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Abstract
Through the Weak-Link Approach, fluorescent condensed and open Cu(I) tweezer complexes
were prepared and characterized. These complexes exhibit fluorescence-sensitive binding
properties for halide anions. The solid-state structure of a non-fluorescent Rh(I) tweezer analogue,
determined by X-ray crystallography, shows that the counter anion, Cl−, is trapped in between the
two amide groups of the tweezer arms through hydrogen bonds. Although the tweezer binds Cl−,
the open complex also binds Cl−, showing that the main role of the metal is to increase the local
concentration of the pyrenyl amide moieties so that 2:1 binding can take place.

1. Introduction
Over the past decade, supramolecular cyclophanes and tweezer complexes have received a
significant amount of attention due to their encapsulating properties and potential
applications in catalysis, sensing, mixture separations, molecular electronics, and facilitated
small molecule transport.1–4 Our group has shown that one can prepare fluorescent
cyclophanes5 via the Weak-Link Approach (WLA) in high-yield (Scheme 1).2,6 The
strategically positioned weak ligand-metal interactions within these structures allow one to
use small molecules and elemental anions to reversibly open and close such structures,
allowing one to chemically trigger significant changes in their recognition and catalytic
properties.2

Herein, we demonstrate how the WLA can be used to prepare a novel class of fluorescent
tweezer complexes that incorporate both recognition sites and fluorophores within the
framework of the ligand that makes up the tweezer arms. We compare the halide binding
properties of these novel structures with the open versions of these structures.
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2. Results and discussion
The pyrenyl group has been used as a signaling fluorophore, since when it dimerizes in the
presence of analytes, it forms a characteristic excimer.7 We hypothesized that two
equivalents of such a moiety, held together in a tweezer configuration in the context of a
coordination complex prepared via the WLA, could act as a characteristic signaling
fluorophore for analyte recognition. The new pyrene-appended hemilabile phosphine ligand
2 was synthesized in two steps (Scheme 2) and fully characterized by 1H, 31P{1H} NMR
spectroscopy and mass spectrometry. The solid-state structure of 2 was confirmed via a
single crystal X-ray diffraction study (Figure 1).

The Rh(I) tweezer complex 3a was synthesized by the reaction of [Rh(NBD)Cl]2 (NBD =
norbornadiene) and hemilabile ligand 2 in CH2Cl2 at room temperature in quantitative yield
(Scheme 3). It is insoluble in CH2Cl2 and forms as a yellow precipitate in the bottom of the
reaction vessel. All data, including 1H NMR spectroscopy in a 3:1 mixture of CD2Cl2 and
CD3OD, 31P{1H} NMR spectroscopy in the same solvent mixture, and ESI-MS, are in full
agreement with the proposed structural formulation for 3a. For example, the 31P{1H} NMR
spectrum of 3a exhibits a doublet at δ 64.7 (JRh-P = 161 Hz) assigned to the equivalent
phosphorous atoms. This chemical shift and coupling constant are highly diagnostic of a
square planar cis-phosphine, cis-thioether Rh(I) complex.2,8,9 Significantly, the amide
hydrogen atoms are shifted downfield from where they would normally appear (vide infra).
This is likely due to an interaction between those protons and the Cl− counter ion. The ESI-
MS spectrum of 3a exhibited a peak at m/z 1261.5 corresponding to the loss of the Cl−
counter anion (Calcd. for [M-Cl−]+ = 1261.3).

