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Abstract

Two new large molecular rectangles (4 and 5) were obtained by the reaction of two different
dinuclear arene ruthenium complexes [Ruy(arene), (OONOO),Cl,] [arene = p-cymene, OONOO =
2,5-dihydroxy-1,4-benzoquinonato (2), 6,11-dihydroxy-5,12-naphthacene dionato (3)] with the
unsymmetrical amide M = A-(4-(pyridin-4-ylethynyl)phenyl) isonicotinamide donor ligand 1 in
methanol in the presence of AgO3SCF3, forming tetranuclear cations of the general formula
[Rug(arene)4(NNN),(O0ONO 0),]**. Both rectangles were isolated in good yields as triflate salts
and were characterized by multinuclear NMR, ESI-MS, UV-V is and photo-luminescence
spectroscopy. The crystal structure of 5 was determined by X-ray diffraction. The luminescent
rectangle 5 was used for anion sensing with an amide ligand as a hydrogen bond donor and an
arene-Ru acceptor as a signaling unit. Rectangle 5 strongly bound multi-carboxylate anions, such
as oxalate, tartrate, and citrate, in UV-Vis titration experiments in 1:1 ratios in contrast to mono
anions, such as F~, CI7, NO3~, PFg~, CH3COO™, and CgH5COO™. The fluorescence titration
experiment showed a large fluorescence enhancement of 5 upon binding to multi-carboxylate
anions, which can be attributed to the blocking of the photo-induced electron transfer (PET)
process from the arene—Ru moiety to the amidic donor in 5 likely as a result of hydrogen bonding
between the ligand and the anion. On the other hand, rectangle 5 was not selective towards any
other anions. To the naked eye multi-carboxylate anions in a methanol solution of 5 appears
greenish upon UV light irradiation.
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Introduction

Considerable efforts have been devoted to selectively sensing anions because of the
important roles they play in various chemical, biological, and environmental sciences. [1: 2]
Sensing multi-carboxylate anions is useful in chemistry as well as biochemistry. Of the
multi-carboxylates, oxalate, citrate, and tartrate are particularly relevant for the detection of
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several diseases, as they occur as intermediates in cellular metabolism. [3] Excessive oxalate
accumulation in the body can cause a variety of health disorders, such as renal failure, [4]
urinary stone disease, [ and pancreatic insufficiency.[®! Citrate and tartrate are key
metabolites in the Krebs cycle occurring in virtually every aerobic cell. Monitoring citrate
levels is important to track clinical conditions and to assess normal cell metabolism.
Diminished citrate levels in urine have been linked to various aspects of kidney dysfunction,
for example the pathogenesis of nephrolithiasis and nephrocalcinosis. [’ During the past
decade, many artificial dicarboxylate sensors have been developed. [8] There are few
examples, however, of effective fluorescent sensors for multi-carboxylates. [°! In general,
receptors that tightly and selectively bind are challenging to develop for sensing

purposes. [10]

Selective chemosensors with anion-induced fluorescence have attracted particular attention
because of their simplicity and high detection limits. [11] Upon binding of a guest species,
the photophysical characteristics of a receptor such as fluorescence intensity, emission
wavelength, and fluorescence lifetime may change through various mechanisms, and such
changes provide a signal to indicate binding. [*21 Commonly, a fluorophore is covalently
linked to a receptor, which is designed to specifically recognize a target anion. The
communication mechanism between receptor and fluorophore is frequently intramolecular
photo-induced electron transfer (PET).[X3] Accordingly, a recognition event tunes the
electronic properties of the receptor, which leads to either enhanced (turn-on) or reduced
(turn-off) fluorescence by blocking or promoting PET, respectively.

