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ABSTRACT: The water-soluble rhenium(I) complex fac-
[Re(bpy)(CO)3(thp)]

+ (1) [CF3SO3
− salt; bpy = 2,2′-

bipyridine, thp = tris(hydroxymethyl)phosphine] is both
strongly luminescent and photoactive toward carbon
monoxide release. It is stable in aerated aqueous media,
is incorporated into cells from the human prostatic
carcinoma cell line PPC-1, and shows no apparent
cytotoxicity. Furthermore, the solvated Re(I) photo-
product of CO release (2) is also luminescent, a feature
that allows one to track the transformation of 1 to 2 inside
such cells using confocal fluorescence microscopy. In this
context, 1 is a very promising candidate as a photo-
activated CO releasing moiety (photoCORM) with
potential therapeutic applications.

Although long known as a gas that is toxic to humans,
carbon monoxide is formed endogenously during the

catabolism of hemes by the enzyme heme oxygenase.1 Over the
past decade, various studies have implicated roles of CO in
wound healing and cardiovascular protection.2 Additionally,
exogenous application of CO has been linked to improved
proliferation of vascular smooth muscle cells, reduced organ
graft rejection, and protection against ischemia/reperfusion
injury.3 Thus, as for the bioactive small molecules NO and
H2S,

4 the evolving understanding of CO physiology has led to
greater appreciation of the potential therapeutic value of
targeted CO delivery.5 Current methods include mixing CO
with breathing air as well as using CO-releasing moieties
(CORMs) based on transition metals or boron.6 However,
these approaches suffer from a lack of target selectivity and
dosage control. To combat these shortcomings, we and others
have initiated investigations of photochemical CO delivery.7

Photolysis-induced release of caged8 CO has the potential to
provide exceptional control over location, timing, and dosage,
since the command signal would be the absorption of light. The
photoactive CORM (photoCORM) precursors serve as benign
CO reservoirs that are triggered upon irradiation. However, a
crucial challenge is to assess the location and extent of CO
release in vivo. To address this issue, we describe here a novel
photoCORM that, in addition to releasing CO, can serve as a
luminescent indicator for the location and extent of intracellular
photochemical CO release.
Complexes of the type fac-[Re(bpy)(CO)3(X)] (bpy = 2,2′

bipyridine; X = Cl, Br) are well-known as CO oxidation
catalysts and as relatively photoinert luminophores.9 However,
Ishitani and co-workers have shown that replacing the halide
with a π-acid makes the axial CO photolabile.10 Indeed, the
cationic complexes [Re(bpy)(CO)3(PR3)]

+ (R = Ph, iPr, Me,

OiPr, OMe) undergo photodissociation of one CO upon
irradiation in the near-UV, but these materials are only
marginally water-soluble. To address this issue, we prepared
the uncharged but water-soluble phosphine ligand tris-
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Scheme 1. Synthetic Scheme for the Preparation of fac-
[Re(bpy)(CO)3(L)](CF3SO3) [L = P(CH2OH)3]

Figure 1. Molecular structure of fac-[Re(bpy)(CO)3(thp)]
+ (1),

shown with thermal ellipsoids at 50% probability. H atoms and the
CF3SO3

− counterion have been omitted for clarity. Selected bond
lengths (Å) and angles (deg): Re1−C1, 1.9164(2); Re1−C2,
1.9685(1); Re1−C3, 1.9270(2); Re1−P1, 2.4478(4); P1−Re1−C1,
88.44(5); P1−Re1−C2, 179.25(4); P1−Re1−C3 , 90.90(4).
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(hydroxymethy l)phosph ine ( thp) f rom te t rak i s -
(hydroxymethyl)phosphonium chloride according to a modi-
fied version of a literature procedure11 [see the Supporting
Information (SI)]. The complex fac-[Re(bpy)(CO)3(thp)]

+ (1,
triflate salt) was then synthesized by modified literature
procedures according to Scheme 1 (see the SI for details).
The solid-state X-ray crystal structure of the triflate salt of 1

(Figure 1) shows Re1−C2 bond elongation [1.968 Å vs 1.922
Å (average) for Re1−C1 and Re1−C3] due to the π-acidity of
the trans phosphine (see the SI). The positive-ion-mode
electrospray ionization mass spectrum showed peaks at m/z
551.04 [M]+ and m/z 523.04 [M − CO]+. The IR spectrum of
an acetonitrile solution of the triflate salt of 1 displayed three
νCO bands at 2037, 1949, and 1923 cm−1 (Figure 2), consistent
with the Cs symmetry of this cation. The electronic absorption
spectrum displayed a metal-to-ligand charge transfer (MLCT)

band at 345 nm (ε = 3500 M−1 cm−1) and tailing into the
visible region (Figure 3), making dilute solutions light yellow.
Photolysis (λirr = 405 nm) of 1 in aqueous media or in

acetonitrile led to changes in the IR and optical absorption
spectra, as illustrated in Figures 2 and 3, respectively.
Exhaustive photolysis in acetonitrile gave two νCO bands at
1937 and 1863 cm−1. The IR spectral changes can be attributed
to formation of the dicarbonyl solvento product [Re(bpy)-
(CO)2(sol)(thp)]

