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A new homocysteine-selective sensor based on the iridium(III) complex Ir(pba)2(acac) (Hpba ) 4-(2-pyridyl)-
benzaldehyde; acac ) acetylacetone) was synthesized, and its’ photophysical properties were studied. Upon the
addition of homocysteine (Hcy) to a semi-aqueous solution of Ir(pba)2(acac), a color change from orange to yellow
and a luminescent variation from deep red to green were evident to the naked eye. The blue-shift of the absorption
spectrum and enhancement of the phosphorescence emission upon the addition of Hcy can be attributed to the
formation of a thiazinane group by selective reaction of the aldehyde group of Ir(pba)2(acac) with Hcy, which was
confirmed by 1H NMR studies. Importantly, Ir(pba)2(acac) shows uniquely luminescent recognition of Hcy over
other amino acids (including cysteine) and thiol-related peptides (reduced glutathione), in agreement with the higher
luminescent quantum yield of the adduct of Ir(pba)2(acac) with Hcy (0.038) compared with that of the adduct with
Cys (∼0.002). Both surface charge analysis and the electrochemical measurement indicated that a photoinduced
electron-transfer process for Ir(pba)2(acac)−Cys might be responsible for the high specificity of Ir(pba)2(acac) toward
Hcy over Cys.

Introduction

As an important amino acid containing a free thiol moiety,
homocysteine (Hcy) has several important roles within
physiological matrices.1 In fact, it was recently discovered
that there is a link between folate homeostasis and homocys-
teine metabolism which is very important in various types
of vascular disease2,3 and in renal diseases.3,4 At elevated
levels in plasma, Hcy is a risk factor for Alzheimer’s5 and

cardiovascular diseases.6 Methods of direct detection of Hcy
are usually hampered by interference from structurally related
molecules such as cysteine (Cys) and glutathione (GSH), and
Hcy analyses are thus performed in conjunction with
chromatographic separations or immunoassays.1c Recently,
some chromophores were developed as chemodosimeters for
Hcy and Cys.7-9 For example, Strongin’s group has reported
on a xanthene dye containing aldehyde that afforded thia-
zolidines or thiazinanes by reaction with Cys or Hcy,
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resulting in a decrease in fluorescence emission.7a,bOur group
has developed a highly electron-deficient system as a turn-
on fluorescence sensor for the intracellular imaging of Cys/
Hcy in biological samples.8c However, to the best of our
knowledge, no selective fluorescent recognition of Hcy over
Cys and GSH has been explored to date, although Strongin’s
group7c developed a colorimetric method for the selective
detection of Hcy at neutral pH.

The use of phosphorescent heavy-metal complexes as
chemosensors10-14 and biological labels15 has recently at-
tracted considerable interest, because of advantageous pho-
tophysical properties of heavy-metal complexes such as
relatively long lifetimes and high stability compared with
those of pure organic luminophores. As one of the best
families of phosphorescent dyes, iridium(III) complexes used
as phosphorescence chemosensors are still limited to the
sensing of oxygen,10 protons,11 chloride ions,12 and metal
ions.13,14Recently, some cyclometalated iridium(III) complex
containing an aldehyde group were reported as functional
materials.15-17 For example, Lo et al. reported that iridium-
(III) complexes with an aldehyde group could react with the
amino group of amino acids under the reduction of sodium
cyanoborohydride.15 In the present study, based on the special
reaction of the aldehyde group withâ- andγ-aminoalkylthiol
groups, a luminescent cyclometalated iridium(III) complex
Ir(pba)2(acac) (acac) acetylacetone) (1) with an aldehyde
group (Scheme 1) was designed and synthesized as a
phosphorescent probe for Hcy and Cys. As expected,1 could
react with Hcy and Cys over other amino acids, as confirmed
by absorption spectroscopy and1HNMR spectra. More
interestingly, studies of the luminescent properties of1 in
DMSO-HEPES (pH 7.2, 9:1 v/v) (DMSO) dimethylsul-
foxide) showed that only the addition of Hcy induced a large
enhancement of the phosphorescent emission intensity at 525

nm, corresponding to an obvious variation in emission color
from red to green. The high specificity toward Hcy over Cys
and thiol-related peptides indicates that1 is an ideal candidate
for the selective optical sensing of Hcy.

