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We report the synthesis, characterization, and photophysical properties of a series of organic receptors and their
corresponding ReI and RuII metal complexes as anion probes featuring bis(sulfonamide) interacting sites incorporating
highly chromophoric π-conjugated quinoxaline moieties. The interactions with various anions were extensively
investigated. These probe molecules are capable of recognizing F-, OAc-, CN-, and H2PO4

- with different
sensitivities. The probe−anion interactions can be easily visualized via naked-eye colorimetric or luminescent
responses. Probe 1 has the weakest acidic sulfonamide N−H protons and therefore simply forms hydrogen-bonding
complexes with F-, OAc-, CN-, and H2PO4

-. Probe 2 undergoes a stepwise process with the addition of F- and
OAc-: formation of a hydrogen-bound complex followed by sulfonamide N−H deprotonation. Direct sulfonamide
N−H deprotonation occurs upon the addition of CN-, while only a hydrogen-bound complex forms with the H2PO4

-

ion for probe 2 in a dimethyl sulfoxide (DMSO) solution. Similar probe−anion interactions occur in probe 3 with the
addition of F-, CN-, or H2PO4

-. However, only a genuine hydrogen-bound complex forms in the presence of the
OAc- ion in a DMSO solution of probe 3 because of the subtle difference in the pKa values of sulfonamide N−H
protons when probes 2 and 3 are compared. Coordination of probe 1 to a ReI center or probe 2 to a RuII center
increases the intrinsic acidity of sulfonamide N−H protons and results in an enhanced sensitivity to anions.

Introduction

The design and synthesis of artificial sensing systems
capable of effectively detecting the presence of anions has
received great current attention,1 mostly because of the
important roles that these anions play in biological and
environmental issues.2 In the design of anion receptors,
various noncovalent interactions, such as electrostatic, hy-
drogen-bonding, coordination to a metal center, hydropho-
bicity, and a combination of any two or more of these, are
utilized.

Among the various designs of synthetic receptors, the
incorporation of luminescent chromophores, which are
sensitive to interactions between the host and guest mol-
ecules, into the receptor has recently gained considerable
attention because of their high sensitivity and low detection

limit. The appeal of sensing systems containing luminescent
chromophores stems from the high sensitivity of lumines-
cence detection compared to other spectroscopic methods.
The molecular sensing systems are designed to combine the
ability to recognize and respond to an external input with
mediation of an internal charge transfer,3 photoinduced
electron transfer,4 excimer/exciplex emission,5 exciton-
migration-induced signal amplification in polymer lumines-
cence,6 or excited-state intramolecular proton transfer7 as a
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mode of signaling mechanism. The binding (interaction) of
anionic species to the recognition sites leads to changes in
certain properties of the receptors (such as color, lumines-
cence, excited-state lifetime, etc.) that then serve as indicators
of anion-receptor interactions.

The photophysical and photochemical properties of rhe-
nium(I) and ruthenium(II) polypyridyl complexes have been
extensively studied in the last 2 decades.8 There are several
examples showing that with the judicious design of the
coordinating ligands these rhenium(I) and ruthenium(II)
polypyridyl complexes can function as chemosensors of
various analytes such as cations,9 anions,10 or biological
molecules.11 In particular, incorporating a positively charged
ReΙ or RuII center into the framework of sensory systems
offers several advantages over pure organic sensory systems,
leading to either the enhancement of the electrostatic
interactions with negatively charged species or a higher
probability of orbital overlap and, thus, stronger bonding
interactions with anionic species. Moreover, rhenium(I) and
ruthenium(II) polypyridyl complexes typically possess visible
spectroscopic features with strongly allowed metal-to-ligand
charge-transfer (MLCT) transition, which is to serve as a
colorimetric indicator with high sensitivity to microenviron-
mental perturbation.12

For the receptors based on hydrogen bonds, the polarized
N-H functional groups such as amide, urea (or thiourea),
and pyrrole represent the most commonly seen anion
interacting moiety in the literature.13 In general, hydrogen-

bond-inducedπ-electron delocalization or basic anion-
induced N-H deprotonation serves as the signaling output
of the anion-receptor interaction. Among the various
polarized N-H functional groups, sulfonamide represents a
less explored class for anion sensing.7a,14Previously, Crabtree
and co-workers reported a neutral diphenylbenzene-1,2-
disulfonamide receptor that shows high sensitivity and good
selectivity to F- over other halides.14e However, the lack of
a chromophoric moiety in the molecule renders1H NMR
spectroscopy the primary tool for monitoring the anion
binding events. Starnes and co-workers later reported a
porphyrin receptor fused with a quinoxalinebis(sulfonamide)
moiety to show great selectivity for F-.14c Moreover, the
binding event could be traced by the shifting of a highly
chromophoric Soret band in the porphyrin molecule. How-
ever, the general tedious and low-yield synthesis of porphyrin
molecules of this kind has hindered its general usage in the
area of chemical sensing. In a very recent report, Peng and
co-workers have elegantly employed the sulfonamide group
into a fluorescence sensing molecule that displays good
optical differentiation of F- and OAc- based on the unique
excited-state intramolecular proton-transfer property.7a

The anion-sensitive bis(sulfonamide) functionality could
be easily modified to incorporate coordinating dipyridyl or
phenanthroline moieties. We envision that introducing a
transition-metal element into the framework of a sensing
molecule via coordination of a dipyridyl or phenanthroline
moiety would greatly enhance the detecting limit and the
degree of interaction between the anion and the sensing
molecule could be easily monitored with the optical color
change accompanying the shift of the environmentally
sensitive MLCT transition. Herein we report the synthesis
and photophysical properties of a series of quinoxalinebis-
(sulfonamide)-functionalized receptors and their correspond-
ing ReI or RuII metal complexes. The study of the anion
binding properties of these anion probes allows us to correlate
the anion-probe interaction mode and the electronic per-
turbation induced by anions.