+ (2) (sol = H2O, CH3CN). The optical
spectrum of the product of exhaustive photolysis in water
displayed bands at 290 and 405 nm. The shift of the MLCT
band maximum from 345 to 405 nm and the shifts of the νCO
bands to lower frequency are consistent with replacement of
one CO with a more electron-donating solvento ligand.
Additionally, analysis of the gaseous headspace by gas
chromatography with thermal conductivity detection (GC-
TCD)12 revealed that the amount of CO generated by
exhaustive photolysis of the aqueous solutions was approx-
imately equal to the amount of 1 present. In this context, we
conclude that 405 nm photolysis of 1 leads to dissociation of a
single CO, in agreement with Ishitani and co-workers,10b who

Figure 2. Bottom: FTIR spectrum (νCO region) of the triflate salt of 1
in acetonitrile solution and the changes that occur during 405 nm
photolysis. Top: Difference spectrum between 1 and the photoproduct
2. The disappearance of the bands at 2037, 1949, and 1923 cm−1 and
the growth of two new bands at 1937 and 1862 cm−1 suggest the loss
of a single CO.

Figure 3. Optical spectral changes during 405 nm photolysis of 1 in
PBS at 37 °C. The red shift of the MLCT band from 345 to 405 nm is
characteristic of a loss of CO from the metal center.

Figure 4. Emission spectra of 1 (yellow) and 2 (red) in phosphate
buffer (10 mM, pH 7.4). The luminescence from 2 was recorded after
exhaustive photolysis (λex = 405 nm) of a solution initially containing
the CF3SO3 salt of 1.

Figure 5. Viability of PPC-1 cells exposed to 1 (■) or to 2 (▲) as
determined with PrestoBlue normalized to the control without added
complex. Numbers of cells (∼2.5 × 104 for the controls) were
calculated by comparing the fluorescence intensities to a calibration
curve. Each concentration was seeded in quadruplicate; error bars
represent standard deviations.
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showed that irradiation of the analogous fac-[Re(bpy)(CO)3(P-
(OEt)3)]

+ complex leads to stereospecific substitution of the
CO trans to the phosphine (eq 1). Quantum yields for this
photochemical process were determined in phosphate buffer
solutions (10 mM, pH 7.4) using the changes in the optical
spectra (see the SI for experimental details). For photolysis at
365 nm, a quantum yield of 0.21 ± 0.01 was determined;
however, with 405 nm excitation, this dropped to 0.11.
Notably, 1 is also strongly luminescent in ambient-temper-

ature aqueous solution with an emission band centered at 515
nm (Figure 4; see Figure S-1 in the SI for the excitation
spectrum). This band can be assigned to phosphorescence from
the triplet MLCT excited state, as seen for other fac-
[Re(bpy)(CO)3(PR3)]

+ complexes.10 More remarkable is the
observation that the photoproduct 2 is also strongly
luminactive in aqueous solutions with the emission maximum
(λmax

em ) red-shifted to 585 nm. The quantum yields for these
emissions were determined by using the emission from
rhodamine B (Φem = 0.65)13 as a comparative standard. In
this manner, a Φem value of 0.18 ± 0.01 was measured for an
aqueous solution of 1 (CF3SO2

− salt) at ambient temperature
with an excitation wavelength (λex) of 365 nm. A roughly
comparable value, Φem = 0.15, was measured at λex = 405 nm.
In the absence of a pure, well-characterized sample of 2, an
accurate determination of Φem was not made. However, given
the strong luminescence behavior of the product solutions and

the higher absorbance of 2 at λex = 405 nm (Figure 4), we
estimate the emission efficiency of 2 to be on the same order of
magnitude but somewhat smaller than that of 1.
Another notable feature of the emission behavior of 1 and 2

relevant to potential biological applications is the insensitivity
of the emission intensities and lifetimes to the presence of air.
The lifetimes of this emission were measured in aqueous media
by laser flash photolysis techniques and found to be 405 ns for
1 and nearly the same (410 ns) for 2. Notably, both lifetimes
were independent of whether the solutions were aerated or
deaerated.
A suitable photoCORM requires compatibility with physio-

logical conditions. In this context, 1 is not only soluble and
stable in aqueous media but also resistant to autoxidation. A
solution of 1 in aerated phosphate buffer (10 mM, pH 7.4) at
37 °C showed no spectral changes over the course of 12 h
when kept in the dark, thus indicating the long-term stability of
1 under such conditions.
The toxicities of 1 and 2 were probed by incubating cells

from the human prostatic carcinoma cell line PPC-1 with
varying concentrations of these species in the dark at 37 °C
(5% CO2). Solutions of 1 and 2 (1 mM each, CF3SO2