Experimental Section

Materials. Acetylacetone (acac), 2-ethoxyethanol, 4-(2-pyridyl)-
benzaldehyde (Hpba), and homocysteine (Hcy) were purchased
from Acros. Other amino acids were purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai). IrCl3‚3H2O was an indus-
trial product and used without further purification. Here,1-Hcy and
1-Cys represent the adducts of1 with homocysteine and cysteine,
respectively.

Synthesis of Ir(pba)2(acac) (1). Complex1 was synthesized
according to the previous literature.18 A mixture of 2-ethoxyethanol
and water (3:1 v/v) was added to a flask containing IrCl3‚3H2O (1
mmol) and Hpba (2.5 mmol). The mixture was refluxed for 24 h.
After cooling, a yellow solid precipitate was filtered to give crude
cyclometalated iridium(III) chloro-bridged dimer. To the mixture
of crude chloro-bridged dimer (0.2 mmol) and Na2CO3 (1.4 mmol),
2-ethoxyethanol and acac (0.5 mmol) were added and then the slurry
was refluxed for 12 h. After cooling to room temperature, a red
precipitate was collected by filtration and was chromatographed
using CH2Cl2/Aceton (45:1 v/v) as an eluent to give1 (red solid,
yield 60%).1H NMR (400 MHz, DMSO-d6, TMS): δ 9.61 (s, 2H),
8.50 (d,J ) 5.2 Hz, 2H), 8.35 (d,J ) 8.0 Hz, 2H), 8.11-8.07 (m,
2H), 7.96 (d,J ) 8.0 Hz, 2H), 7.58-7.54 (m, 2H), 7.33 (dd,J )
7.2 and 1.6 Hz, 2H), 6.57 (d,J ) 1.6 Hz, 2H), 5.31 (s, 1H), 1.74
(s, 6H). IR (KBr, cm-1): 1682 (νHCdO), 2705 (νHCdO). Anal. Calcd
for IrC29H23N2O4: C, 53.12; H, 3.54; N, 4.27. Found: C, 53.39;
H, 3.33; N, 4.10. Electrospray ionization MS (ESI-MS):m/z 656
(M+).

Synthesis of 1-Hcy and 1-Cys.The mixture of1 (1mmol) and
Hcy (or Cys) (5 mmol) was stirred in CH2Cl2 and methanol (2:1
v/v) for 12 h. The yellow mixture was chromatographed on silica
gel using CH3OH/Et3N (50:1 v/v) as an eluent to give1-Hcy or
1-Cys.

1-Hcy (IrC37H37N4O6S2): yield, 16%. 1H NMR (400 MHz,
DMSO-d6, TMS): δ 8.41 (2H), 8.12 (2H), 7.97 (2H), 7.70 (2H),
7.40 (2H), 6.96 (2H), 6.10 (2H), 5.25 (1H), 4.83 (2H), 3.42 (2H),
3.07 (2H), 2.76 (2H), 1.99 (4H), 1.71 (6H). ESI-MS:m/z 871 (M
- H3O+). IR (KBr, cm-1): 1600 and 1404 (νCOOH), 2500-3300
(br, νCOOH).

1-Cys (IrC35H33N4O6S2): yield, 12%. 1H NMR (400 MHz,
DMSO-d6, TMS): δ 8.40 (2H), 8.12 (2H), 7.91 (2H), 7.68 (2H),
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Scheme 1. Chemical Structure of1 and Possible Recognition
Mechanism of1 with Hcy
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7.37 (2H), 6.88 (2H), 6.03 (2H), 5.22 (1H), 5.04 (2H), 4.01 (2H),
3.70 (2H), 2.84 (2H), 1.70 (6H). ESI-MS:m/z 843 (M - H3O+).
IR (KBr, cm-1): 1600 and 1395 (νCOOH), 2500-3300 (br,νCOOH).

Amino Acid Titration of 1. Spectrophotometric determination
was performed in DMSO-HEPES buffer (50 mM, pH 7.2, 9:1 v/v).
Typically, the samples containing different concentration of amino
acids were kept at 37°C overnight before the UV-vis absorption
and photoluminescence spectra of the samples were recorded. For
luminescence measurements, excitation was provided at 360 nm,
and emission was collected from 450 to 700 nm.