Amide-containing groups are good H-bonding donors, and are used widely to design and
synthesize artificial anion receptors. [14] We previously reported that self-assembled metalla-
bowls containing amides selectively sense dicarboxylate anions. [23] Continuing that work,
we report here the synthesis and anion sensing properties of new ruthenium-nitrogen based,
self-assembled molecular rectangles. We previously reported the ligand used in this

study, [16] which was chosen taking several considerations into account. First, it includes
central amide protons as hydrogen-bond donors which are expected to trap counter anions/
guest molecules within the metalla-cycle via hydrogen bonding interactions. [17] Second,
terminal pyridine N donors are available to coordinate to metal ions which is a common
motif in coordination-driven self-assembly. [18] Third, the diaryl alkyne unit enforces
structural rigidity, potentially enhancing the luminescent photo-physical properties by
attenuating non-radiative vibrational decay pathways. Organometallic half-sandwich
complexes based on ruthenium acceptors were chosen because of their precedent as
effective building blocks for metallacycles and their prior demonstration of interesting
electronic, structural, and signalling properties for sensors.[19: 201

In this paper, we describe the synthesis and characterization of two new molecular
rectangles (4 and 5) with the general formulae [Ruz-(arene),(OON00),(NNN),]** (arene =
p-cymene, OONOO = 2,5-dihydroxy-1,4-benzoquinonato (dhbq) (4), 6,11-dihydroxy-5,12-
naphthacene dionato (dhnd) (5); MIN = N-(4-(pyridin-4-ylethynyl)phenyl) isonicotinamide,
prepared from dinuclear complexes (2 and 3) and an unsymmetrical N-donor amide ligand
(1; Scheme 1). In addition, we report the sensing behaviour of rectangle 5 with a variety of
anions. Interestingly, rectangle 5 was highly selective and sensitive for multi-carboxylates,
such as oxalate, tartrate, and citrate, while showing no significant response to monoanions,
such as F~, CI7, NO3~, PFg~, CH3COO™, CgH5COOQ™, even when such anions were present
in excess.
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Results and Discussion

Synthesis and Characterization of Molecular Rectangles

When mixed at room temperature in methanolic solution, dinuclear ruthenium complexes
[Ru,-(arene), (OONOO) Cly] (2 and 3) self-assemble with N-(4-(pyridin-4-
ylethynyl)phenyl) isonicotinamide (1) to give molecular rectangles 4 and 5 stabilized as
triflate salts (Scheme 1) when silver triflate is present as a halide scavenger. Precipitation via
addition of diethyl ether yields 4 and 5 as analytically pure solids. Two isomeric molecular
rectangles are possible, as depicted in Scheme 1.

The TH NMR spectra of both rectangles clearly showed two structural isomers with
significant resonance shifts as compared to that of the free ligand, indicative of metal-ligand
coordination. [6] In the IH NMR spectra of rectangles 4 and 5, these two isomers lead to
two distinct sets of proton signals in the ratio of 1:1 (see Supporting Information S1 and S2).
Furthermore, in rectangle 4 the two sets of signals are relatively broad while in 5 they are
less broad and more defined. In the proton NMRs of both compounds, the a-H pyridine
resonances moved upfield relative to the free ligand even though these protons are closest to
the metal centers (see Supporting Information). This may result from ring current shielding,
which offsets the downfield shift caused by metal induction.[21]

The composition of the [2 + 2] rectangular nature of 4 and 5 was supported by electrospray
ionization mass spectrometry (ESI-MS). In the mass spectrum of assembly 4, peaks at m/z =
1057.1 and 655.4 correspond to [M - 20Tf]?* and [M - 30Tf]3* charge states (Figure 1,
upper) while the spectrum of 5 showed a peak at /7/z =755.6 corresponding to the [M
-30Tf]3* charge state (Figure 1, lower), all in good agreement with their theoretical isotopic
distributions (Figure 1, blue).

The molecular structure of one isomer of 5 was unambiguously confirmed by single-crystal
X-ray diffraction analysis. Crystals were obtained by the slow vapour diffusion of diethyl
ether into a solution of 5in a CH30OH/CH3NO; (1:1) solvent mixture. No ligand disorder
was observed during refinement, indicating inclusion of only the head-to-tailisomer in the
crystal whose structure is shown in Figure 2. Two dipyridyl ligands bridge two
[Ruy(arene),(6,11-dihydroxy-5,12-naphthacene dio-nato),]** building blocks to form a [2 +
2] MyL, rectangle. Each cymene-capped Ru coordination sphere contains one nitrogen atom
and two oxygen atoms which define the dipyridyl and naphthacene dionato vertices of the
rectangle, respectively, resulting in a tetranuclear frame with internal dimensions of 4.4 x
16.5 A. The Ru-N and Ru-O distances range between 2.038 and 2.179 A, and are
comparable to those found in known tetracationic rectangles. [98] Despite the head-to-tail
binding of ligand 1 to the Ru centers, the amide group carbonyl (-CO-) and NH moieties
aligned in the opposite direction.

