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Irradiation of 3-hydroxyflavonolato (3-Hfl) complexes of
MnII, CoII, NiII and CuII, supported by the 6-Ph2TPA ligands
1–4, at 300 nm under aerobic conditions, results in dioxygen-
ase-type reactivity and the formation of the corresponding
divalent metal O-benzoylsalicylato (O-bs) complexes 8–11
and CO. The latter were characterized by using multiple
methods, including elemental analysis, X-ray crystallogra-
phy, NMR and/or EPR spectroscopy, mass spectrometry and
IR spectroscopy. Compounds 1–4 serve as catalysts for the
photoinduced reactivity of 3-hydroxyflavonol (3-HflH) to pro-
duce O-benzoylsalicylic acid as the major product. Spectro-

Introduction

Flavonoids are naturally occurring molecules found in
plants. The chemistry of molecules of this class is of con-
siderable current interest due to their antimicrobial, antioxi-
dative and UV-protective properties.[1] 3-Hydroxyflavonol
(3-HflH, Figure 1, top) is a flavonoid, although it is not
found naturally in plants. This molecule has been used as
an analog for the naturally occurring flavonoid quercetin
(Figure 1, bottom) in model studies of relevance to querce-
tin dioxygenases.[2,3] These enzymes, which are found in
fungi and bacteria, catalyze the oxidative ring-opening of
quercetin, a reaction which results in the release of one
equiv. of CO (Figure 1, bottom) and the formation of a
carboxylic acid (termed a depside).[4,5] Notably, querce-
tinases have been found to utilize different 3d metal ions
depending on the source.[4,5] Specifically, enzymes from
fungi contain CuII, while the bacterial enzyme from Strep-
tomyces sp. FLA exhibits highest activity with NiII or CoII

as the active site metal ion.
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scopic studies (UV/Vis and 1H NMR) show that each O-benz-
oylsalicylato complex 8–11 reacts with one equiv. of 3-hy-
droxyflavonol to regenerate 1–4 and enable turnover reactiv-
ity. Unlike what is observed for free 3-HflH, photoinduced
reactions involving 1–4 and excess flavonol show only minor
amounts of flavonol isomerization reactivity. These results
indicate that the presence of a metal ion, whether under stoi-
chiometric or catalytic conditions, facilitates the photoin-
duced degradation of 3-HflH to produce a carboxylic acid
and CO as products.

Figure 1. Top: structure of 3-hydroxyflavonol (3-HflH). Bottom:
structure of quercetin and reaction catalyzed by quercetinase en-
zymes.

Several investigations of the thermally induced oxidative
cleavage reactivity of copper flavonolato complexes have
been reported.[2,3] Recently, similar studies have been re-
ported for mononuclear MnII and FeIII flavonolate spe-
cies.[3] However, it should be noted that to date, no series of
structurally similar 3-hydroxyflavonolato (3-Hfl) complexes
has been examined in terms of oxidative cleavage reactivity,
thus the influence of the metal ion cannot be clearly evalu-
ated. We recently reported the first series of structurally re-
lated 3-Hfl complexes of 3d metals (1–5, Figure 2).[6] We
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have also prepared a structurally similar series for the
Group 12 metal ions (5–7, Figure 2)[7] and have discovered
that the latter complexes undergo clean photoinduced di-
oxygenase-type reactivity with release of CO when irradi-
ated at 300 nm. This chemistry is new in that photoinduced
oxidative ring opening and CO-release had not been pre-
viously reported for divalent metal flavonolato complexes.[8]

We are interested in examining whether such reactivity may
be used toward the development of new CO-releasing mole-
cules (CORMs),[9] as such molecules are of current interest
in potential therapeutic applications.[10]

Figure 2. Structural features of 1–7. X = ClO4
– or OTf–.

Herein we report studies of the photoinduced oxidative
ring-opening reactivity of the 3-Hfl complexes 1–4 (Fig-
ure 2). While undergoing dioxygenase-type CO release reac-
tions similar to those found for 5–7, lower reaction quan-
tum yields result from quenching of the excited state by the
open-shell dn metal ion. In the presence of excess 3-HflH,
complexes 1–4 serve as catalysts to promote photoinduced
catalytic oxidative flavonol ring-opening reactivity. These
combined results indicate that the presence of a metal cen-
ter, whether under stoichiometric or catalytic conditions, fa-
cilitates the photoinduced degradation of 3-HflH to pro-
duce a carboxylic acid and CO as products.