General Experimental Details.1H NMR spectra were recorded
on a Varian spectrometer at 400 MHz. ESI-MS was measured on
a Micromass LCTTM system. The UV-vis spectra were recorded
on a Shimadzu UV-2550 spectrometer. Steady-state emission
experiments at room temperature were measured on an Edinburgh
Instruments LFS-920 spectrometer. Lifetime studies were performed
with an Edinburgh FL 920 photocounting system with a hydrogen-
filled lamp as the excitation source. The data were analyzed by
iterative convolution of the luminescence decay profile with the
instrument response function using a software package provided
by Edinburgh Instruments. Luminescence quantum yields of1-Hcy
and Ir(ppy)2(acac) in air-equilibrated solution were measured with
reference to rhodamine B (ΦF ) 0.69 in ethanol),19 and lumines-
cence quantum yields of1 and1-Cys were measured with reference
to 1-Hcy.

Energy Optimization. Geometric and energy optimizations were
performed with theGaussian 03program20 based on the density
functional theory (DFT) method. Becke’s three-parameter hybrid
functional with the Lee-Yang-Parr correlation functional (B3LYP)21

was employed for all the calculations. The LANL2DZ basis set
was used to treat the iridium atom, whereas the 3-21G* basis set
was used to treat all other atoms. Once an optimized geometry was
obtained, imaginary frequencies were checked at the same level
by vibration analysis to verify the genuine minimum on the potential
energy surfaces (PES). To verify the effect of the aldehyde group
on photophysical properties, orbital analysis of the complex was
also performed.

Results and Discussion

Photophysical Properties of 1.Absorption and room-
temperature photoluminescence spectra of1 are shown in
Figure 1, with data listed in Table 1. The absorption spectrum
of 1 shows intense high-energy absorption bands at ap-

proximately 280-350 nm (ε on the order of 104 dm3 mol-1

cm-1), and weaker absorption bands at>355 nm (ε on the
order of 103 dm3 mol-1 cm-1) are assigned to intraligand
(π-π*) (pba-) and spin-allowed metal-to-ligand charge-
transfer (1MLCT) (dπ(Ir)-π*(pba-)) transitions, respectively,
with reference to previous photophysical studies on related
cyclometalated iridium(III) diimine systems.15,22In addition,
weaker absorption tails toward the lower energy region
(510-550 nm) in the absorption spectrum of1 may be
attributed to spin-forbidden3MLCT (dπ(Ir)-π*(pba-))
transitions.

Complex1 shows a weak emission band peaked at 615
nm, and its’ photoluminescent color is deep red. The
luminescent quantum yield of1 in air-equilibrated solution
is ∼0.003. The emission lifetime monitored at 615 nm in
air-equilibrated solution at room temperature was measured
as 106 ns, indicating the phosphorescent emission nature of
1. Moreover, the photoluminescence emission band is broad
and featureless, suggesting that emission originates primarily
from the 3MLCT state. As a comparison, we investigated
the photophysical properties of a similar complex Ir(ppy)2-
(acac)18a (ppy ) 2-phenylpyridine) without an aldehyde
group (see Figure 1 and Table 1). Interestingly, the maximal
wavelengths for absorption (λmax

abs) 456 nm) and emission
(λmax

em ) 525 nm,Φem ) 0.032) of Ir(ppy)2(acac) are blue-
shifted compared with those of1 (λmax

abs ) 510 nm,λmax
em

) 615 nm, andΦem ) ∼0.003), which indicates that the
introduction of an aldehyde moiety induces a decrease in
luminescent quantum yield and an apparent red-shift in the
absorption and emission spectra.
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Figure 1. Absorption and emission spectra of1 and Ir(ppy)2(acac) (20
µΜ) in DMSO-HEPES buffer (50 mM, pH 7.2, 9:1 v/v).
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Optical Response of 1 to Hcy.From the above result, it
is evident that the existence of an electron-withdrawing group
(CHO) significantly affects the photophysical properties of
1. Selective reaction of the aldehyde moiety withâ- and
γ-aminoalkylthiol groups to form thiazolidines has been
extensively applied in Cys and Hcy detection.7a,b,8a,b,9In the
present study, we reasoned that the iridium(III) complex1
with an aldehyde group also had a similar ability to recognize
Cys and Hcy.