Absorption and emission studies

The electronic absorption spectra of 4 and 5, along with those of their corresponding metal
acceptors (2 and 3) and donor ligand (1) were investigated using 1x10~> M methanol
solutions (Figure 3). The absorption spectra exhibit intense bands at A4ps = 317, 342 and 500
nm for 4 and A5 = 275, 332, 565, and 611 nm for 5. The high-energy bands observed in
both rectangles 4 and 5 were also present in the spectra of free ligand 1. As such, these
bands are likely due to t—m* transitions of the ethynyl backbone which are preserved upon
self-assembly. The dinuclear arene-Ru acceptors also exhibited high-energy absorption
bands at 272-315 nm, as well as broad, low-energy absorption bands ranging from 480-600
nm. These bands are likely a combination of intra/intermolecular =—m* transitions mixed
with metal-to-ligand charge transfers. As with the pyridyl donor bands, these arene-Ru-
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based bands are also preserved upon self-assembly, giving rise to strong absorptions for 4
and 5.9 15, 16] The Jow-energy band of rectangle 4 is red-shifted with respect to that of
acceptor 2 by ~ 10 nm. Similar red-shifts are observed for bands in 5 that correspond to
absorptions of donor 3.

The emission behaviour of rectangle 5 was studied at room temperature in methanol
solutions, revealing bands at 525 and 561 nm upon excitation at 390 nm. The fact that the
emission wavelengths of 5 match well with those of the acceptor 3, indicates that the
emission also originates from the arene—Ru moiety (Figure 4). The emission intensity of 5
was significantly quenched at the same molar concentrations as that of the acceptor 3. The
intramolecular photo-induced electron transfer (PET) in 5, plausibly from the amide donor
to the arene-Ru moity was fully blocked in the presence of anions and 5. Because electron
transfer in PET indicates the direction from a donor 1 to an acceptor 3, as also observed in
other supramolecular systems. [92 15, 22]

Colorimetric sensing of anions

The ability of rectangle 5 to act as an anion sensor was initially evidenced by visual
examination of methanol solutions (1x10~° M concentration) before and after anion
addition. Tetrabutylammonium (TBA) salts of F~, CI7, PFg~, and NO3™ and sodium salts of
AcO~, BzO7, di-oxalate, di-tartrate, and tri-citrate ions were used as analytes. The
photograph in Figure 5 shows the colour of 5 under UV irradiation in the presence of
oxalate, tartrate, and citrate ions, where as the mono-anions F~, CI~, PFg~, NO3~, AcO~, and
BzO~, induce almost no colour change. Observation of this strong interaction between the
receptor and multi-carboxylate anions over mono-anions motivated a quantitative
investigation of the system.

UV-Vis absorption titration study

Anion sensing by rectangle 5 was achieved by observing the spectral changes of methanol
solutions upon addition of the analyte. As shown in Figure 6, the absorption profile of 5 is
largely invariant to the presence of 4 equiv of mono-anions, such as F~, CI~, PFg~, NO3™,
AcO~, and BzO™. On the other hand, the absorption spectra changed significantly upon
addition of multi-carboxylates, indicating a strong interaction between the receptors and the
anions. Since the amide donors of 5 can provide cooperative geometric assistance to
selectively host multi-carboxylate anions via H-bonding, such interactions can account for
the colour changes shown in Figure 5.

In order to further quantify the sensor-anion interaction, spectrophotometric titrations were
carried out with oxalate, citrate, and tartrate ions. Upon addition of an aqueous solution of
tartrate, the strong absorptions of 5 at 612 and 566 nm decreased in intensity while new
absorptions at 516 and 480 nm gradually increased, reaching maxima at 4.0 equiv of tartrate
anion.