Results and Discussion

Spectroscopic Properties and Photoinduced Reactivity of
1–4. Characterization of the O-Benzoylsalicylato (O-bs)
Complexes 8–11

The absorption spectra of 1–4 are shown in the Support-
ing Information (Figure S1). Free 3-hydroxyflavonol (3-
HflH) in methanol exhibits three absorption bands at 240,
304 and 343 nm.[11] Complexes 1–4 exhibit a prominent ab-
sorption band in the region of 420–443 nm, as well as ad-
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ditional absorption features below 350 nm. Irradiation of
an acetonitrile solution of each complex at 420 nm pro-
duces an emission band at approximately 475 nm (Support-
ing Information, Figures S2–S5). Similar emission features
were found for 5–7. However, the overall emission intensity
is lower for 1–4 due to quenching of the excited state by
the open 3dn shell metal center.[12] Complexes 1–4 exhibit a
fluorescence quantum yield of 0.00(1) (CoII, NiII, CuII) or
0.02(1) (MnII) and a fluorescence lifetime of 1–2 ns.

Irradiation of O2-purged solutions of 1–4 at 300 nm
using a Rayonet photoreactor (ca. 35 °C) for 18 h results in
the gradual loss of the absorption band at approximately
420 nm for each complex. Control reactions carried out in
the dark indicate that the reactions taking place are photo-
induced and not the result of heating of the samples in the
photoreactor. The quantum yield for each reaction (1, 2
and 4: φ = 0.005; 3: φ = 0.008) was determined by actinome-
try using ferrioxalate as a standard to measure photon
flux.[13] Sampling of the headspace gas of each reaction by
GC and by means of the PdCl2 method[13] �� ((�=Au-
thor: ref. [14]? we could not find the link to ref 14)) ��

indicated the formation of CO. A yield of approximately
50% for one equiv. of CO was determined by GC from the
reaction involving 3. We attribute this less than quantitative
yield to partitioning between the solvent and headspace of
the reaction vessel and to possible loss of CO during the
18 h of irradiation required for the reaction to reach com-
pletion. Following work-up, the O-benzoylsalicylato (O-bs)
complexes [(6-Ph2TPA)M(O-bs)]ClO4 (8–11) were charac-
terized by elemental analysis, X-ray crystallography
(9·0.25CH3CN), FTIR, 1H NMR (9 and 10) and/or EPR
(8, 9, and 11) spectroscopy and mass spectrometry. Com-
plexes 8–11 represent the first species of relevance to poten-
tial product-bound forms of bacterial MnII, CoII and NiII

reconstituted quercentinases.[3,5a,15]

The cationic portion of 9·0.25CH3CN is shown in Fig-
ure 3. Details of the data collection are given in Table 3.
Selected bond lengths and angles are given in Table 1. The
geometry of the CoII center is distorted trigonal bi-
pyramidal (τ = 0.80)[16] with the O-bs ligand exhibiting

Figure 3. Thermal ellipsoid representation of the cationic portion
of 9·0.25CH3CN. Ellipsoids are plotted at the 50% probability
level. Hydrogen atoms have been omitted for clarity.
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monodentate coordination in the axial position. The
CoII�N(PhPy) and Co�N(Py) bonds are similar to those
found in the CoII flavonolato complex 2.[6]

Table 1. Selected bond lengths [Å] and angles [°] for the cationic
portion of 9·025CH3CN.

Co(1)–O(1) 1.9460(17) O(1)–Co(1)–N(1) 100.35(8)
Co(1)–N(1) 2.105(2) O(1)–Co(1)–N(4) 105.73(8)
Co(1)–N(2) 2.177(2) N(1)–Co(1)–N(4) 123.49(9)
Co(1)–N(3) 2.120(2) O(1)–Co(1)–N(3) 106.01(8)
Co(1)–N(4) 2.110(2) N(1)–Co(1)–N(3) 110.42(9)
N(1)–Co(1)–N(2) 76.53(9) N(4)–Co(1)–N(2) 74.92(9)
N(3)–Co(1)–N(2) 76.91(9)

Complexes 9 and 10 are high-spin CoII and NiII deriva-
tives, respectively, that are amenable to investigation by 1H
NMR spectroscopy using paramagnetic parameters. The
spectroscopic features of analytically pure 9 are shown in
Figure 4 (middle), along with the spectroscopic feature of
the flavonolato-CoII complex [(6-Ph2TPA)Co(3-Hfl)]ClO4