The solid-state structure of 3a (Figure 2), as determined by X-ray crystallography, is
consistent with its proposed solution structure. The Rh(I) metal center is coordinated by two
phosphines and two thioethers in a distorted square-planar geometry with P(1)-Rh(1)-S(1)
and P(1)-Rh(1)-P(1′) angles of 85.21° and 98.46°, respectively. Each coordinating sulfur
atom has a distorted trigonal pyramidal geometry with C(14)-S(1)-Rh(1), C(14)-S(1)-C(15),
and C(15)-S(1)-Rh(1) angles of 105.7°, 102.0°, and 111.5°, respectively. Of particular
interest is the chloride anion, which is trapped between the two amide groups through
hydrogen bonds.10 The N(1)…Cl(1) distance and the N(1)-H(1A)-Cl(1) angle are 3.24 Å
and 162.4°, respectively. The two bridging aromatic spacers have a twisted configuration
with a torsion angle of 74.5° owing to the trigonal pyramidal configuration of the
coordinating sulfur atom and the coordination of the Cl− anion. Note the pyrenyl groups in
3a exhibit intermolecular π-π stacking interactions in the solid-state (the inter-plane distance
of the two pyrenyl group is 3.7 Å, Figure S1).11

Upon reaction with CO (1 atm), the tweezer complex 3a opens to form a neutral Rh(I)
complex 4a (CD2Cl2/CD3OD = 3/1, Scheme 3).2,4,9 This reaction involves the displacement
of the thioether ligands of 3a with one equivalent of CO and the Cl− counter ion.
The 31P{1H} NMR spectrum of 4a exhibits a resonance at δ 25.0 (d, JRh-P = 124 Hz)
indicative of a complex with trans-coordination of the two phosphorous atoms.2,4,9

Although complex 4a is stable under CO (1 atm) at room temperature, exposure to high
vacuum results in its conversion to the cationic condensed Rh(I) tweezer 3a. The
interconversion between complex 4a and 3a is completely reversible as evidenced by 1H
and 31P{1H} NMR spectroscopy. Note, the amide protons, which exhibit a resonance at δ
8.77 in 3a, appear at δ 8.39 in 4a in a 3:1 mixture of CD2Cl2 and CD3OD (Figure S2).

In an attempt to increase the solubility of the condensed Rh(I) tweezer 3a, the anion was
changed from Cl− to BF4

− (3b) and B(C6F5)4
− (3c), respectively (Scheme 3). These

complexes were prepared by initially abstracting the Cl− from the Rh(I) precursor with the
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appropriate reagent (AgBF4 and LiB(C6F5)4, respectively). The chemical shifts and
coupling constants for the phosphorus atoms of 3b and 3c were nearly identical to those
observed for 3a (3b: δ 64.8 (d, JRh-P = 161 Hz), 3c: δ 64.7 (d, JRh-P = 162 Hz)). Although 3a
and 3b are not soluble in pure dichloromethane, 3c with B(C6F5)4

− as the counter anion is
highly soluble at room temperature. The ability of 3c to bind Cl− was studied by 1H NMR
titration experiments in CD2Cl2 solution at room temperature. In all experiments, the
chemical shift for the amide −NH resonance was monitored as a function of Cl−
concentration. As expected, the amide proton signals shift downfield, indicative of strong
interactions with the Cl− (Figure 3b). The Ka of 3c for Cl− is 2.48 × 103 M−2 as determined
by EQNMR techniques.12 The interaction between Cl− and 3c is primarily with the tweezer
arms. Indeed, there is no evidence of Cl− interacting with the metal center as probed
by 31P{1H} NMR spectroscopy. The doublet at δ 64 does not change significantly even in
the presence of excess Cl− without CO (Figure 3a). Interestingly, in the solution state, 3c
forms a 2:1 rather than a 1:1 complex with Cl− as determined by a Job plot (Figure 4).
Similar differences in stoichiometry, depending upon the physical state, have been observed
with a bicycliccyclophane complex with Cl− anion (1:1 in the solution state and 1:2 in the
solid state).13