The presence of two clear isosbestic points at 440 and 540 nm implies the formation of
hydrogen bonding between the amide donor and the tartrate anion (Figure 7). Moreover, the
absorbances at 390, 450 and 650 nm remained constant in the presence of more than 1 equiv
of tartrate anions, indicating the formation of a 1:1 complex between 5 and the tartrate
anions. A Job plot (see the Supporting Information) confirms that binding occursina 1:1
stoichiometry of tartrate and 5, consistent with the analyte either binding to both amide
groups, or binding to a single group such that a second tartrate is blocked from interacting
with the remaining amide. A binding constant (K) of 5.5 x 10* M1 in methanol was
determined based on the 1:1 binding isotherm.
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The binding efficiency of 5 towards biologically relevant oxalate and citrate anions was also
studied via titration studies, resulting in K values of 3.0 x 103 M~1 for oxalate and 3.7 x 10*
M1 for citrate (Figure 8). All three titration studies support a strong binding interaction
between the multi-carboxylate anions and 5.

Fluorescence titration study

The fluorescence behaviour of 5 shows similar selective sensitivity to anions as was seen in
the absorption experiments. That is, the emission profile of 5 undergoes nominal changes
upon the addition of an excess of a variety of mono anions, such as F~, CI7, PFg~, NO3™,
AcO™, and BzO™ (Figure 9, Agx = 390 nm). In contrast to these small intensity changes,
there was a large increase in both the 525 nm and 561 nm emission bands of 5 upon addition
of aqueous solutions of multi-carboxylate anions. As such, photoluminescence titrations of 5
with multi-carboxylate anions were carried out in analogy to the spectrophotometric
measurements.

Fluorescence titration studies confirmed the preferential binding of multi-carboxylate anions
via photoluminescence (PL) titrations which showed an approximate 10-fold increase in
fluorescence upon gradual addition of tartrate. These findings established that rectangle 5
could be used as a turn-on sensor for such anions.

Similar titration results were obtained for oxalate and citrate in methanol, with high
fluorescence enhancement (see Figure 11). The large binding constants and high
fluorescence enhancement indicate significant interactions between these anions and
rectangle 5.

The observed increase in emission may be due to an attenuation of PET from the arene—Ru
fluorophore to the receptor when a hydrogen bond is formed between the amides of 5and a
dicarboxylate analyte. Since this PET is a quenching pathway, such hydrogen bonding
would intensify fluorescence. The large increase in fluorescence upon multi-carboxylate
anion binding is particularly interesting because species showing such behaviour may act as
a new type of turn-on fluorescent chemosensor for detecting biologically important anions,
including oxalate, tartrate, and citrate.

1H NMR titration study

In order to understand the binding interaction of 5 with anions, 1H NMR titration
experiments between 5 and oxalate were carried out. To avoid solubility problems
associated with sodium oxalate, the 1H NMR titration studies were performed with the TBA
salt of the oxalate anion (see the Supporting Information S4). The NH proton peak for 5
appeared at § 9.90 ppm in acetone-dg. The intensity of the peak decreased upon addition of
0.5 equiv of oxalate, and completely disappeared after adding 1.0 equiv of oxalate anion.
These results suggest the 1:1 binding between the amidic-NH and oxalate anion.

Selectivity experiments

Selectivity studies of 5 towards tartrate over other anions were carried out by adding a
mixture of 4 eq. of tartrate and competing anions to a solution of 5 in methanol (Figure 12).
In all cases, the presence of tartrate significantly increased the fluorescent emission relative
to free 5 and mixtures containing only the competing anions. The high selectivity for tartrate
over other anions which manifests in increased fluorescence confirms that such receptors
have potential for use as multi-carboxylate sensors.
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We synthesized two new tetranuclear rectangles by coordination-driven self-assembly
between two different arene-Ru-based acceptors and an asymmetrical amide donor ligand.
These rectangles were characterized by multinuclear 1H NMR and ESI-MS spectroscopy.
The solid-state structure of 5 was confirmed by single crystal diffraction studies. UV-Vis
and fluorescence studies were carried out, and the luminescence of rectangle 5 was
determined to be selectively sensitive to biologically important multi-carboxylate anions.
The anion sensing behavior was attributed to the attenuation of a PET quenching pathway
present in 5. Blocking PET from the arene—Ru moiety to the amidic donor in 5 upon binding
of specific anions to metalla-rectangle 5 provided turn-on emission characteristics. These
results suggest that rectangle 5 binds oxalate, citrate, and tartrate anions selectively and
strongly in methanol, whereas mono-anions interact only weakly. We believe that this
approach will provide new insights into designing specific multi-carboxylate sensors that
could be biologically and chemically important.

