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ABSTRACT: Here, we report the use of gadolinium(III)-, lutetium-
(III)-, and lanthanum(III)-texaphyrins as bioinspired photocatalysts
that promote a novel approach to the degradation of curcumin, a 1,3-
diketo-containing natural product. Complexation of curcumin to the
lanthanide centers of the texaphyrins yields stable species that display
limited reactivity in the dark or under anaerobic conditions.
However, upon exposure to mWatt intensity light (pocket flashlight)
or simply under standard laboratory illumination in the presence of atmospheric oxygen, substrate oxidation occurs readily to
generate curcumin-derived cleavage products. These latter species were identified on the basis of spectroscopic and mass
spectrometric analyses. The mild nature of the activation conditions serves to highlight a potential new role for photoactive
lanthanide complexes.

■ INTRODUCTION
Catalysis is a mainstay of modern organic synthesis, and many
groups continue to search for new catalysts. Much of this search
has focused on late transition metals such as iridium,
ruthenium, and platinum. However, many of these metals are
rare and expensive. By comparison, lanthanide metals are
relatively abundant. However, they have not been as thoroughly
studied as catalysts.1−4 To date, lanthanide complexes have
mainly been exploited as Lewis acids in aldol- and Michael-type
reactions.1 They have also been studied extensively in the
context of nucleic acid ester hydrolysis.5,6 In very recent work
by the Schelter group, a synthetic model of a Ln-dependent
dehydrogenase enzyme was put forth.7 However, there are still
relatively few studies that exploit lanthanide complexes as
photocatalysts.8−11 Recently, the Patra group utilized Eu(III)
and Tb(III) β-diketonate complexes to effect DNA cleavage
under conditions of intense UV photoirradiation (365 nm, 6
W).12 Here, we report that the gadolinium(III)-, lutetium(III)-,
and lanthanum(III) texaphyrins (MGd, MLu, and MLa,
respectively; Scheme 1) form stable complexes with curcumin
in the absence of oxygen or light. Upon exposure to O2 and a
relatively low energy light source (e.g., a pocket flashlight or
sunlight filtered through a window), curcumin undergoes
cleavage in the presence of these trivalent lanthanide texaphyrin
complexes. The catalytic transformations induced in this way
represent the formal converse of the biosynthesis of curcumin
from feruloyl-diketide-COA mediated by curcumin synthase
(CURS).
Texaphyrins are pentadentate expanded porphyrins that can

form highly stable complexes with trivalent lanthanide ions.
They have been studied extensively with regard to their
chemical and photophysical properties.13−15 For example,
lutetium texaphyrins (e.g., MLu) have been utilized as
photosensitizers for photodynamic therapy (PDT) and are

known to generate reactive oxygen species (ROS) under
appropriately chosen conditions.16,17 Dysprosium(III) texa-
phyrin complexes have been used as ribozyme analogues
capable of effecting site-directed cleavage of RNA.18 Addition-
ally, gadolinium texaphyrins (e.g., MGd) can function as redox
mediators.19,20

In the solid state, lanthanide(III)-texaphyrins are charac-
terized by the presence of neutral and anionic axial ligands.21

This led us to consider that lanthanide(III)-texaphyrin
complexes might interact with multidentate ligands containing
a 1,3-diketone functionality. One such diketone, curcumin, has
been studied for a range of conditions from cancer to
Alzheimer’s disease.22−26 However, there is still debate over
the actual salutary roles, if any, curcumin or its metabolites play
in a physiological setting.27

Curcumin is a natural product isolated from turmeric. It has
long been sought for its purported medicinal properties,
including as an antioxidant, as well as for many other
purposes.28,29 Curcumin is readily broken down to vanillin
and similar molecules in organic solvents.28 These products are
also seen under physiological conditions, in addition to bicyclic
species resulting from autoxidation and cyclization as reported
by Schneider.30 This reactivity has been mediated by ligation to
numerous metals.31 However, these unique chemistries,
coupled with the recognized importance of the β-diketo moiety
in certain pharmaceutical agents,32 led us to explore whether
chelation of curcumin to lanthanide texaphyrins could be used
to create species with greater stability to solvolysis and whether,
once prepared, these latter putative complexes could be
degraded under relatively mild conditions in a controlled
fashion. In purely chemical terms, the challenge we sought to
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address is whether it would be possible to use lanthanide
texaphyrin chemistry both to stabilize and decompose catalyti-
cally an inherently unstable natural product. As detailed below,
we were able to achieve both goals.