Since Rh(I) quenches the fluorescence associated with the pyrene based ligand, we turned to
Cu(I) as an alternative metal hinge. Complex 3d, the Cu(I) analogue of the Cl− free Rh(I)
tweezer complexes 3b and 3c, can be synthesized by the reaction of [Cu(CH3CN)4][PF6]
and ligand 2 in CH2Cl2 at room temperature (Scheme 4). This methodology is similar to that
used for preparing Cu(I) metallocyclophanes using the symmetrical 1,4-bis[2-
(diphenylphosphino)ethylthio]benzene ligands.14 All of the spectroscopic data, including 1H
NMR spectroscopy, 31P{1H} NMR spectroscopy, and ESI-MS are in full agreement with
the proposed formulation for 3d. For example, the 31P{1H} NMR spectrum of 3d exhibits a
broad singlet at δ 0.15 due to the interaction of the phosphorus atoms with the
quadrupolar 63Cu and 65Cu nuclei (I =3/2), indicative of equivalent phosphorus atoms in the
condensed Cu(I) tweezer complex.3,14,15 Pyridine was chosen as a suitable N-donor for
opening the Cu(I) condensed intermediates since it works quite well in the
metallocyclophane cases.3,14,15 Successful displacement of the Cu-S bonds in 3d was
achieved via the addition of excess pyridine, which results in the quantitative formation of
the colorless cationic open Cu(I) tweezer 4d (Scheme 4). The open Cu(I) tweezer 4d was
characterized by 1H and 31P{1H}NMR spectroscopy, ESI-MS, and elemental analysis. The
complex exhibits a diagnostic resonance in its 31P{1H} NMR spectrum at δ −3.52, which is
similar to what is observed for mono and binuclear open Cu(I) complexes with two
phosphines and two pyridines (shift from δ − 0.05 to − 4.60).3,14–16 Although complex 4d is
stable in CH2Cl2 solution as well as in solid state, under high vacuum, its ESI-MS spectrum
exhibited only a single peak at m/z 1221.6 corresponding to the loss of two pyridine ligands
and the PF6

− counter anion (Calcd. for [M - 2 pyridine - PF6
−]+ = 1221.3).

We investigated the absorption and emission properties of ligand 2, condensed Cu(I)
tweezer 3d, and open Cu(I) tweezer 4d. The Cu(I) complexes 3d and 4d in CH2Cl2 (with
5% DMF) and ligand 2 show nearly identical absorption spectra with λmax at 345 nm.
Emission spectra of 2, 3d, and 4d with excitation at 345 nm in the same solvent system are
different (Figure 5a). The metal complexes both exhibit broad and strong excimer bands at
475 nm, while the ligand does not. Interestingly, the relative intensity of excimer to
monomer emission (IE/IM) is slightly larger in the open complex 4d (IE/IM = 1.46) as
compared with the condensed structure 3d (IE/IM = 1.01). Presumably, the open structure
provides the structural flexibility for the two pyrene moieties to interact more strongly than
in the condensed structure. Open Cu(I) tweezer 4d interacts with Cl− as evidenced by an
increase in fluorescence intensity of the excimer as a function of added chloride anion up to
1 equivalent (Figure 5b). The data are consistent with the formation of a structure analogous
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to crystallographically characterized 3a where the Cl− enhances the interaction between the
pyrene moieties via the halide induced chelation effect of the pyrene-appended two amide
groups. If the titration is continued, the excimer intensity steadily decreases after one
equivalent until it disappears at 100 equivalents. Note, the first Cl− can be trapped
inbetween the two amide groups but the additional anions tend to break the chelate
conformation to make individual hydrogen bonding complexes for each amide group, which
prohibits excimer formation. Condensed Cu(I) tweezer 3d shows a similar recognition trend
to that of 4d, showing that although the metal site is important for holding two equivalents
of ligand within one complex, the orientation of the pyrenes in the tweezer 3d does not offer
a significant advantage with respect to Cl− recognition. Note that consistent with this
conclusion the free base ligand 2 does not show any excimer formation in the presence of
Cl−(Figure S3a). The condensed and open tweezers 3d and 4d exhibit similar recognition
trends with Br− and I− (Figure S3–S4).