(2, Figure 4, top). A full assignment of ligand-based reso-
nances in the spectra of 2 and 9 has not been performed.
However, the pattern of resonances exhibited by the com-
pounds is sufficiently different to indicate that 1H NMR
will be useful in examining interconversions of these com-
pounds (vide infra). The 1H NMR spectra of the NiII fla-
vonolato and O-bs complexes 3 and 10 are shown in the
top and middle portions of Figure 5, respectively. Based on
prior 1H NMR studies of the 6-Ph2TPA ligand supported
NiII complexes, assignment of the β, β� and γ protons of
the pyridyl rings can be made on the basis of chemical shift
and relative intensity.[17] The features of the O-bs complex
10 in the region of 30–55 ppm are generally similar to those
exhibited by the benzoate complex [(6-Ph2TPA)Ni(O2-
CPh)]ClO4, the structure of which contains a bidentate
benzoate ligand.[18]

Figure 4. Features of the 1H NMR spectra of [(6-Ph2TPA)Co(3-
Hfl)]ClO4 (2, top), [(6-Ph2TPA)Co(O-bs)]ClO4 (9, middle) and 9
upon treatment with one equiv. of 3-Hfl in CD3CN (bottom).

We have also evaluated the EPR spectroscopic properties
of 8, 9 and 11 by means of comparison with their starting
divalent metal flavonolato complexes. EPR spectra of the
MnII complexes 1 and 8 show complicated patterns cen-
tered at g = 2, with strong signals from the outer (5/2–3/2,
3/2–1/2, etc.) transitions (Figure 6, left), indicative of weak
axial zero-field splittings (D � hν, hν ≈ 0.3 cm–1) in an envi-
ronment that deviates from cubic symmetry. The positions
of the outer transitions are nearly identical for the two com-
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Figure 5. Features of the 1H NMR spectra of [(6-Ph2TPA)Ni(3-
Hfl)]ClO4 (3, top), [(6-Ph2TPA)Ni(O-bs)]ClO4 (10, middle) and 10
upon treatment with one equiv. of 3-Hfl in CD3CN (bottom).

plexes, suggesting that the magnitude of D is largely un-
changed, although they are dramatically different in inten-
sity, with the six-coordinate MnII flavonolato complex 1
showing a stronger response than the corresponding O-bs-
MnII complex. In addition to the lower outer transition in-
tensity, the resolution of the central six-line pattern at g =
2 is also reduced in the O-bs complex, although the magni-
tude of the 55Mn hyperfine coupling is unchanged (Fig-
ure 6, right). In both complexes A(55Mn) ≈ 77 G is substan-
tially less than observed for hydrated MnII (ca. 92 G).

Figure 6. Top: X-band EPR spectra of 1 (A) and 8 (B). Conditions
as noted in Exp. Sect. Bottom: expansion of the g = 2 region near
3500 G (C, D).
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The CoII complexes 2 and 9 display EPR spectra (Fig-

ure 7) consistent with high-spin CoII in a site of moderate
to low symmetry. The six-coordinate 3-hydroxyflavonolato-
CoII complex 2 (Figure 7, top) gives the appearance of a
simple rhombic spectrum, with geff = [6.90, 2.08, 1.48] and
poorly resolved 59Co hyperfine coupling at low field
[A(59Co) = 40 G]. Closer inspection of this spectrum shows
weak features at geff = 5.70 and 2.95 the intensity of which
decays rapidly with temperature. Consistent with our prior
observation of parallel mode responses in high-spin CoII

systems,[19] this six-coordinate complex gives a relatively
weak parallel mode signal, maximizing in intensity at high
power and low temperature, at approximately 4.5% of the
perpendicular mode signal. This value is slightly larger than
observed for higher symmetry six-coordinate complexes,
consistent with the heterogeneity of the first coordination
sphere (N4O2 coordination) but clearly indicative of reten-
tion of the six-coordinate structure in solution.

Figure 7. X-band EPR spectra of 2 (top) and 9 (bottom). Condi-
tions as noted in the Exp. Sect.

The five-coordinate O-bs-CoII complex 9 gives a more
complex low temperature EPR spectrum (Figure 7, bot-
tom), with slightly less overall g anisotropy: the largest g
value is 6.36 and the smallest is 1.53. However, this is clearly
a less simple spectrum in appearance, with the largest g
value split (6.36, with a shoulder at 5.95) and additional
features at geff = 3.36 and 2.03. Unlike the six-coordinate
CoII flavonolato complex 2, the appearance of the spectrum
for the O-bs complex does not change significantly with
increasing temperature. Attempts to simulate this signal as
a simple effective S� = 1/2 spin system gave only unsatisfac-
tory results, failing to reproduce the features at geff = 3.36
and 2.03 simultaneously. As noted above for the six-coordi-
nate complex 2, the five-coordinate O-bs complex 9 also
gives a parallel mode response and this signal maximizes at
10.8% of the perpendicular mode signal, consistent with its
formulation as a five-coordinate complex in solution.