■ RESULTS AND DISCUSSION
Characterization of Metallotexaphyrin−Curcumin

Complexes. Evidence for the formation of MGd, MLu, and
MLa curcumin complexes came from UV−vis spectroscopy,
isothermal calorimetry (ITC), mass spectrometry, and in the
case of the diamagnetic MLu and MLa complexes, 1H NMR
spectroscopy. Data acquired from these studies proved
consistent with a 1:1 binding stoichiometry following initial
texaphyrin axial ligand dissociation. ITC analyses revealed an
endothermic coordination event for all 3 complexes33 and

apparent affinity constants that range from 7.2 × 103 to 2.8 ×
105 M−1. The affinities increase with the size of the lanthanide
cation (La(III) > Gd(III) > Lu(III)), a finding explained by the
fact that the larger cations reside further from the plane formed
by the texaphyrin ligand, making the metal center more
accessible to the curcumin substrate.21 The complexation to
MLa or MGd is entropically favored because it releases two
axial ligands vs only one for MLu (Scheme 1).
Upon addition of excess curcumin to solutions of MGd,

MLu, or MLa in methanol, the intense Soret band seen in the
UV−vis spectrum that is characteristic of these metal-
lotexaphyrins decreases. Furthermore, a 5−7 nm bathochromic
shift in the Q-band is seen (Figure 1). These results lead us to
suggest that curcumin interacts with these metallotexaphyrins
via an axial coordination mode as proposed in Scheme 1.

A 1H NMR spectroscopic titration of curcumin into an
acetonitrile solution of MLu revealed a shift of the curcumin
proton signals to higher field; presumably, this reflects the effect
of the texaphyrin ring current. In addition, the meso-protons of
MLu undergo a shift from 9.08 and 11.91 ppm to 9.71 and
12.15 ppm, respectively (see Supporting Information Figure
S19). These results lead us to suggest that modifications to the
electronic structure of the texaphyrin core take place as the
result of the presumed curcumin complexation.

Stability studies. The stability of complex 1 was initially
probed using UV−vis spectroscopy for samples made up in a
1:1 mixture of MeOH/PBS in the dark at 37 °C.
Corresponding control studies involving curcumin alone were
also carried out. The decrease in the band at 420 nm (ascribed
to curcumin) is much slower when curcumin is bound to MGd:
Half of the curcumin (alone) is degraded after 5.5 h, whereas
70% of curcumin bound to MGd is still present after 16 h (cf.
Figure S25). On this basis we conclude that the rate of
decomposition of curcumin is reduced upon complex formation
(cf. Supporting Information).34 MGd is appreciably soluble in
aqueous media. Thus, the same stability experiment could be
carried out in an aqueous solution containing only 0.6%
methanol. Again, 1 was observed to be more stable than
curcumin alone under those conditions as inferred from
monitoring analogous time dependent optical spectral changes.

Scheme 1. Proposed Structures of the Complexes of
Curcumin and Metallotexaphyrins MGd, MLu, and MLa21

Based on Evidence Obtained from Mass Spectrometric,
UV−Vis Spectroscopic, ITC, and in the case of MLu and
MLa, 1H NMR Spectroscopic Analyses

Figure 1. UV−vis (MeOH, 300 K, dark) spectra of MGd (30 μM) +
curcumin (added in 0.1 equiv increments; total added = 1.5 equiv).
Note: The higher energy band is due to curcumin, whereas that at ca.
480 nm is ascribed to MGd (free and complexed).
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In this particular case, complexation to MGd slows curcumin
hydrolysis and prevents precipitation.
In the dark or in the absence of O2, millimolar methanolic

solutions of complexes 1 and 2 were stable for several days on
the benchtop. However, in the presence of 5 equiv of curcumin,
complex 3 degraded in several hours at room temperature. The
color of the solution goes from green to red, and HPLC/UV−
vis analysis revealed the degradation of the La(III) texaphyrin
core. This lack of stability for the curcumin complex of MLa led
us to focus mainly on MGd and MLu for the present study. In
this context, we were particularly keen to see if these two
lanthanide(III) complexes would function as catalysts for
curcumin photodegradation.
Upon exposure first to O2, either via bubbling or through