3. Conclusions
We have developed a method for rapidly assembling fluorescent tweezer complexes from
Cu(I) metal ion and the appropriate pyrene-appended hemilabile ligands. These complexes
exhibit fluorescence-dependent binding properties for halide anions. X-ray crystallography
of a non-fluorescent Rh(I) analogue shows that the Cl− ion interacts with the amide moieties
flanking the pyrenyl groups. Surprisingly, the pocket created by the condensed tweezer 3d
does not confer significant advantages with respect to halide binding or selectivity since the
open structure 4d shows very similar trend. Indeed, the main role of the metal is to increase
the local concentration of the pyrenyl amide moieties so that 2:1 binding can take place.

4. Experimental
4.1. General

All reactions were carried out under an inert atmosphere of nitrogen using standard Schlenk
techniques or an inert atmosphere glove box unless otherwise noted.17 Diethyl ether,
CH2Cl2, pentane, and hexanes were purified by published methods.18 All solvents were
deoxygenated with nitrogen prior to use. 2-Chloroethyldiphenylphosphine was purchased
from Organometallics Inc. and used as is. Deuterated solvents were purchased from
Cambridge Isotope Laboratories Inc. and used as received. [Rh(NBD)Cl]2 (NBD is
norbonadiene) was purchased from Stem Chemical Inc. and used as is. All other chemicals
were used as received from Aldrich. 1H NMR spectra were recorded on a Varian Mercury
300 MHz FT-NMR spectrometer and referenced relative to the residual proton
resonances. 31P{1H} NMR spectra were recorded on a Varian Mercury 300 MHz FT-NMR
spectrometer at 121.4 MHz and referenced relative to an external 85% H3PO4
standard. 19F{1H} NMR spectra were recorded on a Varian Mercury 300 MHz FT-NMR
spectrometer at 282.47 MHz and referenced relative to an external CFCl3 in CDCl3
standard. All chemical shifts are reported in ppm. Electrospray ionization mass spectra (ESI-
MS) were recorded on a Micromas Quatro II triple quadrapole mass spectrometer. Electron
ionization mass spectra (EIMS) were recorded on a Fisions VG 70–250 SE mass
spectrometer. Fluorescent spectra were recorded with a Hewlett Packard (HP) 8452a diode
array spectrometer. Elemental analyses were performed by Quantitative Technologies Inc.
Whitehouse, NJ.

4.2. Materials
4.2.1. Ph2PCH2CH2SC6H4CO2H (1)—A mixture of 4-mercaptobenzoic acid (2.0 g,
12.32 mmol), 2-chloroethyldiphenylposphine (3.3 g, 13.14 mmol), potassium carbonate (6.0
g, 42.98 mmol), and 18-crown-6 (0.5 g, 1.89 mmol) in acetonitrile/H2O (80/20 mL) was
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heated at reflux with vigorous stirring over night. The mixture was allowed to cool to room
temperature and conc. HCl was added dropwise to make the solution acidic under ice bath
cooling. The precipitate was filtered and washed with water, CH2Cl2, acetone, and diethyl
ether successively and dried in vacuo, which gave analytically pure white solid (3.7 g, 82
%). 1H NMR (DMF-d7): δ 2.66 (m, 2H, - CH2PPh2), 3.32 (m, 2H, J = 7.2 Hz, -CH2S-),
7.46–7.69 (m, 12H, -C6H4-, -P(C6H5)2), 8.07 (d, 2H, -C6H4-). 31P{1H} NMR (DMF-d7): δ
−16.32 (s). MS (EI, m/z) = 366.1 (Calcd. for C21H19O2PS = 366.0). Elemental analysis for
C21H19O2PS·C4H10O Calcd.: 68.16% C, 6.64% H. Found: 68.29% C, 6.95% H.