The EPR spectrum of the enzyme/substrate (ES) com-
plex for the CoII-containing quercetinase from Streptomyces
sp. FLA contains features at g ≈ 6, 3.8 and 2.3.[5a] Exposure
of a solution of the ES adduct to oxygen results in loss of
this signal and the appearance of new features that may be
for a product-bound species. Overall, the features exhibited
by both species suggest that throughout the catalytic cycle

www.eurjic.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 0000, 0–04

of the enzyme, a tetrahedral or trigonal bipyramidal CoII

center is maintained. In terms of the synthetic complexes 2
and 9, the overall coordination number at the CoII center
decreases from six to five on going from the flavonolato
complex to the O-bs product.

The EPR spectrum of the O-bs-CuII complex 11 is best
described by a rhombic g tensor (g = [2.01, 2.09, 2.25]) with
resolved 63,65Cu hyperfine coupling at all three g values
(Figure 8). A nearly axial 63,65Cu hyperfine tensor is indi-
cated, A = [–180, –200, 360] MHz and the magnitude of
the Cu hyperfine, in combination with a rhombic g tensor,
obscures nearly all evidence of coordinated 14N. Their in-
clusion in the simulation (gray line in Figure 8) only serves
to broaden the 63,65Cu features, without offering any ad-
ditional information. Consequently, we could not address
the relative couplings to the axial and equatorial nitrogen
donors. Interestingly, in solution at room temperature, some
of the g anisotropy is preserved and a simple isotropic
pattern was not observed, regardless of concentration or
spectrometer conditions. All attempts to simulate this signal
with the average A and g values obtained from the frozen
solution spectroscopic simulation failed to reproduce the
room temperature spectrum.

Figure 8. X-band EPR spectra of 11 in frozen (top) and fluid (bot-
tom) solution. Conditions: temperature as noted; 2 G field modula-
tion; microwave power: 0.2 mW (10 K) or 2 mW (295 K); all other
conditions as noted in Exp. Sect. The gray line is a simulation of
the low temperature spectrum using the following parameters: g =
[2.01, 2.09, 2.25]; A(63,65Cu) = [–180, –200, 360] MHz; 4 MHz p-p
line width.

EPR studies of the CuII-containing quercetinase from
Aspergillus japonicus revealed an ES complex with g� =
2.366 and A� ≈ 110 G.[20] These values place the copper cen-
ter in a region of a Peisach-Blumberg plot between those
typically occupied by type 1 and type 2 Cu sites.[21] After
exposure of the solution of the ES complex to oxygen, a
new EPR spectrum was obtained with A and g values
suggestive of a copper(II) center having a distorted trigonal
bipyramidal geometry. This species is proposed to be a
product-bound complex, as the spectrum of the resting
state enzyme can be regenerated after extensive washing of
the enzyme with buffer. Differences in the EPR features of
the CuII flavonolato complex 4[6] vs. those of the O-bs com-
plex 11 provide evidence for structural perturbations at the
CuII center. The geometry of 4 is distorted square pyrami-
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dal (τ = 0.11)[16] with the flavonolato ligand coordinated in
the equatorial plane and a phenyl-appended pyridyl ap-
pendage of the 6-Ph2TPA ligand that is not coordinated to
the metal center. As X-ray quality crystals have not yet been
obtained for 11, the coordination motifs of the O-bs carb-
oxylate moiety and the supporting chelate ligand in this
complex are currently unknown.

Evaluation of Photoinduced Catalytic Activity

Speier, et al. have previously reported that CuII com-
plexes of 3-Hfl can serve as catalysts for the oxidative de-
gradation of the flavonol under thermal conditions.[2a]

These reactions were typically performed in DMF solutions
at 100 °C using a ratio of 1:5 to 1:20 (complex:flavonol).
The percent conversion to O-bs and CO was determined for
several complexes and ranged from 17–91%. The reaction
catalyzed by [CuII(fla)(idpa)]ClO4 {fla = flavonolate; idpa
= 3,3�-iminobis(dimethylpropylamine)} was evaluated by
means of kinetic studies as a function of complex and fla-
vonol concentration and at different oxygen pressures.[22]

These studies revealed that the rate-determining step is sec-
ond-order overall, –d[flaH]/dt = k [{CuII(fla)(idpa)}-
ClO4][O2].