contact with the laboratory atmosphere, followed by subjecting
complexes 1 or 2 to photoillumination with a flashlight or
exposure to ambient laboratory light, the spectral changes
shown in Figure 2 were observed. On the basis of
accompanying LC-MS studies, these spectral changes were
ascribed to modifications in the curcumin core structure.
Photoreactivity Studies. Upon irradiation with a 225 mW

pocket flashlight, the Soret band increases, whereas the
intensity of the absorption feature at 420 nm, ascribed to
curcumin, decreases. The maximum of the Q-band shifts back
to 739 nm and matches the initial wavelength of this
metallotexaphyrin (i.e., MGd). These observations lead us to
suggest that the resultant metabolites dissociate from the metal
center. Further analysis of the reaction mixture by RP-HPLC
and LC-MS provided support for the suggestion that curcumin
is converted into two major products with complete retention
of the texaphyrin structure. Indeed, no apparent change in the
texaphyrin spectral features were observed. We thus conclude
that the photochemistry is catalytic in texaphyrin with the
induced chemical changes occurring solely within the curcumin
skeleton.
The two main daughter products produced as the result of

photoirradiation display close retention times on the RP-HPLC
C18 column (Figure 2C, peaks B and C, 9.7 vs 9.9 min). Peak
B absorbs at both 254 and 420 nm while C absorbs only at 254
nm. Based upon these observations, we infer that product B
likely displays conjugation between the aromatic rings and
unsaturated open chains in analogy to what is seen in curcumin.
Product B is thus considered to be a larger (i.e., higher
molecular weight) breakdown fragment than peak C. LC-MS
analyses support these conclusions in that presumed molecular
ion peaks at 236 and 154 amu are seen for B and C,
respectively.
An intermediate peak A is also observed in the RP-HPLC

chromatogram. An LC-MS analysis of peak A revealed a mass
of 439 g/mol (sodium adduct).
The effect of the curcumin/metallotexaphyrin ratio on the

reaction was tested. It was found that the conversion of
curcumin to products B and C was complete in the presence of
air and light, even when curcumin was used in excess (e.g., 100
equiv). This finding provides further support for the conclusion
that the metallotexaphyrins MGd and MLu can act as
photocatalysts for the breakdown of curcumin, rather than
serving just as stoichiometric reactants.
The kinetics of the reactions with MLu or MGd as the

catalysts were investigated by monitoring the disappearance of
curcumin via RP-HPLC. It was observed that the reaction is
considerably faster with MGd (t1/2 = 3.1 min) than with MLu
(t1/2 = 12.4 min) (Figure S29). We hypothesize that this

difference in rate is related to the difference in binding affinity
inferred from the ITC measurements discussed above.
To probe the putative redox chemistry that might underlie

the catalytic activity of MGd, electron paramagnetic resonance
(EPR) spectroscopic studies were carried out at 90 K in frozen
methanol. Analyses were made under anaerobic and aerobic
conditions both with and without irradiation (Figure 3).
Curcumin itself gives no EPR signal, whereas the Gd(III)
center within MGd gives rise to signals at several g-values,
namely g1 = 5.68, g2 = 2.67, g3 = 2.34, and g4 = 1.98. Upon
addition of curcumin under anaerobic conditions, new signals
ascribed to the formation of the MGd−curcumin complex
could be observed. Most notably, the intensity of the g1 signal
increases in intensity, while two new peaks, at ga = 4.120 and gb

Figure 2. UV−vis spectroscopic analysis of complex 1 (MeOH, rt, hv).
The solution was irradiated with a 225 mW pocket flashlight (a) and
monitored by UV−vis spectroscopy over the course of 30 min.
Subjecting curcumin alone (b) to similar conditions resulted in no
change (i.e., curves 3 and 4). Panel c shows RP-HPLC chromatograms
(detector set at 254 nm) of complex 1 before (bottom) and after
irradiation for 15 min (middle) with a 225 mW pocket flashlight. The
solution was then left in the dark for 15 h (top). Peaks A−C are peaks
ascribed to the primary products produced as the result of the
proposed photocatalysis. Their identity is discussed in the text proper.
* minor byproducts.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b00248
Inorg. Chem. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00248/suppl_file/ic8b00248_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b00248