4.2.2. Ph2PCH2CH2SC6H4CONHCH2(C16H9) (2)—Chloro i-butylformate (0.1 mL,
0.72 mmol) was added dropwise to the CH2Cl2 (10 mL) solution of 1 (0.2 g, 0.55 mmol)
and triethylamine (0.1 mL, 0.72 mmol) under ice-bath cooling for 5 min and stirred 1 h at
room temperature. To the solution 2-pyrenylmethylamine·HCl (0.17 g, 0.60 mmol) and
triethylamine (3 mL, 21.52 mmol) in CH2Cl2 (10 mL) were added dropwise and stirred for 2
h at room temperature. Solvent was evaporated at reduced pressure and the remaining solid
was washed with acidic ethanol. The desired product was isolated by filtration and dried
under vacuum (70 mg, 22%). 1H NMR (THF-d8): δ 2.36 (m, 2H, -CH2PPh2), 2.99 (m, 2H, -
CH2S-), 5.31 (d, 2H, J = 5.7 Hz, -CH2N-), 7.17 (d, 2H, J = 6.6 Hz, -C6H4-), 7.19–7.42 (m,
10H, -P(C6H5)2), 7.77 (d, 2H, J = 6.6 Hz, -C6H4-), 7.96–8.20 (m, 8H, Pyrene-H), 8.47 (d,
1H, J = 9.0 Hz, Pyrene-H). 31P{1H} NMR (THF-d8): δ −15.92 (s). HRMS (EI, m/z) =
579.1790 (Calcd. for C38H30NOPS = 579.1786). Elemental analysis for
C38H30NOPS·1/2CH2Cl2 Calcd.: 74.32% C, 5.02% H, 2.25% N. Found: 74.40% C, 5.58%
H, 1.82% N.

4.2.3. [(Ph2PCH2CH2SC6H4CONHCH2(C16H9))2Rh][Cl] (3a)—The dichloromethane
solution (20 mL) of ligand 2 (200 mg, 345.0 μmol) and [Rh(NBD)Cl]2 (40 mg, 85.9 μmol)
was stirred overnight at room temperature. Solvent was evaporated under reduced pressure.
The resulting yellow precipitate was washed with THF and diethyl ether and dried in vacuo
(215 mg, 96%). 1H NMR (CD2Cl2/CD3OD=3/1): δ 2.51 (m, 4H, -CH2PPh2), 2.70 (m, 4H, -
CH2S-), 5.06 (d, 4H, J = 5.5 Hz, -CH2N-), 7.19–7.34 (m, 24H, -C6H4-, -P(C6H5)2), 7.51 (d,
4H, J = 6.6 Hz, -C6H4-), 7.88–8.06 (m, 16H, Pyrene-H), 8.15 (d, 2H, Pyrene-H), 8.77 (br t,
2H, J = 9.3 Hz, -NH-). 31P{1H} NMR (CD2Cl2/CD3OD=3/1): δ 64.70 (d, JRh-P = 161 Hz).
MS (ESI, m/z): [M - Cl]+ = 1261.5 (Calcd. for [C76H60N2O2P2RhS2]+ = 1261.2). Elemental
analysis for C76H64N2O2P2RhS2Cl·1/2CH2Cl2 Calcd.: 68.56% C, 4.59% H, 2.09% N.
Found: 68.37% C, 4.22% H, 2.11% N.

4.2.4. [(Ph2PCH2CH2SC6H4CONHCH2(C16H9))2Rh] [BF4] (3b)—The
dichloromethane solution of [Rh(NBD)Cl]2 (40 mg, 85.9 μmol) and AgBF4 (35 mg, 179.8
μmol) was stirred for 10 min at room temperature. The solution of Rh(I) precursor in
dichloromethane was added to dichloromethane solution of ligand 2 (200 mg, 345.0 μmol)
dropwise and stirred overnight at room temperature. Solvent was evaporated under reduced
pressure and the resulting yellow precipitate was washed with THF and dried in vacuo (189
mg, 81%). 1H NMR (CD2Cl2/CD3OD=3/1): δ 2.56 (m, 4H, -CH2PPh2), 2.78 (m, 4H, -
CH2S-), 5.08 (s, 4H, -CH2N-), 7.25–7.56 (m, 28H, -C6H4-, -P(C6H5)2), 7.74–8.22 (m, 18H,
Pyrene-H). 31P{1H} NMR (CD2Cl2/CD3OD=3/1): δ 64.78 (d, JRh-P = 161 Hz). MS (ESI, m/
z): [M - BF4

−]+ = 1261.6 (Calcd. for [C76H60N2O2P2RhS2]+ = 1261.2). Elemental analysis
for C76H60BF4N2O2P2RhS2·2CH2Cl2 Calcd.: 61.68% C, 4.25% H, 1.84% N. Found:
61.90% C, 4.21% H, 1.74% N.