−salt)
were prepared in phosphate-buffered saline (PBS, pH 7.2), and
aliquots of these were added to wells containing PPC-1 cells
(see the SI). Cell viability was determined using PrestoBlue, a
fluorescent indicator of cell proliferation. Three concentrations
of each complex (25, 50, and 100 μM) and a control (0 μM)
were seeded in quadruplicate, and the cells were incubated at
37 °C (5% CO2) for a period of ∼2 h. The PrestoBlue was then
added to each well, and after incubation for 45 min, the
fluorescence intensity at 590 nm (λex = 560 nm) was measured.
This was compared to a calibration curve to determine the
number of viable cells. The results of this assay (Figure 5)
demonstrated that over the course of a typical experiment,
there was no immediate adverse effect from 1 or 2, with greater
than 88% cell viability for concentrations up to 100 μM. (See
the SI for further comments regarding toxicity.)
The cellular uptake and photoreactivity of the photoCORM

were probed by using the luminescence properties of 1 and 2 as
in vitro markers, since the wavelength red-shifts upon CO loss.
To test this multiplex-imaging methodology, adhered PPC-1
cells were incubated with 50 μM 1 at 37 °C for 60 min in the
dark. The cells were rinsed several times with PBS to remove
residual photoCORM in the medium, and then an aliquot of
the cell suspension was mounted onto a microscope slide
without fixing. Images were then immediately collected using
an Olympus Fluoview 500 laser scanning fluorescence confocal
microscope equipped with differential interference contrast
optics, four photomultiplier tube detectors, and a 405 nm diode
laser source for excitation. With the filter-based system, the
luminescence between 465 and 495 nm should correspond to
emission from 1, while that at wavelengths >660 nm should
primarily correspond to emission from 2. However, since 1 is
photolabile, it was important to capture and optimize each
image quickly at low laser power to minimize CO loss during
the acquisition. After such images were collected, the cells were
exposed to increased power of the instrument’s 405 nm diode
laser (exact intensity unknown) to effect the photoreaction
described by eq 1, and new images were then collected.
Figure 6 shows the results of these experiments. The top

image (emission in the 465−495 nm window, shown in blue)
clearly shows that 1 accumulated in the cytoplasm but did not
appear to penetrate the nuclear envelope of PPC-1 cells. Upon

Figure 6. Confocal fluorescence microscopy images of PPC-1 cells
that were incubated for 60 min with 50 μM 1. The top image (in blue,
λem = 465−495 nm) was collected with minimal photolysis from the
405 nm excitation source and indicates the incorporation of 1 into the
cellular cytosol. The bottom image (in green, λem > 660 nm) was
collected after 405 nm photolysis for 15 min and indicates the
transformation of 1 to 2.
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photolysis with 405 nm light, there was a marked decrease in
the emission intensity in the 465−495 nm window and strongly
enhanced emission at the longer wavelengths. This correlates to
photoinduced loss of 1 and generation of 2 within the cells.
Although CO release was not directly observed, the trans-
formations observed here were clearly consistent with intra-
cellular CO release. Similar cellular uptake of a (η5-C5H5)Re-
(CO)3 derivative was recently demonstrated using the near-
field technique known as photothermal-induced resonance.14

In summary, we have reported the synthesis of a biologically
compatible photoCORM, fac-[Re(bpy)(CO)3(thp)](CF3SO3)
that is water-soluble, air-stable, and nontoxic. Additionally, it is
multifunctional, releasing CO upon irradiation while also
serving as an imageable reporter to indicate the location
where CO is being delivered on the cellular scale. The studies
described here with live PPC-1 cells demonstrate its
applicability and relative ease of use. This photoCORM has
the potential to serve as a valuable tool for elucidating the
poorly understood physiological role(s) of CO. Since the
optical absorption properties of 1 are not ideal for in vivo
applications because of the relatively low transmittance of
shorter visible wavelengths in tissue,15 we are exploring
multiphoton excitation options16 that may provide the
opportunity to use longer-wavelength light sources for this
purpose.
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