a. Electronic Absorption Spectroscopy.The recognition
of Hcy by 1 was studied using a spectrophotometric
absorption method. As shown in Figure 2, the addition of
increasing amounts of Hcy to a solution of1 led to obvious
changes in its’ absorption spectrum. In particular, the
absorption band at 510 nm decreased gradually upon the
addition of Hcy, resulting in a color change from orange to
yellow (see Figure 2 inset), indicating that1 could serve as
a sensitive “naked eye” indicator of Hcy.

b. Photoluminescence Properties.It is well-known that
emission spectroscopy is more sensitive to small changes
that affect the electronic properties of molecules. Here, the
ability of 1 to form a complex with Hcy was also investigated
using a photoluminescent technique. The luminescence
spectra of1 upon treatment with Hcy are shown in Figure
3. Upon the addition of Hcy, a new emission band at 525

nm gradually appeared, corresponding to a blue-shift of
approximately 90 nm and a change in emission color from
deep red to green that could be observed by the naked eye
(Figure 4).

Selective Optical Response of 1 to Various Amino
Acids. High selectivity is necessary for an excellent chemosen-
sor. The investigation of the selective response of1 by
photoluminescent spectroscopy was thus extended to other
elementary amino acids. Upon the addition of amino acids
such as L-histidine, L-leucine, L-asparagine,L-arginine,
L-tyrosine,L-threonine,L-proline,L-isoleucine,L-tryptophan,
L-methionine,L-valine,L-alanine,L-phenylalanine,L-glutamine,
L-glutamic acid,L-serine,L-hydroxyproline,L-lysine, and
L-glycine, no obvious changes was measured in the absorp-
tion and emission spectra (Supporting Information and Figure
4). Moreover, no obvious enhancement in phosphorescent
emission of1 was observed upon the addition of thiol-related
peptides (such as reduced glutathione, GSH) (Figure 4).

Generally, methods for the direct detection of Hcy are
usually hampered by interference from structurally related
molecules,1c especially Cys, with high structural similarity.
In the present study, upon the addition of Cys, the absorption
band at 510 nm decreased, resulting in a color change from
orange to yellow (Supporting Information). However, when
an excess of Cys was added to a solution of1, weak
enhancement (2-fold) of the luminescent intensity at 525 nm

Table 1. Photophysical and Electrochemical Properties of the Iridium(III) Complexes

complex λabs(nm) (ε × 104 dm3 mol-1 cm-1)
λem

a

(nm)
τa

(ns) Φem
a

Eox
b

(V)
Ere

b

(V)
E00

(eV)
E0(Ir2+/+*)

(V)

Ir(ppy)2(acac) 284 (2.61), 331 (1.07), 340 (0.9),
367 (0.6), 384 (0.51), 409 (0.41),
456 (0.28), 495 (0.13)

525 667 0.032 0.63 -2.66

1 289 (3.29), 308 (2.74), 367 (0.35),
414 (0.25), 447 (0.20), 510 (0.20)

615 106 ∼0.003 0.68c -1.87c,
2.06c

2.01 0.14

1-Hcy 284 (6.15), 306 (4.10), 360 (0.95),
412 (0.53), 450 (0.36)

525 750 0.038 0.85d -1.90d 2.43 0.53

1-Cys 284 (6.23), 306 (5.20), 366 (0.93),
408 (0.78), 450 (0.33)

525 230 ∼0.002 0.55d,
0.85d

-1.52d 2.42 0.90

a Measured in DMSO-HEPES buffer (50 mM, pH 7.2, 9:1 v/v) at a concentration of 2× 10-5 mol L-1 at 298 K. The excitation wavelength was 360
nm for all complexes.bMeasured in DMSO, scan rate of 0.1 V S-1, all potentials versus Ag/AgNO3 as a standard.c Reversible wave.d Quasi-reversible
wave.

Figure 2. Changes in UV-vis absorption spectra of1 (20µM) in DMSO-
HEPES buffer (50 mM, pH 7.2, 9:1 v/v) with various amounts of Hcy (0-4
mM). Inset: Color variation of1 in the absence and presence of excessive
Hcy.