Results and Discussion

Synthesis.Scheme 1 outlines the synthesis of sulfonamide-
functionalized receptors and their corresponding transition-
metal complexes. The organic probes1-3 were synthesized
by condensation of sulfonamide-functionalized diaminoben-
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zene6 and corresponding diketones7, 8, or 9 in refluxing
acetic acid or MeOH in high yield. The ReI complex4 was
prepared by refluxing probe1 and BrRe(CO)5 in tetrahy-
drofuran (THF) with an essentially quantitative yield. The
RuII complex5 was obtained by heating a mixture of RuCl3

and probe2 in ethylene glycol at 150°C followed by
metathesis with KPF6. Repeated recrystallization from hot
acetonitrile afforded complex5 in 14% yield. All new
compounds have been fully characterized by1H NMR, mass
spectrometry, and elemental analysis. The crystal structures
of 1, 3, and4 are further revealed by X-ray crystallography.

Crystal Structures. The structures of probes1, 3, and4
are illustrated in Figures 1-3, respectively. Crystallographic
data are summarized in Table 1. Single crystals of probe1
were obtained by layering a concentrated THF solution of1
with diethyl ether. The ORTEP drawing of crystal1 is
depicted in Figure 1. Probe1 crystallizes in themonoclinic
space groupP2(1)/c with a pair of1 cocrystallized in one
unit cell. The two molecules of1 arrange in an antiparallel

fashion to form a dimer through a self-complementary double
intermolecular hydrogen bond, with a pyridine nitrogen atom
forming a hydrogen bond with a sulfonamide hydrogen atom
of a symmetry-related molecule1. The other sulfonamide
hydrogen atom forms an intramolecular hydrogen bond with
an adjacent sulfonamide oxygen atom. Thus, the two
sulfonamide N-H protons adopt a twisted syn-anti con-
formation. Two pyridine moieties are twisted out of the
quinoxaline plane with dihedral angles of 60.7° and 32.6°.

Single crystals of probe3 were grown from a saturated
THF solution of 3 at 4 °C over several days. Probe3
crystallizes in the triclinic space groupP1h with a pair of3
cocrystallized in one unit cell. The ORTEP structure and
packing diagram of3 are shown in Figure 2. The two tosylate
groups are twisted away from the phenanthrene-quinoxaline
unit. An intramolecular hydrogen bonding exists between
the sulfonyl oxygen atom and the other sulfonamide hydro-
gen atom. The extended rigidπ-conjugated framework of
the phenanthrene-quinoxaline unit in probe3 displays a

Scheme 1
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noticeableπ-stacking interaction within the crystal structure.
Each phenanthrene-quinoxaline unit in probe3 forms a
π-stacking interaction with the adjacent phenanthroline-
quinoxaline unit in the neighboring unit cell. The average
distance is 3.42 Å.

Single crystals of probe4 were grown by slow evaporation
of a concentrated THF solution of4. The ORTEP diagram
of 4 is shown in Figure 3. Probe4 crystallizes in thetriclinic
space groupP1h with two cocrystallized THF solvents. Each
crystal contains pairs of both conformational enantiomers
in the unit cell. One THF molecule is disordered, while the
other THF molecule forms a hydrogen bond with one
sulfonamide N-H proton. The coordination geometries
around the ReI atoms are slightly distorted from the
octahedral environment with afacial disposition for the three

carbonyl groups. The carbonyl Re-C bond distances range
from 1.874 to 1.946 Å. The Re-N bond distances range from
2.154 to 2.223 Å. The Re-C-O linkage [175.5(10)-178.7-
(7)°] does not deviate significantly from linearity. All
determined carbonyl Re-C and Re-N bond distances appear
to be normal.10c,15

Photophysical Properties.The absorption and emission
spectral data along with lifetimes and emission quantum

(15) (a) Villegas, J. M.; Stoyanov, S. R.; Huang, W.; Rillema, D. P.Dalton
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Organometallics2002, 21, 685-693. (e) Yam, V. W. W.; Lo, K. K.
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1995, 1191-1193.

Figure 1. ORTEP representation of the crystal structure of probe1 with 50% thermal probability ellipsoids (left) and a pair of probes1 showing the
hydrogen-bonding interactions (right).

Figure 2. ORTEP representation of the crystal structure of probe3 with 50% thermal probability ellipsoids (left) and packing diagram along theb axis
(right).
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yields of probes1-5 are summarized in Table 2. Probes
1-3 display a series of absorption bands in the UV-visible
region, where the absorptions can be assigned toπ-π*
transitions. In contrast to the white to pale yellow color of
ligands1-3, both complexes4 and5 are reddish-brown in
the solid state. For complex4 in CH3CN, the absorption
bands at 324 and 439 nm are assigned to ligand-centered
π-π* transitions. The less intense absorption shoulder
appearing at ca. 550 nm is assigned to a spin-allowed metal
(Redπ)-to-ligand (π*) charge-transfer (1MLCT) transition.16

Similarly, complex5 in dimethyl sulfoxide (DMSO) exhibits
two absorptions in the UV region that are assigned to ligand-
centeredπ-π* transitions, and the absorption band at 493
nm is assigned to a spin-allowed metal (Rudπ)-to-ligand (π*)

charge-transfer (1MLCT) transition.8c,17We envision that the
incorporation of a MLCT character in the probe molecules
that is particularly sensitive to the surrounding microenvi-
ronment,18 a property that is essential for molecular recogni-
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Soc.2001, 123, 8329-8342. (c) Sun, S.-S.; Lees, A. J.J. Am. Chem.
Soc.2000, 122, 8956-8967. (d) Baba, A. I.; Shaw, J. R.; Simon, J.
A.; Thymmel, R. P.; Schmehl, R. H.Coord. Chem. ReV. 1998, 171,
43-59. (e) Stoeffler, H. D.; Thornton, N. B.; Temkin, S. L.; Schanze,
K. S. J. Am. Chem. Soc.1995, 117, 7119-7128. (f) Baiano, J. A.;
Kessler, R. J.; Lumpkin, R. S.; Munley, M. J.; Murphy, W. R., Jr.J.
Phys. Chem.1995, 99, 17680-17690. (g) Worl, L. A.; Duesing R.;
Chen, P.; Ciana, L. D.; Meyer, T. J.J. Chem. Soc., Dalton Trans.
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87, 952-957.