Biomimetic light-driven catalytic reactions are an area of
significant current interest.[23] In this regard, we have evalu-
ated the products generated upon irradiation (λirr = 300 nm;
18 h) of oxygen-purged acetonitrile solutions of 1–4 con-
taining 20 equiv. of 3-HflH. In each case, the flavonol is
completely consumed and two organic products are gener-
ated, O-benzoylsalicylic acid (O-bsH, major) and a phthal-
ide (minor) (Scheme 1; Table 2). The production of O-bsH

Scheme 1. (top) Reaction products generated in photoinduced reac-
tions catalyzed by 1–4 and in the reaction of 3-HflH. (bottom)
Proposed reaction pathway for metal-catalyzed oxidative ring-
opening of 3-HflH.
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as the major product indicates that the metal complex cata-
lyzes photoinduced dioxygenase-type chemistry akin to the
single turnover reactions described herein. Previous studies
of the photochemistry of 3-HflH have shown that it instead
undergoes a photoinduced isomerization reaction to give 3-
hydroxy-3-phenyl-1,2-indandione,[11,24] followed by conver-
sion to a 3-arylphthalide (Scheme 1).[25,26] While the full
role of the metal center in enabling photoinduced single-
turnover and catalytic dioxgenase-type reactivity for 3-
HflH remains to be elucidated, with regard to catalysis, the
metal center must facilitate protonation of the metal-bound
O-bs (pKa ≈ 3) by 3-hydroxyflavonol (pKa ≈ 7.8; Scheme 1)
through stabilization of the chelate anion of the latter. Inde-
pendent experiments demonstrate that treatment of the O-
bs complex [(6-Ph2TPA)Ni(O-bs)]ClO4 (10) with one equiv.
of 3-hydroxyflavonol results in the rapid regeneration of a
significant amount of the 3-Hfl complex 3 [Figure 2 (1H
NMR); Supporting Information, Figure S6 (UV/Vis)]. Sim-
ilar regeneration of the 3-Hfl complexes is found for the
other metal ions [CoII: Figure 3 (1H NMR); Figure S7 (UV/
Vis); MnII and CuII: Figures S8 and S9]. Overall, we pro-
pose a reaction pathway for photoinduced catalytic dioxy-
genase-type reactivity as shown in Scheme 1 (bottom).

Table 2. Percent yields of products generated in photoinitiated reac-
tions catalyzed by 1–4.

1 2 3 4

O-bsH 62 52 63 60
Phthalide 10 17 7 13

Discussion

The photochemistry of 3-HflH has previously been
evaluated under a variety of conditions, most notably as a
function of solvent. Matsuura, et al. performed studies in
mixed 2-propanol/benzene solution using a high pressure
Hg lamp. These reactions resulted in the formation of 3-
hydroxy-3-phenyl-1,2-indandione in high yield.[24] Yokeo
and coworkers subsequently showed that use of methanol
as a solvent under similar conditions results in the forma-
tion of a mixture of the indandione and a phthalide
(Scheme 1), the latter of which is the result of a photo-
induced loss of carbon monoxide.[25] Performing the photo-
irradiation of 3-HflH in CH3CN, Ficarra and coworkers
found that only the indandione was obtained.[26] In our lab-
oratory, we found that irradiation of a CH3CN solution of
3-HflH at 300 nm for 18 h produces the phthalide as the
major product, even in the presence of oxygen. Photooxy-
genation of 3-HflH to produce O-bsH has been previously
shown to occur in pyridine in the presence of the photosen-
sitizer rose bengal.[27] The results presented herein show
that the presence of a metal ion, whether under stoichio-
metric or catalytic conditions, promotes the photoinduced
oxidative degradation of 3-HflH to produce O-bsH and CO
as products.