4.2.5. [(Ph2PCH2CH2SC6H4CONHCH2(C16H9))2Rh] [B(C6F5)4] (3c)—The desired
complex 3c was synthesized by similar method to that of 3b using [Rh(COD)Cl]2 (40 mg,
79.5 μmol), LiB(C6F5)4·Et2O (130.0 mg, 171.0 μmol), and ligand 2 (185 mg, 319.1 μmol).

Jeon et al. Page 5

Tetrahedron. Author manuscript; available in PMC 2011 December 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The product was washed with diethyl ether and dried under vacuum (229 mg, 74%). 1H
NMR (CD2Cl2): δ 2.49 (m, 4H, -CH2PPh2), 2.66 (m, 4H, -CH2S-), 5.07 (d, 4H, J = 5.7 Hz, -
CH2N-), 7.20–7.45 (m, 28H, -C6H4-, -P(C6H5)2), 7.88–8.15 (m, 18H, Pyrene-H). 31P{1H}
NMR (CD2Cl2): δ 64.67 (d, JRh-P = 162 Hz). 19F NMR (CD2Cl2): δ −133.49 (s), −146.03
(t), −167.90 (d). MS (ESI, m/z): [M - B(C6F5)4]+ = 1261.5 (Calcd. for
[C76H60N2O2P2RhS2]+ = 1261.2). Elemental analysis for
C101H62BCl2F20N2O2P2RhS2·CH2Cl2 Calcd.: 59.87% C, 3.08% H, 1.38% N. Found:
59.90% C, 2.72% H, 1.28% N.

4.2.6. [(Ph2PCH2CH2SC6H4CONHCH2(C16H9))2Cu] [PF6] (3d)—To the suspension
of ligand 2 (91 mg, 0.157 mmol) in dichloromethane (10 mL), dichloromethane solution of
[(CH3CN)4Cu]PF6 (30 mg, 0.079 mmol) was added dropwise and stirred overnight at room
temperature. Solvent was evaporated under reduced pressure and dried in vacuo overnight.
Diethyl ether was added and sonicated for 10 min. White precipitate was isolated by
filtration and dried under vacuum (103 mg, 96%). 1H NMR (CD2Cl2): δ 2.69 (br s, 4H, -
CH2PPh2), 3.21 (br s, 4H, -CH2S-), 5.21 (br s, 4H, -CH2N-), 6.80 (br s, 2H, -NH-), 7.09 (d,
4H, J = 6.6 Hz, -C6H4-), 7.32–7.45 (m, 20H, -P(C6H5)2), 7.75 (d, 4H, J = 6.9 Hz, -C6H4-),
7.95–8.17 (m, 16H, Pyrene-H), 8.31 (d, 2H, J = 9.0 Hz, Pyrene-H). 31P{1H} NMR
(CD2Cl2): δ 0.15 (br s, -PPh2), −143.20 (m, PF6

−). MS (ESI, m/z): [M - PF6
−]+ = 1221.4

(Calcd. for [C76H60N2O2P2CuS2]+ = 1221.3). Elemental analysis for
C76H60CuF6N2O2P3S2·1.5CH2Cl2 Calcd.: 62.25% C, 4.25% H, 1.87% N. Found: 62.25%
C, 3.84% H, 1.52% N.