Figure 3. ORTEP representation of the crystal structure of probe4 with 50% thermal probability ellipsoids (left) and a pair of probes4 in one unit cell
(right).

Table 1. Crystallographic Data for Probes1, 3, and4

1‚1 3 4‚2THF

empirical formula C64H52N12O8S4 C34H26N4O4S2 C46H42Br2N6O12Re2S2

M (g mol-1) 1245.42 618.71 1461.15
cryst syst monoclinic triclinic triclinic
space group P2(1)/c P1h P1h
a (Å) 15.4900(6) 10.4310(2) 9.6292(4)
b (Å) 24.4301(10) 11.9439(3) 12.7526(5)
c (Å) 19.9270(8) 14.7268(3) 21.3799(8)
R (deg) 90 100.2090(10) 79.0800(10)
â (deg) 93.187(2) 98.8850(10) 89.9460(10)
γ (deg) 90 108.0950(10) 75.0180(10)
V (Å3) 7529.2(5) 1672.82(6) 2487.03(17)
Z 4 2 2
R1 (all,>2σ) 0.0929, 0.0510 0.0629, 0.0409 0.0498, 0.0356
wR2 (all,>2σ) 0.1321, 0.1236 0.0988, 0.0957 0.1061, 0.0997

Table 2. Photophysical Properties of Probes1-5 in a CH3CNa or DMSOb Solution at 293 K

absorption emission

probe λmax, nm (10-3ε, M-1 cm-1) λem, nm Φem τ, ns kr, s-1 knr, s-1

1 261 (37.5), 355 (13.2), 415 (0.6) 530 0.05 1.2 4.2× 107 7.9× 108

2 276 (56.3), 332 (28.9), 462 (16.8) 590 0.67 10.4 6.4× 107 3.2× 107

3 282 (56.7), 320 (28.2), 460 (16.3) 574 0.59 9.1 6.5× 107 4.5× 107

4 324 (19.3), 439 (11.4), 550 (5.7, sh) 608 2.6× 10-5 <0.1c

5 271 (109), 337 (84.5), 493 (79.9) 604 5.6× 10-4 8.9 6.3× 104 1.1× 108

a For probes1 and4. b For probes2, 3, and5. c The excited-state lifetime is too short to be precisely measured in our instrument.
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tion, would effectively promote the optical detecting limit
and provide a more sensitive way to distinguish the incoming
anionic substrates.

Organic probes2 and3 show strong luminescence in an
air-equilibrated solution with excited-state lifetimes of ca.
10 ns. On the other hand, probe1 displays a much weaker
emission and shorter lifetime compared to2 and3. Giving
roughly the same order of radiative rate constants among
1-3 but over an order higher of nonradiative rate constant
in 1 when compared to2 and 3 suggests that the more
flexible structure of1 may directly contribute to the greater
nonradiative decay of the emissive state. The relatively high
quantum yields and short lifetimes suggest that the emission
for 1-3 originates from a singletπ-π* excited state.

Upon coordination to ReI or RuII, the luminescence for
both complexes4 and5 is only detectable in a deoxygenated
solution with extremely low quantum yields while the
emission is completely quenched in an air-equilibrated
solution. The luminescence of rhenium(I) and ruthenium-
(II) polypyridyl complexes typically originates from the
lowest3MLCT excited state because of the large spin orbital
coupling exerted by ReI and RuII, and their decay follows
the energy gap law where the nonradiative decay process
becomes more efficient when the energy gap between the
ground state and the emissive excited state is smaller because
of greater vibrational overlap with the two electronic
states.16,17Therefore, luminescence decay for both complexes
5 and 6 is assigned to the3MLCT excited state and is
anticipated to be dominated by a nonradiative process with
the fully π-conjugated structural framework of the ligands
1 and 2 to effectively lower the ligandπ* level and the
resulting small energy gap. The consequence is the observa-
tion of low luminescence quantum yields and short lifetimes
for both complexes4 and5 even in a deoxygenated solution.

Anion Binding Studies by Absorption, Emission, and
1H NMR Titrations. The anion binding properties of probes
1-5 have been investigated by absorption and luminescent
titrations. In some cases,1H NMR titrations were also carried
out to clarify the probe-anion interaction modes. Of the 10
anions we studied (F-, Cl-, Br-, I-, CN-, OAc-, H2PO4

-,
HSO4

-, NO3
-, and ClO4

-), all probes1-5 show various
degrees of response only to F-, OAc-, CN-, and H2PO4

-.
Probe4 also shows a very weak colorimetric response to
Cl-. Figure 4 illustrates absorption and emission titrations
of probe1 upon the addition of F- in a CH3CN solution. In
the electronic absorption spectrum, the tail at∼415 nm starts
to grow accompanied with a decrease of the band at 355
nm and, concomitantly, the emission intensity at 530 nm
shows an enhancement upon the addition of a F- ion. The
appearance of a set of clean isosbestic points indicates that
the binding of F- to probe1 is a clean equilibrium process.
With reference to the spectroscopic studies of related
sulfonamide compounds,7a,14c it is likely that the change in
the absorption and emission spectra is a consequence of the
hydrogen bonding of F- to the sulfonamide N-H protons.
Similar trends of spectral changes have been observed in
absorption and emission spectra for probe1 upon the addition
of OAc-, CN-, or H2PO4

- in a CH3CN solution.