To date, very few investigations of the photoinduced re-
activity of metal-coordinated flavonolates have been re-
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ported.[7,8] In the present study, we found that irradiation
of 3-hydroxyflavonolato complexes of MnII, CoII, NiII and
CuII supported by the 6-Ph2TPA ligands 1–4 at 300 nm re-
sults in CO release and the formation of the corresponding
O-benzoylsalicylato complexes 8–11 which were isolated
and comprehensively characterized. The identification of
clean photoinduced dioxygenase-type chemistry for these
complexes is akin to the chemistry we have identified for
structurally similar complexes of the Group 12 metal ions
5–7.[7] This reactivity differs from that reported for simple
ZnII, AlIII and PbII complexes of 3-Hfl generated in situ in
methanol wherein, similar to the chemistry of the free fla-
vonol, photoisomerization to give 3-hydroxy-3-phenyl-1,2-
indandione was identified.[11a] The origin of these differ-
ences in reactivity has not yet been identified and studies
directed at examining how factors such as the solvent (ace-
tonitrile vs. methanol) influence the photoinduced reactiv-
ity of metal-coordinated flavonols are underway in our lab-
oratory.

Complexes 1–4 can serve as catalysts for the photoin-
duced oxidative ring opening of 3-hydroxyflavonol. Speier
et al. have previously shown that CuII flavonolato com-
plexes could also act as catalysts for the same reaction un-
der thermal conditions (� 80 °C for at least 8 h for 20 turn-
overs).[2] As the photochemical processes occur under rela-
tively mild conditions, our results suggest that the presence
of metal ions in natural environments (e.g. plants) may en-
hance light-induced flavonol degradation and CO-release
reactivity. It is worth noting that the supporting chelate li-
gand present in 1–4 may actually inhibit reactivity resulting
from UV irradiation due to absorption of light in the same
region.[28] With regard to metal/flavonol photochemistry,
we note that Yokeo and coworkers have previously reported
that the presence of metal ions such as CoII, NiII and CuII

prevents the photochemical rearrangement of flavonols.[25]

Our results demonstrate that such metal centers promote
oxidative cleavage reactivity, thereby limiting the amount of
photoisomerization products generated.

In terms of CO-releasing compounds, our results indicate
that metal flavonolato complexes are a new group of O2-
dependent, photoinduceable CO-releasing systems. The dif-
ference in photoinduced reactivity of closed shell (e.g.
ZnII)[7] complexes relative to that exhibited by the open-
shell systems described herein indicates a level of tunability
for the CO-release reaction.

Experimental Section
General Comments: All reagents and solvents were obtained from
commercial sources and were used as received unless otherwise
noted. Dry solvents for glovebox use were prepared according to
published procedures[29] and were distilled under N2 prior to use.
Air-sensitive reactions were performed in a MBraun Unilab or Vac-
uum Atmospheres glovebox under an N2 atmosphere. The flavono-
lato complexes 1–4 were prepared as described previously.[6]

Physical Methods: UV/Vis spectra were recorded on a Hewlett–
Packard 8453 diode array spectrophotometer. Fluorescence emis-
sion spectra were obtained using a Shimadzu RF-530XPC spec-
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trometer in the range of 250–900 nm with the excitation wavelength
corresponding to the absorption maximum of the complex above
400 nm. The excitation and emission slit widths were set at 5 nm
for all experiments. Reaction quantum yield measurements were
determined using actinometry with ferrioxalate as a standard to
measure photon flux.[13] IR spectra were recorded on a Shimadzu
FTIR-8400 spectrometer as KBr pellets. 1H NMR spectra of dia-
magnetic compounds were obtained on a Bruker ARX-400 or
JEOL ECX-300 spectrometer and were referenced to the residual
proton signal of the deuterated solvent. 1H NMR spectra of para-
magnetic species were recorded on a Bruker ARX-400 spectrometer
as described previously and the chemical shifts (in ppm) are re-
ported relative to the residual solvent peak(s) in CHD2CN [1H,
1.94 (quintet) ppm].[17] Elemental analyses were performed by At-
lantic Microlabs Inc., Norcross, GA.

EPR Spectroscopy: Frozen solution X-band EPR spectra were re-
corded on a Bruker EMX EPR spectrometer equipped with either
an ER-4102HS (perpendicular mode only) or an ER-4116DM dual
mode resonator, with the temperature maintained by an Oxford
ESR-900 liquid He cryostat. All samples were approximately 1 mm

in 50:50 (v/v) toluene/dichloromethane and were thoroughly de-
gassed by multiple freeze-pump-thaw cycles prior to data collec-
tion. Unless otherwise noted, the spectra presented herein were re-
corded using the following conditions: T = 4.5 K; νMW = 9.38 GHz
(0.2 mW); 5 G field modulation (100 kHz); receiver gain: 104; time
constant: 82 ms. CuII spectra were simulated using the program
EasySpin (available free of charge at www.easyspin.org).[30]

Caution! Perchlorate salts of metal complexes with organic ligands
are potentially explosive. Only small amounts of material should
be prepared and these should be handled with great care.[31]