4.2.7. [(Ph2PCH2CH2SC6H4CONHCH2(C16H9))2Rh(CO) Cl] (4a)—To the solution of
complex 3a in a 3:1 mixture of CD2Cl2 and CD3OD was charged with CO gas (1 atm) for
10 min, which gave a desired open complex in quantitative yield. 1H NMR (CD2Cl2/
CD3OD=3/1): δ 2.68 (br m, 4H, - CH2PPh2), 2.90 (br m, 4H, -CH2S-), 5.20 (d, 4H, J = 5.4
Hz, -CH2N-), 7.10 (d, 4H, J = 7.5 Hz, -C6H4-), 7.36–8.15 (m, 40H, -C6H4-, -P(C6H5)2, -
Pyrenyl-H), 8.28 (d, 2H, J = 9.0 Hz, -Pyrenyl-H), 8.39 (br t, 2H, -NH-). 31P{1H} NMR
(CD2Cl2/CD3OD=3/1): δ 25.06 (d, JRh-P = 124 Hz). Alternatively, the complex 4a can be
synthesized from 3b and 3c by the reaction of 1 equiv of n-Bu4N+Cl− and CO gas (1 atm) in
CH2Cl2 at room temperature in quantitative yield.

4.2.8. [(Ph2PCH2CH2SC6H4CONHCH2(C16H9))2Cu (Pyridine)2][PF6] (4d)—Excess
amount of pyridine (1 mL) was added to the solution of 3d (95 mg, 69.0 μmol) in
dichloromethane (10 mL) and stirred for 30 min at room temperature. Solvent was
evaporated under reduced pressure and dried in vacuo overnight. Diethyl ether was added
and sonicated for 10 min. White precipitate was isolated by filtration and dried under
vacuum (97 mg, 92%). 1H NMR (CD2Cl2): δ 2.52 (br s, 4H, -CH2PPh2), 3.00 (br s, 4H, -
CH2S-), 5.14 (br d, 4H, J = 4.8 Hz, -CH2N-), 6.74 (br d, 4H, J = 5.4 Hz, -C6H4-), 7.30–7.50
(m, 28H, -P(C6H5)2, Pyridine, Pyrene-H), 7.73 (t, 2H, J = 7.8 Hz, Pyrene-H), 7.91–8.24 (m,
18H, Pyridine, Pyrene-H), 8.42 (br s, 4H, Pyridine). 31P{1H} NMR (CD2Cl2): δ −3.52 (br s,
-PPh2), −143.22 (m, PF6

−). MS (ESI, m/z): [M - 2Pyridine - PF6
−]+ = 1221.6 (Calcd. for

[C76H60N2O2P2CuS2]+ = 1221.3). Elemental analysis for C86H70CuF6N4O2P3S2 Calcd.:
67.68% C, 4.62% H, 3.67% N. Found: 67.35% C, 4.50% H, 3.53% N.

4.3. X-ray crystallography
4.3.1. Refinement—Crystals 2 and 3a were mounted on a CryoLoop© with Paratone-N©

oil and immediately placed under a liquid stream of N2 on a Bruker SMART APEX CCD
system respectively. Data collected at −60 °C with Mo Kα radiation and corrected for
absorption using the SADABS program. Structure was solved by Patterson difference map,
developed by successive difference Fourier syntheses, and refined by full matrix least
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squares on all F2 data. All non-hydrogen atoms were refined as being anisotropic and
hydrogen atoms except H1A on N1 in 3a were placed in calculated positions with
temperature factors fixed at 1.2 or 1.5 times the equivalent isotropic U of the C atoms to
which they were bonded. Hydrogen atom H1A was determined from a Fourier difference
map and allowed to refine.

4.3.2. Crystallographic data—For 2 (CCDC 675487): C38H30NOPS, monoclinic, space
group P2(1)/c, a = 16.115(2) Å, b = 9.778(1) Å, c = 18.536(2) Å, β = 100.004(2)°, V =
2876.3(6) Å3, Z = 4, T = 213(2) K, θmax = 28.27°, MoKα (λ = 0.71073 Å), 17252 measured
reflections, 5059 independent reflections [R(int) = 0.0450], R1= 0.0718, wR2 = 0.1687, GOF
= 1.172 ([I > 2σ(I)]). For 3a (CCDC 675488): C76H60ClN2O2P2Rh1S2, monoclinic, space
group C2/c, a = 13.065(2) Å, b = 19.762(3) Å, c = 24.237(3) Å, β = 99.752(2)°, V =
6167.1(13) Å3, Z = 4, T = 213(2) K, θmax = 28.27°, MoKα (λ = 0.71073 Å), 23331
measured reflections, 7246 independent reflections [R(int) = 0.0505], R1= 0.0585, wR2 =
0.1254, GOF = 1.102 ([I > 2σ(I)]).