The UV-visible absorption traces were further analyzed
over the entire wavelength range using a nonlinear least-
squares fit algorithm as implemented in theSPECFIT
software package to extract the corresponding equilibrium
constants. The obtained equilibrium constants are compiled
in Table 3. In general, probe1 exhibits high sensitivity to
CN-, OAc-, and F- but, nevertheless, lacks good selectivity
to explicitly differentiate these three anions.

The addition of anions into a DMSO solution of probes2
or 3 resulted in different spectroscopic titration profiles
compared to the results from probe1 in CH3CN. In general,
the spectrophotometric titration profiles of probes2 and3
with the addition of anions are essentially the same. Figure
5 shows the absorption spectral changes of probe2 upon
the addition ofn-Bu4NF in a DMSO solution. The absorption
band at 462 nm slightly increased with the progressive

(17) (a) Schlicke, B.; Belser, P.; De Cola, L.; Sabbioni, E.; Balzani, V.J.
Am. Chem. Soc.1999, 121, 4204-4214. (b) Mecklenburg, S. L.; Peek,
B. M.; Schoonover, J. R.; McCafferty, D. G.; Wall, C. G.; Erickson,
B. W.; Meyer, T. J.J. Am. Chem. Soc.1993, 115, 5479-5495. (c)
Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von
Zelewsky, A.Coord. Chem. ReV. 1988, 84, 85-277.

(18) Lees, A. J.Comments Inorg. Chem.1995, 17, 319-346.

Figure 4. Absorption (a) and emission (b) spectral traces of probe1 (4.6 × 10-5 M) in an acetonitrile solution upon the addition ofn-Bu4NF [(0-4.6) ×
10-5 M].
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addition of F- up to 1 equiv. After more than 1 equiv of F-

was added, however, a new tailing absorption band appeared
at 506 nm and was intensified with new isosbestic points
appearing at 463 and 333 nm. The stepwise absorption
spectral change is ascribed to the formation of an initial
hydrogen bonding between sulfonamide N-H protons and
F- followed by neat proton transfer to form a stable HF2

-

anion, which was further confirmed by1H NMR titration
experiments (vide infra).19

The interactions of probes2 and3 with OAc-, CN-, and
H2PO4

- were also studied. Unlike the titration profiles of
F-, the addition of CN- into a DMSO solution of probe2
or 3 resulted in deprotonation of the sulfonamide N-H with
an apparent one-step process with clear isosbestic points at
459, 423, and 333 nm. The Job plot confirms the 1:1
stoichiometry for cyanide-probe2 and cyanide-probe3
interactions. The very minor changes in absorption spectral
traces of2 and3 upon the addition of H2PO4

- implied only
a hydrogen-bonding interaction, which is supported by the
1H NMR titration experiment. where the aromatic protons
shifted slightly upfield on the addition of up to 1 equiv of
H2PO4

- and no further shifting was observed with the

addition of excess H2PO4
- (Figures S1 and S2 in the

Supporting Information). It should be noted here that the
sulfonamide N-H signals were too broad to observe in the
1H NMR spectra because of the rapid proton exchange in
the presence of a trace amount of water in a deuterated
DMSO solvent.

Figure 6 displays the1H NMR titration spectra for titration
of a DMSO-d6 solution probe2 with F- and CN-. Upon the
addition of CN- (Figure 6a), all proton signals shifted
progressively upfield, with the greatest shift observed for
the singlet signal of quinoxaline protons (∆δ ) -0.47 ppm
with the addition of 5 equiv of CN-). The upfield shift of
proton signals in conjunction with the significant bathochro-
mic shift in the UV-visible spectra indicates an increasing
shielding effect on the protons and suggests neat proton
transfer occurring from the sulfonamide N-H to CN-. The
stoichiometry of the cyanide-probe 2 interaction is con-
firmed to be 1:1, which indicates that only one sulfonamide
N-H proton was deprotonated by the CN- ion.

On the other hand, the addition of F- up to 1 equiv induced
an upfield shift for all aromatic protons. The chemical shifts
of all protons essentially remained the same between 1 and
2 equiv additions of F- and did not move further to upfield
positions until the added F- concentration was over 2 equiv
(Figure 6b). This observation along with the stepwise
absorption spectral profiles shown in Figure 5 suggests that
a hydrogen-bound complex formed first followed by neat
proton transfer with the addition of over 2 equiv of F- to
generate deprotonated2 and a highly stable HF2- anion.20 It
is known that two F- ions together behave as a very strong
base with pKa ) 32 in DMSO.21 Similar spectral responses
with the addition of CN- and F- were also observed with
analogous1H NMR experiments carried out for probe3 in
a DMSO-d6 solution (Figures S3 and S4 in the Supporting
Information).

Upon the addition of OAc- into a DMSO solution of probe
2, very similar spectral traces to the cases of F- were
observed in both absorption and1H NMR titrations (Figure
S5 in the Supporting Information) with apparent two-step
processes. This observation is likewise due to the formation
of hydrogen-bound complex2‚‚‚OAC- in the first stage with(19) (a) Amendola, V.; Esteban-Go´mez, D.; Fabbrizzi, L.; Licchelli, M.

Acc. Chem. Res.2006, 39, 343-353. (b) Boiocchi, M.; Del Boca, L.;
Esteban-Go´mez, D.; Fabbrizzi, L.; Licchelli, M.; Monzani, E.J. Am.
Chem. Soc.2004, 126, 16507-16514.

(20) Gronert, S.J. Am. Chem. Soc.1993, 115, 10258-10266.
(21) Bordwell, F. G.Acc. Chem. Res.1988, 21, 456-463.