Figure 3. Changes in the phosphorescence emission spectra of1 (20 µM)
in DMSO-HEPES buffer (50 mM, pH 7.2, 9:1 v/v) with various amounts
of Hcy (0-200 equiv) (λex ) 360 nm). Inset: titration curve of1 with Hcy
(0-200 equiv).
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was measured, although the intensity of the emission
band at 615 nm decreased 4-fold (Supporting Information).
Together with the above phosphorescent response of1
toward Hcy (Figure 4), we can conclude that1 can selectively
detect Hcy over other amino acids and thiol-related
peptides. To the best of our knowledge, this is the first
example of luminescent Hcy-selective sensors which can
distinguish Hcy from Cys and thiol-related peptides with both
emission shift and fluorescence intensity. Of course, DMSO-
HEPES (9:1 v/v) is not biocompatible, and the requirement
for 200 equiv of Hcy (4 mM) lowers the sensitivity of the
system.

Photophysical and Electrochemical Properties of 1-Hcy
and 1-Cys.To understand the difference in optical response
of 1 to Hcy over Cys, the adducts1-Hcy and1-Cys were
isolated and characterized by1H NMR experiments (Figure
5). For 1-Hcy, the aldehyde resonance (9.61 ppm) of1
disappeared and a new peak centered at 4.84 ppm appeared,
assigned to the methine proton of the thiazolidine diastereo-
meter.7a,b,8a,bThis fact indicates that thiazolidine is formed

by interaction of the aldehyde moiety with Hcy. With the
disappearance of the strong electron-withdrawing group
(CHO), the resonances corresponding to the phenyl group
were shifted upfield.

1H NMR experiments indicate that1 can also react with
Cys, which was confirmed by the absorption titration of1
with Cys (Supporting Information). The luminescent lifetimes
monitored at 525 nm were 750 and 230 ns for1-Hcy and
1-Cys (Table 1), respectively. Such long lifetimes in air-
equilibrated solution show that the excited states of1-Hcy
and 1-Cys have triplet character. Interesting, significant
difference in luminescence properties between1-Cys and
1-Hcy was observed (Table 1). The luminescent quantum
yield of 1-Hcy in air-equilibrated solution was measured to
be 0.038 and was remarkably higher than that (∼0.002) of
1-Cys under the same conditions.

Moreover, the electrochemical properties of the complexes
have been studied by cyclic voltammetry. The data are listed
in Table 1. With reference to Ag/AgNO3 as a standard,1
shows a reversible couple at ca. 0.68 V that is attributable

Figure 4. Phosphorescent emission observed from the solutions of1 (20 µM) in the presence of different amino acids (4 mM). Excitation wavelength was
365 nm from a portable lamp.Ff/F0 represents the final phosphorescence intensity (Ff) over the initial intensity (F0) at 525 nm (λex ) 360 nm).

Figure 5. 1H NMR spectra of1 (a) and1-Hcy (b) in DMSO-d6. The resonances centered at 9.61 and 4.84 ppm are assigned to the aldehyde hydrogens of
1 and the methine protons of the thiazolidine of1-Hcy, respectively.

Figure 6. Optimized structures of1 and1-Hcy with lengths of coordination bonds.
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to a metal-centered Ir(IV/III) oxidation process. Both1-Hcy
and1-Cys exhibit an irreversible oxidation wave at ca. 0.85
V, which could be assigned to orbitals receiving a strong
contribution from an iridium center and Ir-C- σ-bond
orbitals simultaneously.14,15It is interesting to note that1-Cys
shows another oxidation peak at 0.55 V attributed to the
thiazolidine group (Supporting Information), compared to
1-Hcy with a weak oxidation peak at 0.55 V. This fact
indicated that the thiazolidine moiety of1-Cys is more easily
oxidized than that of1-Hcy. Meanwhile,1 exhibits two
reversible couples at ca.-1.87 and-2.06 V assigned to
reduction of the coordinated pba ligand.15-17 1-Hcy and
1-Cys exhibit a quasi-reversible couple at ca.-1.90 and
-1.52 V, respectively, which is assigned to a reduction of
the thiazolidine derivative. Thus,1-Cys is also more easily
reduced.