Experimental Section

Materials and methods

All chemicals used in this work were purchased from commercial sources and used without
further purification. The starting arene-ruthenium chlorides [18¢. 201 and ligand[16] were
prepared as previously described. 1H and 13C NMR spectra were recorded on a Bruker 300
MHz NMR spectrometer. 1H NMR chemical shifts are reported relative to residual solvent
signals. Mass spectra were recorded on a Micromass Quattro |1 triple-quadrupole mass
spectrometer using electrospray ionization (ESI) running the MassLynx software suite.
Elemental analyses were performed using an Elemental GmbH Vario EL-3 instrument.
Absorption spectra were recorded using a CARY 100 Conc UV-Visible spectrophotometer.
Fluorescence titration studies were carried out on a HORIBA FluoroMax-4 fluorometer.

UV-Vis anion binding study

A stock solution of 5in CHzOH (2.0 mL, 1 x 107> M) was prepared and placed in a quartz
cell. Stock solutions (1 x 1073 M) of the corresponding anions in water were added
incrementally and the absorption spectra were recorded at room temperature. The results
show that 5 forms a 1:1 receptor—anion adduct with the oxalate anion. The binding constant
(K) of the host—guest complex was determined by fitting the experimental data to a 1:1
binding isotherm.

Fluorescence sensing study

A 2 mL stock solution (1 x 107> M) of rectangle 5 was placed in a 1 cm wide quartz cell,
and anion stock solutions (1 x 10~3) were added incrementally. A series of aqueous
solutions of 1 x 1073 M of tetrabutylammonium salts of F~, CI~, CH3COO™, PFg~, and
NOj3™, and sodium salts of benzoate, oxalate, tartrate, and citrate were prepared. The titration
experiments were carried out at 298 K, and each measurement was repeated at least three
times to get concordant values. Both the excitation and emission slits were 5 nm. An
excitation wavelength of 390 nm (Aexc) Was used for all measurements, and emission was
monitored at 525 and 561 nm.

X-ray crystallography for 5

The diffraction data from a single crystal of 5 mounted on a loop were collected at 100 K on
an ADSC Quantum 210 CCD diffractometer with a synchrotron radiation source (A =
0.80000 A) at Macromolecular Crystallography Beamline 6B1, Pohang Accelerator
Laboratory (PAL), Pohang, Korea. The raw data were processed and scaled using the
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HKL2000 program. The structure was solved by direct methods, and refinements were
carried out with full-matrix least-squares on /2 with appropriate software in the SHELXTL
package. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were added
to their geometrically ideal positions, except on the hydroxyl group of alcohol. The
crystallographic data are summarized in Table S1. CCDC 880535 contains the
supplementary crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

General Synthetic Method for 4 and 5

A mixture of starting complex 2 or 3 (0.1 mmol) and 2 equiv of AgCF3SO3 (0.2 mmol) in
methanol was stirred at room temperature for 2 h and filtered to remove AgCI. The
corresponding donor ligand 1 (0.1 mmol) was added to the filtrate. The mixture was then
stirred at room temperature for 12 h, and the solvent was removed under reduced pressure.
The residue was taken up in acetone, the extract was filtered and concentrated, and the
product was precipitated by addingdiethyl ether and collected.

Synthesis of molecular rectangle 4

Red crystalline solid in 91% yield. Analytically calculated for Cg4HggF12NgO2oRU4S,: C,
46.80%; H, 3.59%; N, 3.48%; S, 5.32; Found: C, 46.87%; H, 3.72%; N, 5.60%; S, 5.21%.
MS (ESI) calculated for [M — 20Tf]2* m/z1057.1, found 1057.1; calculated for [M —
30Tf]3* mlz655.4, found 655.6. IH NMR (Nitromethane-ds, 300 MHz, &, ppm): 9.49 (s,
2H, CONH), 9.19 (s, 2H, CONH), 8.49-8.44 ( m, 8H, Ha/H,"), 8.25-8.23 ( m, 8H, H¢ H¢'),
8.23-7.22 ( m, 8H, Hy/ Hy), 7.88-7.81 ( m, 8H, Ho/ Hc’), 7.75-7.71 ( m, 8H, He/ He'),
7.46-7.43 ( m, 8H, Hy/ Hy"), 5.99-5.96 (/m, 16H; -CgHy), 5.79-5.77 (/m, 16H, -CgHy4), 7.57—
7.56 ( m, 8H, Hy), 2.93-2.85(m, 8H, -CH(CH3),), 2.11 (s, 24H; -CH3), 1.38-1.34 (m, 48H;
-CH(CHj3)o).