Table 3. Equilibrium Constants for Probes1-5 in a CH3CNa or DMSOb Solution at 20°C Determined by Absorption Spectroscopic Titrations

equilibrium constantKc

anion probe1 probe2 probe3 probe4 probe5

F- Ka ) 2.5× 104 Ka ) 4.0× 105 Ka ) 1.4× 105 Ka ) 3.1× 106 Ka ) 1.3× 106

Kd ) 7.1× 103 Kd ) 1.2× 102 Kd ) 1.1× 104 Kd ) 7.3× 104

CN- Ka ) 2.3× 105 Kd ) 7.9× 103 Kd ) 5.9× 103 Kd1 ) 6.4× 106 Kd1 ) 9.8× 105

Kd2 ) 1.2× 106 Kd2 ) 6.8× 103

OAc- Ka ) 1.3× 105 Ka ) 1.7× 105 Ka ) 6.7× 105 Kd1 ) 1.4× 106 Ka ) 1.8× 106

Kd ) 2.4× 103 Kd2 ) 1.8× 103 Kd ) 1.9× 104

H2PO4
- Ka ) 2.3× 103 Ka ) 1.9× 104 Ka ) 8.8× 103 Ka ) 2.8× 104 Ka ) 2.9× 105

Kd ) 1.1× 102

Cl- Ka ) 1.2× 102 Ka ) 2.1× 102 Ka ) 1.7× 102 Ka ) 6.5× 103 Ka ) 1.3× 103

OH- Kd ) 2.2× 103 Kd ) 1.3× 103 Kd1 ) 5.5× 106 Kd1 ) 7.0× 104

Kd2 ) 2.6× 106 Kd2 ) 4.9× 103

a For probes1 and4. b For probes2, 3, and5. c The anions were added as tetrabutylammonium salts.Ka andKd represent the association constants of
anion-probe hydrogen-bonding complexes and proton dissociation constants of probe molecules, respectively.

Figure 5. Absorption spectral titrations of probe2 (1.1 × 10-5 M) in
DMSO upon the addition ofn-Bu4NF (1.1 × 10-5-4.5 × 10-4 M). The
inset shows the addition ofn-Bu4NF up to 1 equiv [(0-1.1) × 10-5 M].
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a low OAc- concentration followed by neat proton transfer
in the presence of a high OAc- concentration to produce
deprotonated2 and a stable (CH3COOH‚‚‚OOCCH3)- anion
dimer in solution.7a,22 On the other hand, only a single set
of isosbestic points appears in the absorption spectral traces

for probe3 with the addition of OAc- in a DMSO solution.
The quinoxaline proton signal shifts to an upfield position
with up to a 1 equiv addition of OAc- during the1H NMR
titrations and virtually does not shift with a higher concentra-
tion of OAc- (Figure S6 in the Supporting Information). This
result along with the 1:1 stoichiometry determined by the
Job plot suggests that probe3 can only establish the

(22) Boiocchi, M.; Del Boca, L.; Esteban-Go´mez, D.; Fabbrizzi, L.;
Licchelli, M.; Monzani, E.Chem.sEur. J. 2005, 11, 3097-3104.

Figure 6. 1H NMR spectra of probe2 in DMSO-d6 with the addition ofn-Bu4NCN (a) andn-Bu4NF (b).
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hydrogen-bonding interaction with the incoming OAC- ion,
which is in accordance with the weaker acidity of the
sulfonamide N-H protons in probe3 than that of the
sulfonamide N-H protons in probe2.

The equilibrium constants obtained from spectral fitting
are also collected in Table 3. The most basic CN- ion results
in a single deprotonation for both probes2 and3 with similar
dissociation constants. The association constants for the
formation of hydrogen-bound complexes of probes2 and3
with F- and OAC- are comparable and about 1 order higher
than that with H2PO4

- in a highly polar DMSO solution. It
is apparent that the capability of establishing a hydrogen-
bonding interaction for probes2 and3 is in the same order.
However, the subtle variation in the structures of probes2
and 3 (phenanthroline-quinoxaline vs phenanthrene-qui-
noxaline) results in a totally different interacting mode toward
the OAC- ion: a stepwise hydrogen-bonding formation
followed by neat proton transfer in probe2 vs a genuine
hydrogen-bonding interaction in probe3.

The pKa values of sulfonamide N-H protons in probes1
and2 are expected to become smaller upon coordination of
Lewis acidic metal centers on the pyridylquinoxaline moiety
of 1 and the phenanthroline moiety of2. The overall effect
is to effectively increase the sensitivity of the metal complex
probes4 and5 to anions. In addition, the increasing acidity
of the sulfonamide N-H protons also facilitates the tendency
of neat proton transfer from probe molecules to basic anions.

Indeed, the addition of F- to an acetonitrile solution of
probe4 resulted in an increase in the1MLCT absorption
band with sharp isosbestic points at 305 and 354 nm (Figure
7a), indicating a clean well-defined equilibrium in solution.
After more than 1 equiv of F- was added, however, the1-
MLCT absorption band was further intensified and red-
shifted, with a new set of isosbestic points appearing at 287,
330, 396, 452, and 492 nm (Figure 7b). Similar two-step
equilibrium phenomena were also observed in the titration
of CN- or OAC- to the solution of probe4. Job plots confirm
the 1:2 stoichiometry between probe4 and these anions.
However, only one equilibrium was observed in the UV-
visible absorption response similar to the profile shown in

Figure 8a upon the addition of H2PO4
- or Cl- ions, and the

Job plots show a 1:1 stoichiometry for both anions.
The stepwise process observed in the spectrophotometric

titration with F- can be described by two stepwise equilib-
ria: (1) formation of a hydrogen-bound complex via sul-
fonamide N-H protons with an incoming anion followed
by (2) deprotonation of the acidic sulfonamide N-H proton
to form mono-deprotonated probe4 and HF2

-. The1H NMR
titration of probe4 with the addition ofn-Bu4NF gives
spectral traces similar to the cases of probes2 and3. In other
words, a hydrogen-bond-induced upfield shift was observed
in the singlet signal of quinoxaline upon the addition of a
first 1 equiv of F- in a CD3CN solution of probe4. The
proton signals virtually do not move between additions of
1-2 equiv of F-. Subsequently, further upfield shifts of the
proton signals are observed again with the amount of added
F- over 2 equiv (see Figure S7 in the Supporting Informa-
tion).