4.4. NMR experiment
4.4.1. 1H NMR titration—Proton NMR titration was performed at 298 K. The condensed
Rh(I) tweezer complex 3c (5.15 mM) was titrated with n-Bu4N+X− (X = F, Cl, Br, and I) in
CD2Cl2 by monitoring the changes in the chemical shift of amide −NH protons.

4.4.2. Job plot—Stock solution of 3c (3.43 mM) and n-Bu4N+Cl− (3.44 mM) were
prepared in CD2Cl2 solution separately. Eleven NMR samples ([3c]/([3c]+[n-Bu4N+Cl−]) =
0.0, 0.1, 0.2, …, 0.9, 1.0) were prepared and 1H NMR spectra were taken at room
temperature.

4.5. Fluorescence measurement
4.5.1. Titration experiment—Stock solution of n-Bu4N+X−(91.0 mM) and stock solution
of 2, 3d, and 4d (0.36 mM) were prepared in CH2Cl2 containing of 5% DMF. For all
measurements, excitation was at 345 nm with excitation and emission slit width of 3 nm.
Fluorescence titration experiments were performed with 5.4 μM solutions of 2, 3d and 4d
and various concentrations of n-Bu4N+X− (X = F, Cl, Br, and I) in CH2Cl2 containing of 5%
DMF.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
ORTEP diagram for the crystal structure of 2. Thermal ellipsoids are drawn at 60%
probability. Hydrogen atoms have been omitted for clarity.
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Figure 2.
ORTEP diagram for the crystal structure of 3a with 60% probability ellipsoids. All but the
amide hydrogen atoms have been omitted for clarity. Selected distances (Å) and angles
(deg): Rh(1)-S(1) 2.330(5), Rh(1)-P(1) 2.232(3), Cl(1)…N(1) 3.241(4), P(1)-Rh(1)-S(1)
165.92(3), P(1)-Rh(1)-P(1′) 98.46(5), Rh(1)-S(1)-C(14) 105.70(11), Rh(1)-S(1)-C(15)
111.50(11), C(14)-S(1)-C(15) 102.07(17), Cl(1)-H(1a)-N(1) 162.40(4).
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Figure 3.
Partial (a) 31P{1H} and (b) 1H NMR spectra of 3c (5.15 mM) in the presence of n-Bu4NCl
in CD2Cl2 at room temperature (The signals labeled with * represent the amide −NH
protons).
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Figure 4.
Job plot for 3c (3.43 mM) and n-Bu4NCl (3.44 mM) in CD2Cl2 solution.
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Figure 5.
(a) Fluorescence spectra of 2 (10.8 μM), 3d (5.4 μM), and 4d (5.4 μM). (b) Fluorescence
spectral change of 4d upon titration with n-Bu4NCl in the CH2Cl2 containing of 5% DMF
(excitation = 345 nm).
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Scheme 1.
Schematic illustration of the Weak-Link Approach

Jeon et al. Page 15

Tetrahedron. Author manuscript; available in PMC 2011 December 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 2.
a) K2CO3, 18-Crown-6, CH3CN/H2O, reflux; b) Isobutylchloroformate/NEt3, 2-
Pyrenylmethylamine · HCl/NEt3, CH2Cl2, rt.
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Scheme 3.
a) CH2Cl2, rt; b) AgBF4 for 3b and LiB(C6F5)4 for 3c; c) CO/n-Bu4NCl, CH2Cl2, rt.
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Scheme 4.
a) CH2Cl2, rt; b) Pyridine, CH2Cl2, rt.
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