Synthesis of molecular rectangle 5

Green crystalline solid in 92% vyield. Analytically calculated for C11gHggF12NgO22RU4S4: C,
52.25%; H, 3.64%; N, 3.10%; S, 4.73; Found: C, 52.37%; H, 3.72%; N, 5.40%; S, 4.51%.
MS (ESI) calculated for [M — 30Tf]3* m/z755.4, found 755.6. 'H NMR (Nitromethane-ds,
300 MHz, &, ppm): 9.19 (s, 2H, CONH), 8.88 (s, 2H, CONH), 8.79-8.76 ( m, 8H, Ha/ Hy),
8.74-8.76 ( m, 8H, H¢/ Hy), 8.57-8.51 ( m, 16H, Hyy), 7.97-7.92 ( m, 16H, Hy), 7.70-7.65
( m, 8H, Hy/ Hy), 7.61-7.56 ( m, 8H, He/ Hy’), 7.33-7.30 ( m, 8H, Hel He’), 7.29-7.26 ( m,
8H, Hy/ Hy’), 5.98-5.94 (m, 16H; -CgHy), 5.77-5.72 (m, 16H, -CgHy), 3.07-3.00(/m, 8H, -
CH(CH3),), 2.28 (m, 24H; -CH3), 1.39-1.36 (/m, 48H; - CH(CH3)y,).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Theoretical (top) and experimental (bottom) ESI-MS results for self-assembled [2+2]
rectangles 4 and 5.
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Figure 2.

(a) X-ray crystal structure of rectangle 5 with four Ru2* ions (green) coordinated by four
pyridyl N atoms (blue). (b) Space-filling CPK model of rectangle 5 in head-to-tail
orientation. Hydrogen atoms and counter anions omitted for clarity.
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Figure 3.
Electronic absorption spectra of 1-5 in methanol.
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Normalized emission spectra of 3, 5 and mixture of 4.0 eq. of oxalate anion and 5 (b/ue) in

methanol.
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Figurebs.
Photograph showing the emission intensity changes of solutions of 5 in methanol in the
presence of 4.0 eq. of various anions.
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Changes in the absorption spectra of 5 in methanol (1 x 107°M) upon adding 4.0 equiv. of
an aqueous solution (1 x 1073 M) of TBA salts (F~, CI~, NO3~, and PFg~) and sodium salts
[AcO~, BzO™, di-oxalate (0x27), tri-citrate (cit3”), di-tartrate (tart27)].
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Figure7.

Changes in the absorption spectra of 5 upon incremental addition of tartrate anion in

methanol. Inset: 1:1 binding isotherm.
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Figure8.

Changes in the absorption spectra of 5 in methanol (1 x 10> M) upon incremental addition
of oxalate anion (fop) and citrate anion (bottom). Insets: 1:1 binding curves; ox2~ = di-
sodium oxalate, cit3~ = tri-sodium citrate.
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Figure9.

Changes in the emission spectra of 5 in methanol (1 x 107°M) upon adding 4.0 equiv. of an
aqueous solution (1 x 1073 M) of TBA salts; F~, CI~, NO3~, and PFg~ and sodium salts of
AcO~, BzO™,di-oxalate (0x2"), tri-citrate (cit3~), di-tartrate (tart2~), ions.
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Figure 10.
Changes in the emission spectra of 5 upon incremental addition of tartrate anion in
methanol.
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Changes in the emission spectra of 5 in methanol (1 x 107> M) upon incremental addition of
oxalate (Zgp) and citrate anion (bottom).
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Figure 12.
Selectivity studies of 5 with tart?* in the presence of other anions.
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Scheme 1.

Synthesis of molecular rectangles 4 and 5.

1+2=4a+ 4b
1+3=5a+5b
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