In the cases of CN- and OAc-, the spectrophotometric
responses are attributed to a stepwise double deprotonation.
Probe4 was further titrated byn-Bu4NOH to confirm that

Figure 7. Electronic absorption spectral traces of probe4 (2.5 × 10-5 M) in CH3CN upon the addition ofn-Bu4NF: (a) [F-] ) (0-2.8) × 10-5 M; (b)
[F-] ) 2.8 × 10-5-1.1 × 10-4 M.

Figure 8. UV-visible absorption (left,y axis) and1H NMR (right, y axis)
spectral profiles of probe4 with the addition of CN- (green triangle curve),
OAC- (red diamond curve), and OH- (blue square curve).
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the double deprotonation indeed occurred during the course
of CN- and OAc- titration. The very similar titration
isotherms of the absorption band at 570 nm as well as the
upfield shift of the quinoxaline proton signals upon the
addition of OH-, CN-, and OAc- shown in Figure 8 (see
Figures S8-S13 in the Supporting Information for UV-
visible absorption and1H NMR spectral traces of individual
titrations) strongly suggest that probe4 undergoes a stepwise
double proton transfer in the presence of CN- or OAc-. The
less basic H2PO4

- and Cl- ions show no ability to depro-
tonate the sulfonamide N-H protons, where the proton
signals upfield shift and reach the maximum shift at the 1
equiv addition of H2PO4

- (see Figure S14 in the Supporting
Information) and, thus, form only simple 1:1 hydrogen-
bonding complexes with probe4.

The stretching frequencies of the metal carbonyl in probe
4 provide an additional channel to probe the remote probe-
anion interactions.23 The typical CO stretching frequencies
of metal carbonyl complexes appear at 1700-2100 cm-1, a
region that is usually free of other ligand vibrations. With
the ReI site symmetry ofCs, the IRν(CO) bands of probe4
are typical of three CO stretches: two of A′ symmetry and
one of A′′ symmetry.24 The extent of ReI π back-bonding to
the metal carbonyl would be directly correlated to the
electron density on the chelating dipyridylquinoxanline
ligand. In other words, one would expect that the higher
electron density on the chelating ligand would result in a
strongerπ back-bonding to the ReI-C bond and, thus, reduce
the IR stretching frequencies of the metal carbonyl.

On the basis of the results obtained from1H NMR and
UV-visible spectrophotometric titration experiments, the
electron density of the chelating dipyridylquinoxanline ligand
is expected to increase with the formation of a hydrogen
bond and/or deprotonation of the sulfonamide N-H by the
incoming anions. Indeed, the IRν(CO) bands of probe4
shift to lower frequencies upon anion addition. Figure 9
illustrates the shift of the IRν(CO) bands of probe4 upon
the addition of F- in a CH3CN solution. The shift of the
carbonyl group frequency is in the order of CN- > F- ≈
OAc- > H2PO4

- > Cl-, which is consistent with the results
obtained from1H NMR and UV-visible spectrophotometric
titrations.

The addition of F- to a DMSO solution of probe5 induces
spectral changes similar but more sensitive to the spectral
responses of probe2, which is the ligand of probe5. The
spectral traces can be separated to a two-step process (Figure
10). The absorption band at 493 nm is intensified upon the
addition of F- up to 1 equiv followed by a growth of a new
band at 534 nm. This newly formed absorption band matches
well with the absorption band formed in the titration spectra
of n-Bu4NOH (Figure S15 in the Supporting Information),
and therefore it is assigned to originate from a deprotonated
species. Thus, the spectral changes in the first process are

attributed to the formation of a hydrogen-bound complex
followed by neat proton transfer in the second process. The
stoichiometry of the fluoride-probe5 interactions is con-
firmed to be 2:1 from the Job plot.

Similar spectral responses were also observed for OAc-

and H2PO4
-, albeit with less sensitivity. Accordingly, the

two-step process for F- can also be applied to OAc- and
H2PO4

-, which are also known to form relatively stable
hydrogen-bound dimers.22 The absorption spectral titration
profile with the addition of CN- also resembles the profile
with the addition of OH-. The Job plot indicates a 2:1
stoichiometry for cyanide-probe5 interaction. Therefore,
the two-step absorption spectral isotherms are ascribed to a
double deprotonation process, which is different from the
single proton-transfer process observed in probe2. The
ability to deprotonate the second sulfonamide N-H proton
indicates a higher acidity of sulfonamide N-H protons in
probe 5 compared to those in probe2. The equilibrium
constants of the probe5-anion interactions are obtained from
fitting of the spectral traces and collected in Table 3. The
results from Table 3 clearly demonstrated that the sensitivity
of both probes4 and5 has been significantly raised compared
to probes1 and2.

The 2:1 stoichiometry for anion-probe 5 interactions
together with a two-step process upon the addition of anions
implies that only one sulfonamide ligand is in action with
the incoming anions. It seems to be counterintuitive, with
three identical sulfonamide N-H interacting sites in probe
5 available for anion binding, which is expected to have an
at least 3:1 (anion-probe) binding stoichiometry. Recently,
Peng and co-workers reported that the sulfonamide N-H of
a receptor 2-[2′-(tosylamino)phenyl]benzoxazole undergoes
solvent-induced deprotonation in a DMSO solution.7a A
similar deprotonation of the 2-[2′-(tosylamino)phenyl]ben-
zimidazole molecule has also been observed in a DMSO
solution.25 We speculate that the coordination of a RuII metal
center to ligand2 greatly facilitates the ability of N-H proton
dissociation in a polar DMSO solution. Therefore, probe5

(23) (a) Ion, L.; Morales, D.; Nieto, S.; Pe´rez, J.; Riera, L.; Miguel, D.;
Kowenick, R. A.; McPartlin, M.Inorg. Chem.2007, 46, 2846-2853.
(b) Peris, E.; Mata, J. A.; Moliner, V.J. Chem. Soc., Dalton Trans.
1999, 3893-3898.

