms of dppf moiety and two pyridyl
nitrogen of L, resulting in a distorted square-planar geometry

around each Pd(II) metal center. The average Pd−N and P−Pd
bond distances are 2.09 Å and 2.29 Å, respectively. The average
N−Pd−N and P−Pd−P bite angles are 84.74° and 99.74°,
respectively. Interestingly, though one of the pyridyl (N3)
ligating sites in L is almost perpendicular to the plane of
carbazole-moiety, in 2a both the pyridyl donors (N2 and N3)
lie in the same plane. Overall, 2a has a bowl-shape structure
with a large internal concave aromatic surface.
Carbazole-units of two different L are oriented in the same

direction, and the distance between opposite NH of carbazole
units is 14.71 Å. The solid state packing diagram of 2a through
the crystallographic b axis shows a loop type of channel
occupied with two triflate (OTf−) counteranions and a
diethylether solvent molecule (Figure S15 in the Supporting
Information).
Unfortunately, all attempts to obtain X-ray diffraction quality

single crystals of the macrocycles 2b, 2c, and 2d were
unsuccessful. However, the analysis of multinuclear NMR (1H
and 31P) in concurrence with ESI-MS spectroscopic studies
supported the formation of [2 + 2] self-assembled macrocycles.
Because of the almost similar nature of the acceptor units 1a−
1c, macrocycles 2b and 2c are expected to have a similar bowl-
shaped structure. In order to gain further insight into the
structural nature of macrocycle 2d which is designed using a
shape-selective PtII2 90° building unit, the energy minimized
structure was obtained using molecular mechanics universal
force field simulation (MMUFF).15 A perspective view of the
energy minimized structures of 2d is depicted in Figure 4.
The optimized structure of the macrocycle 2d suggests that

the formation of a rather square type of structure (different
from 2a) with overall dimensions of 2.19 nm ×2.19 nm. To the
best of our knowledge, complex 2d represents the first example
of a [2 + 2] self-assembled Pt4 molecular square.

UV−Visible Absorption and Fluorescence Studies of
the Macrocycles. Photophysical data of the macrocycles (2a−
2d) are summarized in Table 1. The absorption spectra of the
macrocycles 2a−2d in CH3CN (1.0 × 10−5 M) show peaks at λ
= 309, 345, and 384(sh) nm for 2a; λ = 310, 345 and 384 (sh)
nm for 2b; λ = 310, 346, and 385(sh) nm for 2c; λ = 245, 316,

Figure 2. Calculated (blue) and experimentally (red) observed ESI-
MS spectra of [2b − 3O3SCF3

−]3+ and [2b − 4O3SCF3
−]4+ fragments.

Figure 3. Top view (above) and side view (below) of X-ray crystal
structure of macrocycle 2a (green = Pd, orange = Fe, purple = P, blue
= N, red = O, black C). Counter anions, hydrogen atoms, and located
solvents are omitted for the sake of clarity.
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342, and 383 nm for 2d (Figure 5). The peaks in the range of
310−346 nm are tentatively assigned to MLCT, whereas the
peaks in the range of 245−310 nm are ascribed to the intra/
intermolecular π−π* transitions. The observed low-energy
band at λ = 384 nm for macrocycles 2a and 2b is attributed to
the weak d−d transitions.
All the four macrocycles show high fluorescence character-

istics in CH3CN solution, and their high luminescence behavior

is basically ascribed to the presence of unsaturated Pt-ethynyl
and extended π-conjugation (Figure 5).

Supramolecular Complexation of Macrocycle 2a with
C60. Design and synthesis of artificial receptors with the ability
of forming a stable inclusion complex with a specific guest has
been an important area of current research in materials
chemistry.16 Since the first isolation of fullerene C60, several
artificial π-electron rich supramolecular receptors have been
synthesized in the context of selective separation of C60 from
the fullerite composites containing other large analogues such
as C70 and C120. It has been concluded in the reported literature
that a bowl-shaped host is considered to be an ideal host to
embrace the curved-surface of C60 through concave−convex,
“ball-and-socket” π−π interactions, or C−H−π interactions.17

Inspection of the molecular structure of 2a shows a bowl-
shaped conformation with a large π-conjugated concave
aromatic surface and the internal diameter of 14.71 Å, which
is larger than the van der Waals radius (∼10 Å) of C60.
Accordingly, we anticipated that the macrocycle 2a would be a
potential host to form a stable inclusion complex with C60
through a π−π interaction.
The primary computational molecular modeling study of

macrocycle 2a with C60 suggested that C60 perfectly fits within
the concave aromatic cleft of 2a by a distance of 3.32 Å, which
is in the required range for π−π interaction between host and
guest (Figure 6). On the basis of the information obtained from

this modeling study, we performed a fluorescence titration
experiment of 2a with C60 in acetonitrile−tetrachloroethane
solution at 298 K. As mentioned earlier, macrocycle 2a shows
emission maxima at λem = 372 nm and the initial emission
intensity depleted rapidly upon gradual addition of C60 (Figure
7). Such a change in the emission intensity could be due to the
formation of charge-transfer inclusion complex between the

Figure 4. A view of the optimized structure of 2d (green = Pt, pink =
P, blue = N, black = C).

Table 1. Photophysical Data of the Macrocycles 2a −2d in
Aerated CH3CN Solutiona

macrocycles

absorption
maxima λmax

(nm)

Molar extinction
coefficient 103 ε

M−1 cm−1 [λmax(nm)]

fluorescence
emission maxima at
298 K λmax(nm)

2a 309, 345,
384(sh)

309 (82) 372

2b 310, 345,
384(sh)

310 (73) 372

2c 310, 346,
385(sh)

310 (121) 371

2d 245, 316,
342, 383
(sh)

316 (43) 373

aValues in bold in columns 2 and 4 represent the highest absorption
(λabs) and emission (λem) maxima, respectively.

Figure 5. UV−visible (left) and fluorescence (right) spectra of macrocycles 2a−2d obtained using CH3CN solution (1.0 × 10−5 M).

Figure 6. Simulated structure of the host−guest complex 2a⊂C60.
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bowl-shaped host 2a and convex guest C60. The stoichiometry
plot analysis of the fluorescence titration profile suggested a
∼1:1 complex formation of 2a with C60 and the estimated
Stern−Volmer binding constant is 1.0 × 105 M−1 (Figure 7).
The high value of binding constant (KSV) indicated the
propensity of 2a to form a stable complex with C60.
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■ CONCLUSION
We report here the use of a shape-selective 90° dipyridyl donor
(L) to construct several [2 + 2] self-assembled Pd(II)/Pt(II)
cationic macrocycles (2a−2d) in good yields under mild
reaction conditions. Formation of macrocycles (2a−2d) was
established by various spectroscopic techniques and the
molecular structure of 2a was determined by single crystal X-
ray diffraction analysis. Despite the possibility of formation of
open chain oligomers, we established here the self-assembly of
discrete macrocycles incorporating carbazole-ethynyl function-
ality. Complex 2d represents an interesting example of a [2 + 2]
self-assembled Pt4 molecular square obtained from a Pt2
building unit. Though large number of two-dimensional
metallamacrocycles using cis-blocked 90° Pd(II) or Pt(II)
based 90° acceptors are known, the present paper reports few
two-dimensional macrocycles from a shape-selective 90°
dipyridyl donor (complementary approach). Because of the
large internal concave pocket and π-electron rich nature,
macrocycle 2a was examined as a potential macrocyclic
receptor for a large spherical guest C60 in solution.
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