= 2.83, were observed to grow in. A 0.06 shift in the g3 signal
was seen, while the g4 feature decreased in intensity.
Bubbling the above solution with O2 and subjecting it to

irradiation with low intensity (550 nm 225 mW) light for 1 min
led to a slight decrease in the g1 signal. In addition, the two
peaks seen upon initial curcumin complexation, namely at ga
and gb, were no longer discernible. Conversely, the g3 and g4
features were seen to return, albeit at lower intensity than found
in MGd. A sharp peak adjacent to g4 was also observed. This is
attributed to the formation of an organic radical localized either
on the texaphyrin ring or on anoxidized curcumin derivative.
Another set of scans at t = 30 min displayed similar g-values
with the intensity of the g1 = 5.68 signal being intermediate
between that for the MGd−curcumin complex and free MGd.
Other less-easily assigned signals were also seen (cf. Figure 3).
Zn(II) tetrapyridium porphyrin, protoporphyrin XI, and

Gd(OAc)3 were added to methanolic solutions of curcumin
and subsequently oxygenated. Under these conditions no
reaction was observed. Nor, were well-known photocatalysts,
such as tris(bipyridine)ruthenium(II) or eosin Y, able to
promote discernible reactions involving curcumin under
conditions of illumination analogous to those used in the
case of MGd and MLu. On this basis, we conclude that the
macrocyclic ring, as well as the availability of open coordination
sites present in these two test lanthanide(III) texaphyrin
complexes play critical roles; they may be able to accommodate
a molecule of curcumin as well as a molecule of solvent, both of
which presumably contribute to the selective degradation of
curcumin as shown in Scheme 2.
Curcumin was oxidized in the presence of MGd upon

exposure to diffuse laser light whose wavelengths varied from
550 to 800 nm and which ranged in intensity from 1 to 23 mW.
The reaction proceeds more slowly in the presence of
presumed competitors (i.e., dimethylmalonate or zinc acetate
for the MGd and curcumin, respectively). The reaction also
slows upon heating. For instance, only 50% degradation of
curcumin was seen in the presence of MGd upon exposure to
550 nm 225 mW light at 50 °C for 30 min vs essentially
complete reaction at room temperature. From these studies,
carried out under otherwise identical conditions, it is concluded

that curcumin binding, reduced at higher temperatures, is a
prerequisite to photoinduced curcumin degradation.
The proposed photocatalytic degradation reaction was also

studied in various alcoholic solvents other than methanol.
Monitoring of the presumed intermediate A by LC-MS
revealed a correlation between the nature of the alcoholic
solvent and the structure of intermediate A (shown in Scheme
3). Importantly, no difference was seen in the mass of the final
products B and C (structures in Scheme 4 and discussed
below).

Because oxygen appeared necessary for the completion of the
photocatalytic reaction, curcumin degradation experiments
were carried out in the presence of 18O2 (Figure 4). Under a
50% 18O atom-labeled atmosphere, approximately 50% of the
final product B detected in the ESI-MS was characterized by a
peak 2 amu (m/z) higher than observed under pure 16O2 (peak

Figure 3. X-band EPR spectra (9.5 GHz) at 90 K of MGd (A),
curcumin (B), the presumed MGd−curcumin complex under
anaerobic conditions (C), putative MGd−curcumin complex (O2,
hv, after 1 min) (D), and MGd−curcumin (O2, hv, after 30 min) (E).
All spectra were recorded in methanol. Experimental settings were as
follows: amplitude modulation = 10 G and microwave power = 2 mW.
The plotted spectra are the average of four scans.

Scheme 2. (Top) Single Crystal X-ray Diffraction Structure
Showing the Co-coordination of a Bidentate Ligand (NO3

−)
and a Methanol Molecule to the Same Face of a Gd(III)
Texaphyrin Complexa and (Bottom) Proposed Active Site
Complexation That Presages the Photocatalytic
Transformation of a 1,3-Diketo Species Bound to MGd or
MLu

aReprinted with permission from Sessler et al.21 Copyright 1993
American Chemical Society.