(24) Crabtree, R. H.The Organometallic Chemistry of the Transition Metals,
3rd ed.; Wiley: New York, 2001.

(25) Fahrni, C. J.; Henary, M. M.; Van Derveer, D. G.J. Phys. Chem. A
2002, 106, 7655-7663.

Figure 9. Changes ofν(CO) of probe4 in the IR spectra upon the addition
of n-Bu4NF in a CH3CN solution.
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becomes a neutral molecule with two N-H protons dissoci-
ated at two different ligands that renders only one intact
sulfonamide N-H left available for anion interaction.

Conclusion

In conclusion, a series of anion probes featuring sulfona-
mide interacting sites incorporating to highly chromophoric
extended quinoxaline moieties have been prepared and
characterized, and their photophysical properties were stud-
ied. Their interactions with various anions were also explored
by UV-visible, luminescence, and1H NMR spectroscopy.
By variation of the acidity and hydrogen-bonding donor
ability of the sulfonamide N-H protons, the sensitivity and
selectivity of these probe molecules to anions can be tuned
in a simple Brønsted acid-base relationship. The results from
1H NMR spectroscopic experiments provide further evidence
for identifying the anion-probe interaction process. The
general order of sensitivity is the following: CN- > F- >
OAc- > H2PO4

- >> Cl- > Br- ≈ HSO4
- ≈ NO3

- ≈
ClO4

-. The degrees of probe-anion interactions can be easily
visualized via naked-eye colorimetric or luminescent re-
sponses. In particular, the selectivity for different anions is
greatly enhanced upon coordination of organic probes to
transition metals. We believe similar quinoxalinesulfonamide
receptor-chromophore conjugates can be exploited in the
design of efficient sensing molecules for various anionic
analytes.

Experimental Section

Materials and General Procedures.N,N′-(4,5-Diamino-1,2-
phenylene)bis(4-methylbenzenesulfonamide) and 1,10-phenanthro-
line-5,6-dione were synthesized according to a published method.26,27

All other chemical reagents were commercially available and were
used without further purification unless otherwise noted. The anions
were used as the tetrabutylammonium salts. NMR spectra were

recorded on a Bru¨ker AMX400 (400.168 MHz for1H NMR and
100.622 MHz for13C NMR). 1H and13C NMR chemical shifts are
reported in ppm downfield from tetramethylsilane (TMS;δ scale)
with the solvent resonances as internal standards. Absorption spectra
were obtained using either a Perkin-Elmer Lambda 900 UV-
visible-NIR spectrophotometer or a Varian Cary 300 UV-visible
spectrophotometer. Emission spectra were recorded in an air-
equilibrated CH3CN or DMSO solution at 298 K with a Fluorolog
III photoluminescence spectrometer. Luminescence quantum yields
were calculated relative to 9,10-diphenylanthracene in a cyclohexane
solution (Φem ) 0.90) or Ru(bpy)3Cl2 in an air-equilibrated aqueous
solution (Φem ) 0.028). Corrected emission spectra were used for
the quantum yield measurements. Luminescence quantum yields
were taken as the average of three separate determinations and were
reproducible to within 10%. Fluorescence lifetimes were measured
on an Edinburgh Instruments Mini-t single-photon-counting lifetime
spectrometer. The samples were excited at 375 nm from a diode
laser with a 80 ps pulse width. Nonlinear least-squares fitting of
the decay curves were performed with the Levenburg-Marquardt
algorithm and implemented by the Edinburgh Instruments T900
software.

Alternately, luminescence lifetimes were determined on an
Edinburgh FL920 time-correlated pulsed single-photon-counting
instrument. Samples were degassed via a freeze-thaw-pump cycle
at least five times prior to measurements. Samples were excited at
337 nm from a nitrogen-pulsed flashlamp with 1 ns fwhm pulse
duration transmitted through a Czerny-Turner design monochro-
mator. Emission was detected at 90° via a second Czerny-Turner
design monochromator onto a thermoelectrically cooled red-
sensitive photomultiplier tube. The resulting photon counts were
stored on a microprocessor-based multichannel analyzer. The
instrument response function was profiled using a scatter solution
and subsequently deconvoluted from the emission data to yield an
undisturbed decay. Nonlinear least-squares fittings of the decay
curves were performed with the Levenburg-Marquardt algorithm
and implemented by the Edinburgh Instruments F900 software.

Single crystals of1, 2, and 4 were mounted on a glass fiber
using oil. All measurements were made on a Bru¨ck X8 Apex CCD
area detector equipped with graphite-monochromated Mo KR

(26) Arnold, F. E.J. Polym. Sci., Polym. Chem. Ed.1970, 8, 2079-2089.
(27) Dyer, J.; Grills, D. C.; Matousek, P.; Parker, A. W.; Towrie, M.;

Weinstein, J. A.; George, M. W.Chem. Commun.2002, 872-873.

Figure 10. Electronic absorption spectral traces of probe5 (6.1× 10-6 M) in DMSO upon the addition ofn-Bu4NF. [F-] ) (0-5.6)× 10-6 M (left); [F-]
) 8.5 × 10-6-1.7 × 10-3 M (right).
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radiation. The structures were solved by direct methods28a and
refined by a full-matrix least-squares technique based onF 2 using
theSHELXL97program.28b The non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included in idealized posi-
tions but not refined. All calculations were performed using the
Brüker SHELXTLcrystallographic software package.29

Spectrophotometric titrations were performed using a 2.5 mL
probe solution in either CH3CN or DMSO titrated with a sample
of the anions prepared with the same probe solution. Absorption
and emission spectra were recorded following each addition of
anion.