Theoretical Calculations.To further understand the effect
of the aldehyde (CHO) group on the photophysical
properties, calculations based on DFT for1 and1-Hcy were
performed. Both complexes were confirmed to be genuine
minima on the PES. The optimized structures are shown in
Figure 6. Orbital analysis revealed that, for the two com-
plexes, no obvious change was observed for the highest
occupied molecular orbital (HOMO) distributions, and the
HOMO primarily resided on the iridium center and phenyl
part of the cyclometalated ligands, similar to most of the
iridium(III) complexes.16,17 However, the lowest unoc-
cupied molecular orbital (LUMO) distributions of1 and
1-Hcy are strikingly different (Table 2). For1, the LUMO
distribution is evenly localized on the two pba ligands.
In contrast, the LUMO distribution of1-Hcy is partially
located on the 2-phenylpyridine moiety of one ligand.
As a result, the LUMO energy level of1-Hcy is higher. The
HOMO-LUMO energy gaps were calculated as 3.21
and 3.46 eV for1 and 1-Hcy, respectively, which is in
agreement with the remarkable blue-shift in the absorption
and luminescence spectra of1-Hcy compared with those
of 1.

Mechanism of Hcy Sensing.It is interesting to note that
the adduct 1-Cys exhibited much lower luminescence
quantum yield and shorter emission lifetime than1 and1-Hcy
with same MLCT units (Table 1). Since the triplet-state
energy of the thiazolidine moiety of1-Cys is much higher
than the emission energy of Ir(ppy)2(acac) and there was no
spectral overlap between the emission spectra of Ir(ppy)2-
(acac) and the absorption spectrum of the thiazolidine moiety,
it is unlikely that the quenching of1-Cys occurred via an
energy-transfer mechanism.

Surface charge analysis based on DFT indicates that the
charges on the S and N atoms of1-Cys are more negative
than those of1-Hcy (Supporting Information). It can be
expected that an intramolecular electron-transfer process
might occur in the adduct1-Cys from the thiazolidine group
to the excited complex, resulting in a weak MLCT photo-
luminescence of1-Cys.

Furthermore, the excited-state redox potentialsE°(Ir2+/+*)
of the two complexes1-Hcy and 1-Cys were determined
from the ground-state redox potentials and theE00 energy,
and the data was shown in Table 1. The emission maxima
of 1-Hcy and 1-Cys at 77 K were 510 and 512 nm
(Supporting Information), respectively, corresponding to the
E00 energy gap15f,23of 2.43 and 2.42 eV for1-Hcy and1-Cys,
respectively. From the reduction potentials of1-Hcy and
1-Cys of -1.90 and-1.52 V, respectively, the potentials
E°(Ir2+/+*) of 1-Hcy and 1-Cys were estimated to be ca.
+0.53 and+0.90 V, respectively. The difference between
the potentialsE°(Ir2+/+*) and the redox potential of the
thiazolidine moiety (E°[thiazolidine+/0] < +0.55 V), were
calculated to be ca.-0.02 and 0.45 eV for1-Hcy and1-Cys
(Table 1), respectively. Therefore, reductive quenching of
the excited complex by the thiazolidine moiety is favored
for 1-Cys. As a result, it is likely that the mechanism of the
emission quenching of the adduct1-Cys is electron transfer
in nature (Figure 7).

(23) Cummings, S. D.; Eisenberg, R.J. Am. Chem. Soc.1996, 118, 1949.

Table 2. HOMO and LUMO Distributions of1, 1-Hcy, and1-Cys
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Conclusions

In conclusion, we have presented a highly selective
chemosensor for Hcy with emission enhancement based on
the phosphorescent complex Ir(pba)2(acac) that contains an
aldehyde group. In particular, the complex shows a change
in phosphorescent emission visible to the naked eye on
sensing Hcy; this is attributed to the reaction between Hcy
and the aldehyde groups of cyclometalated ligands. To the
best of our knowledge, this is the first report of a highly

selective luminescent chemosensor for Hcy over other amino
acids (including Cys) and thiol-related peptides (including
GSH). This understanding of the Hcy sensing mechanism
should help in the design of new phosphorescent probes
based on iridium(III) complexes by the simple modification
of the chemical structure of ligands to contain specific
coordinating elements and in the exploration of new ap-
plications for chemosensors.
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Figure 7. Possible mechanism of the emission of1-Cys (a) and1-Hcy
(b).
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