Scheme 3. Proposed Structure of Key Intermediate Aa

aThe R fragment is alcohol derived and varies with the choice of
solvent.
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at amu = 261 vs 259 corresponding to the sodium adducts of
the parent peaks at 238 vs 236 m/z, respectively). Such findings
are consistent with one of the oxygen atoms in B coming from
the atmosphere (Figure 4, lower portion). The same mass

increment difference was observed for A (peak observed at m/z
= 441 vs 439 for the sodium adducts of the parent peaks at 418
and 416). However, the mass observed for C remained
unchanged (m/z = 177, corresponding to the sodium adduct of
the parent peak at 154 amu). On this basis, we conclude that no
atmospheric oxygen is inserted into this latter fragment.
IR spectral analysis of the degradation products revealed a

carbonyl stretch at 1656 cm−1 in the case of nonlabeled B. This
feature is broadened and shifted to 1633 cm−1 when the
photodegradation reaction is carried out in the presence of 18O.
This latter 1633 cm−1 value corresponds to the average stretch
calculated for the 18O-labled and 16O-unlabeled CO-containing
products and is thus fully consistent with the observed 50%
incorporation of the isotopic label.
Products B and C were separated from the metallotexaphyrin

catalysts by RP-HPLC and analyzed by 2D-NMR spectroscopic
methods (e.g., COSY, TOCSY, HSQC, and HSBC; cf.
Supporting Information). The presence of trisubstituted phenyl
rings was inferred from the 1H NMR and COSY spectral
experiments. The TOCSY, HSQC, and HSBC spectra provide
support for the existence of an ethylene bridge between a
phenyl ring and a carbonyl-bearing carbon atom with a CH
group being present adjacent to the carbonyl. Taken in concert,
these data and the mass spectrometric findings allowed the
structure of products B and C to be assigned; they are shown in
Scheme 4.

Scheme 4. Proposed Mechanism of Curcumin Photoinduced Oxidationa

aM = Lu(III) or Gd(III).

Figure 4. Top: High resolution mass spectrum of compound B with
16O2. Bottom: High resolution mass spectrum of compound B run in
the presence of 50% labeled 18O2. Both traces correspond to the [M +
Na]+ adducts.
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On the basis of the products produced and inferred
intermediates discussed, we propose that curcumin coordinates
to the metal center of the lanthanide texaphyrin. This
complexation prevents the free radical cyclization involving
the two α-positions of curcumin reported by Schneider and
coworkers. Instead, the free radical generated on curcumin
reacts with singlet oxygen. The coordination of a molecule of
solvent to the Gd(III) center close to the bound curcumin
favors the formation of intermediate A. Protonation and
homolytic cleavage of this peroxide species results in formation
of the curcumin epoxide. Collapse of the resulting ester enolate
and subsequent rearrangement leads to products B and C and
release of the intact metallotexaphyrin. This proposed
mechanism is shown in Scheme 4.

■ CONCLUSION
The results presented here demonstrate that, in the presence of
an appropriately chosen lanthanide(III) texaphyrin, it is

possible to achieve the photoactivated oxidation of curcumin
through a novel pathway that can be viewed as being the formal
converse of the biosynthesis from feruloyl-diketide-COA
mediated by CURS. This transformation, which is favored in
the presence of alcohols, is dependent on the presence of light
and oxygen as well as the ability of the 1,3-diketonate curcumin
substrate to coordinated to the lanthanide(III) texaphyrin core.
In aqueous media, the complex is more stable than the
substrate alone. This serves to retard formation of the
complicated mixture of degradation products usually seen for
solutions of curcumin in aqueous media.28 Likely, chelation to

texaphyrin prevents the formation of the bicyclic species
previously reported by Schneider and co-workers (Scheme 5),
thus imparting stability.35 Photodegradation is seen in the
presence of primary alcohols. Therefore, depending on the
conditions, seemingly contrasting behavior is seen in aqueous
and alcoholic media in the presence of two representative
lanthanide(III) texaphyrins. One set of conditions (aqueous)
favors stabilization of curcumin, and the other (alcoholic
media) serves to enhance its propensity to undergo light and
oxygen-promoted degradation.
The degradation seen in the presence of light and oxygen in

the presence of alcoholic solvents is rationalized in terms of the
ability of the test lanthanide texaphyrins to coordinate both a
diketonate substrate and a solvent molecule (viz. the alcohol in
question) as well as their propensity to produce singlet oxygen
and undergo redox changes. Taken in concert, these factors
serve to lower the energy barrier for the formation of curcumin
radicals. This, in turn, allows for a more controlled radical
chemistry. It also permits the use of very low energy light to
drive what is overall a very mild photocatalytic process using
potentially green sources of energy (e.g., sunlight) and a
classically benign oxidizing agent (O2).
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