The equilibrium constants,K, were determined by fitting the
whole series of spectra at 1 nm intervals using the software
SPECFIT 3.0from Spectrum Software Associates, which employs
a global system with expanded factor analysis and Marquardt least-
squares minimization to obtain globally optimized parameters.30

Synthesis. Probe 1.A mixture of 6 (750 mg, 1.7 mmol) and7
(360 mg, 1.7 mmol) in acetic acid (100 mL) was refluxed for 16 h.
The volatile mixture was concentrated on a rotary evaporator to
∼20 mL, and excess water was added to yield precipitation. The
white precipitate was collected on a frit, washed with water and
MeOH, and dried in vacuo to afford white powder of1 (1.0 g,
95%).1H NMR (400 MHz, DMSO-d6): δ 10.07 (bs, 2H), 8.23 (d,
J ) 4.8 Hz, 2H), 7.92-7.86 (m, 4H), 7.74-7.68 (m, 6H), 7.36 (d,
J ) 8.0 Hz, 4H), 7.32 (t,J ) 5.8 Hz, 2H), 2.33 (s, 6H).13C NMR
(75 MHz, acetone-d6): δ 158.4, 154.0, 148.9, 145.5, 139.6, 137.5,
136.7, 134.6, 130.8, 128.5, 124.8, 124.0, 123.0, 21.5. HRFABMS:
m/z 623.1537 (calcdm/z 623.1535 for M+ H+). Elem anal. Calcd
for C32H26N6O4S2: C, 61.72; H, 4.21; N, 13.50. Found: C, 61.49;
H, 4.48; N, 13.33.

Probe 2.A mixture of 6 (1.0 g, 2.2 mmol) and8 (470 mg, 2.2
mmol) in MeOH (100 mL) was refluxed for 16 h. Compound2
precipitated as a microcrystalline solid, which was collected and
washed with MeOH and dried in vacuo to afford a yellowish powder
of 2 (1.2 g, 91%).1H NMR (400 MHz, DMSO-d6): δ 9.50 (d,J )
8.0 Hz, 2H), 9.17 (d,J ) 4.0 Hz, 2H), 7.97-7.94 (m, 2H), 7.86 (s,
2H), 7.78 (d,J ) 8.4 Hz, 4H), 7.36 (d,J ) 8.0 Hz, 4H), 2.32 (s,
6H). A 13C NMR spectrum was not taken due to the very low
solubility. HREIMS: m/z 620.1286 (calcdm/z 620.1300 for M+).
Elem anal. Calcd for C32H24N6O4S2: C, 61.92; H, 3.90; N, 13.54.
Found: C, 61.76; H, 3.98; N, 13.41.

Probe 3. Essentially the same procedure as that for the
preparation of2 was taken for synthesis of probe3. Recrystallization
from hot THF afforded a yellowish powder of3 in 92% yield.1H
NMR (400 MHz, DMSO-d6): δ 10.10 (bs, 2H), 9.13 (d,J ) 8.0
Hz, 2H), 8.74 (d,J ) 8.0 Hz, 2H), 7.88 (s, 2H), 7.84 (t,J ) 7.6
Hz, 2H), 7.79-7.74 (m, 6H), 7.39 (d,J ) 8.0 Hz, 4H), 2.33 (s,
6H). 13C NMR (75 MHz, DMSO-d6): δ 141.9, 139.9, 139.3, 139.0,
138.0, 130.4, 130.0, 129.4, 129.2, 127.8, 126.5, 124.8, 123.3, 109.2,
30.7. HREIMS: m/z 618.1385 (calcdm/z 618.1395 for M+). Elem
anal. Calcd for C34H26N4O4S2: C, 66.00; H, 4.24; N, 9.06. Found:
C, 65.95; H, 4.15; N, 9.11.

Probe 4. A mixture of BrRe(CO)5 (200 mg, 0.50 mmol) and
ligand1 (150 mg, 0.24 mmol) in 50 mL of THF was refluxed under
a nitrogen atmosphere for 12 h. The resulting orange precipitate
was collected on a frit, washed with cold THF and diethyl ether,
and dried under vacuum to afford an orange-red powder of4 (310
mg, 97%).1H NMR (400 MHz, CD3CN): δ 9.15 (d,J ) 5.5 Hz,
2H), 8.46 (s, 2H), 8.31 (d,J ) 8.2 Hz, 2H), 7.94 (t,J ) 6.7 Hz,
2H), 7.75 (d,J ) 8.3 Hz, 4H), 7.59 (t,J ) 6.3 Hz, 2H), 7.25 (d,
J ) 8.2 Hz, 4H), 2.30 (s, 6H). HRFABMS:m/z 1321.8634 (calcd
m/z 1321.8634 for M+). Elem anal. Calcd for C38H26Br2N6O10-
Re2S2: C, 34.50; H, 1.98; N, 6.35. Found: C, 34.42; H, 2.06; N,
6.31.

Probe 5. A mixture of RuCl3‚3H2O (27 mg, 0.10 mmol) and
ligand 2 (200 mg, 0.32 mmol) in 35 mL of ethylene glycol was
heated at 150°C under a nitrogen atmosphere for 3 h. After the
solution was cooled to room temperature, the saturated aqueous
NH4PF6 (10 mL) solution was added in one portion. The mixture
was stirred at room temperature for 2 h. The resulting precipitate
was collected on a frit, washed with water and diethyl ether, and
dried under vacuum. Repeated recrystallization from hot CH3CN
afforded 100 mg of a reddish-brown solid in 14% yield.1H NMR
(400 MHz, DMSO-d6): δ 9.45 (d,J ) 8.2 Hz, 2H), 8.13 (d,J )
8.8 Hz, 2H), 7.75-7.70 (m, 8H), 7.26 (d,J ) 7.7 Hz, 4H), 2.27 (s,
6H). HRFABMS: m/z 1961.2889 (calcdm/z 1961.2867 for [M-
2PF6 - H+]+). Elem anal. Calcd for C96H72F12N18O12P2RuS6‚
H2O: C, 50.77; H, 3.28; N, 11.10. Found: C, 50.65; H, 3.31; N,
10.93.
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