Irradiation of 1–4 with UV Light. Isolation and Characterization of
8–11: A solution of each complex (1–4, ca. 5 �10–3 m) was dis-
solved in acetonitrile (10 mL) and transferred to a round-bottomed
flask. The flask was sealed with a septum and parafilm, purged
with O2 for 40 s and then inserted into a Rayonet photochemical
reactor equipped with 300 nm lamps. The reaction progress was
periodically evaluated using UV/Vis spectroscopy by measuring the
intensity of the absorption of the metal-bound flavonolate at ap-
proximately 420–440 nm. After each reaction reached completion,
the solvent was evaporated under reduced pressure. The remaining
residue was then dissolved in a minimal amount of acetonitrile.
Addition of excess diethyl ether resulted in the deposition of pow-
ders of 8–11. Each powdered sample was subsequently dried under
vacuum. Crystals of 9 suitable for a single-crystal X-ray diffraction
study were obtained by diffusion at room temperature of diethyl
ether into a dilute acetonitrile solution of the complex.

[(6-Ph2TPA)Mn(O-bs)]OTf·0.25CH2Cl2 (8): Green/beige powder;
yield 74%. C45H35F3MnN4O7S·0.25CH2Cl2 (909.0): calcd. C 55.36,
H 3.78, N 5.57; found C 55.48, H 4.00, N 5.76. FTIR (KBr): ν̃ =
1736 (νC=O) cm–1. ESI/APCI-MS, m/z (%) 738.2049 ([M – OTf]+,
1.8%).

[(6-Ph2TPA)Co(O-bs)]ClO4·0.2H2O (9): Green crystals; yield 88%.
C44H35ClCoN4O8·0.2H2O (845.8): calcd. C 60.18, H 4.48, N 6.38;
found C 60.45, H 4.22, N 6.26. FTIR (KBr): ν̃ = 1736 (νC=O) cm–1.
ESI/APCI-MS, m/z (%) 742.1982 ([M – ClO4]+, 100%).

[(6-Ph2TPA)Ni(O-bs)]ClO4·2H2O·0.6CH3CN (10): Beige/pink
powder; yield 78%. C44H35ClN4NiO8·2H2O·0.6CH3CN
(841.9+36.0+24.6): calcd. C 60.15, H 4.56, N 7.14; found C 60.57,
H 4.34, N 7.46. FTIR (KBr): ν̃ = 1736 (νC=O) cm–1. ESI/APCI-
MS, m/z (%) 741.1995 ([M – ClO4]+, 100%).

[(6-Ph2TPA)Cu(O-bs)]ClO4·3H2O·0.9CH3CN (11): Blue crystals;
yield 85%. C44H35ClCuN4O8·3H2O·0.9CH3CN (846.8+54.0+36.9):
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calcd. C 58.66, H 4.70, N 7.32; found C 58.71, H 4.07, N 7.32.
FTIR (KBr): ν̃ = 1736 (νC=O) cm–1. ESI/APCI-MS, m/z (%)
746.1952 ([M – ClO4]+, 48%).

Dark Control Reactions: Foil covered, oxygen-purged CH3CN solu-
tions of 1–4 were placed in the photoreactor for 18 h with 300 nm
irradiation. Evaluation by 1H NMR [CoII (2) and NiII (3)] or UV/
Vis spectroscopy [MnII (1), CoII (2), and CuII (4)] showed no reac-
tion. These results provide evidence that the observed reactivity is
photoinduced and not a thermal reaction.

Anaerobic Control Reactions: Nitrogen-purged CH3CN solutions of
1–4 were placed in the photoreactor for 18 h with 300 nm irradia-
tion. Evaluation by 1H NMR spectroscopy [CoII (2) and NiII (3)]
showed no reaction. Evaluation of the reactions involving the MnII

(1) and CuII (4) complexes at low concentration (ca. 10–5) by UV/
Vis showed an approximately 50% decrease in the 420–430 nm ab-
sorption band which may indicate O2 leakage into the reaction or
a slow background reaction.

CO Quantification: Gas chromatography (Agilent 3000A Micro
GC with TCD detector) was used to quantify CO release from 3.
A calibration curve was developed using sodium formate/sulfuric
acid. A glass vial containing a CH3CN solution of 3 (1.0 mL at
5.78 mm) was sealed with a septum and purged with O2. After irra-
diation at 300 nm for 18 h the head space gas was examined by
GC. Over a series of reactions, a maximum yield of approximately
50% was obtained for the production of one equiv. of CO. We
attribute this less than quantitative yield of CO to partitioning be-
tween the solvent and headspace of the reaction vessel and to pos-
sible loss of CO through the septum during the 18 h of irradiation
required for the reaction to reach completion.

Catalytic Reactions. Spectroscopic Studies and Product Isolation: 3-
Hfl (20 mg; 8.4� 10–5 mol) was dissolved in acetonitrile (15 mL)
and added to [(Ph2TPA)M(3-Hfl)]ClO4 (3.5 mg; where M = MnII,
CoII, NiII, CuII) solid. To this solution further acetonitrile (5 mL)
was added to give a concentration of approximately 2.1�10–5 m

for the complex and 4.2 �10–4 m for [3-Hfl]. This mixture was then
transferred to a 50 mL round-bottomed flask and capped with a
septum. After purging the reaction mixture with O2 for 40 s, the
flask was placed in a UV reactor (λirr = 300 nm) for 18 h. After
this time, the solvent was removed under reduced pressure and the
remaining solid was extracted with Hex/EA (2:1; 3� 2 mL). The
organic extracts were filtered through a Celite/glass wool plug and
the filtrate was dried. The percentage of O-benzoylsalicylic acid
and 3-phenylphthalide in the solid sample obtained (ca. 14 mg)
were determined by 1H NMR relative peak integration.

X-ray Crystallography

A single crystal of 9·0.25CH3CN was mounted on a glass fiber
using a viscous oil and was then transferred to a Nonius Kappa
CCD diffractometer for data collection at 150(1) K (Table 3).
Methods for determination of cell constants and unit cell refine-
ment have been previously reported.[32] The structure was solved
using a combination of direct methods and heavy atoms using SIR
97. All non-hydrogen atoms were refined with anisotropic displace-
ment coefficients. Complex 9·0.25CH3CN crystallizes in the space
group C2/c with three oxygen atoms of the perchlorate anion exhib-
iting disorder.

CCDC-866629 contains the supplementary crystallographic data
for this paper (excluding structure factors). These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Table 3. Summary of X-ray data collection and parameters for
9·0.25CH3CN.[a]

9·0.25CH3CN

Empirical formula C45H36.50ClCoN4.50O8

Mr 862.67
Crystal system monoclinic
Space group C2/c
a [Å] 31.0219(6)
b [Å] 11.0735(2)
c [Å] 23.9944(5)
α [°] 90
β [°] 106.9654(10)
γ [°] 90
V [Å3] 7883.9(3)
Z 8
Dc [Mgm–3] 1.454
T [K] 150(1)
Color green
Crystal habit prism
Crystal size [mm] 0.30�0.28�0.15
Diffractometer Nonius KappaCCD
μ [mm–1] 0.566
2θmax. [°] 55.00
Completeness to θ [%] 99.5
Reflections collected 16568
Independent reflections 9028
Rint 0.0417
Variable parameters 544
R1/wR2

[b] 0.0894/0.1330
Goodness-of-fit [F2] 1.036
ρmax./min. [eÅ–3] 0.675/–0.624

[a] Radiation used: Mo-Kα (λ = 0.71073 Å). [b] R1 = Σ | |Fo| – |Fc|
|/Σ |Fo|; wR2 = {Σ[w(Fo

2 – Fc
2)2]/[Σ(Fo

2)2]}1/2, where w = 1/[σ2(Fo
2)

+ (aP)2 + bP].

Supporting Information (see footnote on the first page of this arti-
cle): Absorption and emission spectra of 1–4; absorption spectra
of 8–11 upon treatment with one equivalent of 3-Hfl.
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Enzyme Models

UV irradiation of 3-hydroxyflavonolato K. Grubel, A. R. Marts, S. M. Greer,
complexes of dn metal ions under aerobic D. L. Tierney, C. J. Allpress,
conditions results in oxidative carbon–car- S. N. Anderson, B. J. Laughlin,
bon bond cleavage and the formation of O- R. C. Smith, A. M. Arif,
benzoylsalicylato complexes and CO under L. M. Berreau* ................................. 1–9
stoichiometric or catalytic conditions.
These results show that a variety of metal Photoinitiated Dioxygenase-Type Reactiv-
ions promote light-induced flavonol ity of Open-Shell 3d Divalent Metal Fla-
oxidation and CO release under mild vonolato Complexes
conditions.

Keywords: Bioinorganic chemistry / En-
zyme models / Homogeneous catalysis /
Oxygen / Carbon monoxide
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