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A series of five new R-hydroxy acid-containing chelates inspired by photoactive marine siderophores, along with their
Fe(III) complexes, have been synthesized and characterized. These chelates, designated X-Sal-AHA, each
contributes a bidentate salicylidene moiety (X-Sal, X = 5-NO2, 3,5-diCl, H, 3,5-di-tert-butyl, or 3-OCH3 on the
phenolate ring) and a bidentate R-hydroxy acid moiety (AHA). The X-ray crystal structure of Na[Fe3(3,5-diCl-Sal-
AHA)3( μ3-OCH3)] shows an Fe(III) trimer with the triply deprotonated, trianionic ligands each spanning two Fe(III)’s
that are bridged by the hydroxyl group of the ligand. Additionally, a μ3-methoxy anion caps the Fe(III)3 face.
Electrospray ionization mass spectra demonstrate that this structure is representative of the Fe(III) complexes of all
five derivatives in methanol solution, with the exception of the X = 3,5-di-t-Bu derivative having a μ3-OH bridge rather
than a methoxy bridge. Stability constants determined from reduction potentials range from 1034 for the 5-NO2

derivative to >1040 for the 3,5-di-tBu derivative. All five complexes are photoactive when irradiated by sunlight, with the
relative rate of photolysis as monitored by Fe(II) transfer correlating with the Hammett σþ parameter for the phenolate
ring substituents.

Introduction

To sequester iron, bacteria biosynthesize molecules called
siderophores that bind Fe(III) very strongly. In a number of
marine bacteria, the iron is rendered bioavailable to the
bacteria as Fe(II) by a photochemical reaction that reduces
the iron while cleaving the siderophore.1-6 These photoche-
mically active siderophores all have an R-hydroxy acid-
related functional group among their iron-coordinating
groups. An R-hydroxy acid (carboxylate form) to Fe(III)
charge transfer transition is the chromophore responsible for
the photolysis reaction.7

The Fe(III) complexes of much simpler R-hydroxy acid
(AHA)-containing polycarboxylates like citrate and tartrate

undergo similar photolysis reactions.8,9 These simple chelates
are oxygen-only donors coordinating the R-hydroxy group
and varying numbers of carboxylates. Some polycarboxy-
lates and aminopolycarboxylates that lack the R-hydroxy
group, includingEDTA, formphotoactive Fe(III) complexes
as well. However, with the exception of oxalate with its
adjacent carboxylates, their quantum yields are much lower
than those of the AHA-containing polycarboxylate com-
plexes.8-12 Few structurally characterized metal complexes
of either natural product13-15 or synthetic16,17 mixed-donor
chelates of intermediate complexity that incorporate anAHA
group have been reported. A search of the literature reveals a
lack of studies on the effect of systematically varying the
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ancillary (non-AHA) functional groups in AHA-containing
chelates on the photochemical properties of their metal
complexes.
Synthetic molecules, inspired by the marine siderophores,

that are designed to tightly bind Fe(III) and then to release
the iron when irradiated by light of the appropriate wave-
length are anticipated to have a number of useful applica-
tions including photodynamic metallopharmaceuticals, light-
triggered molecular devices, or light-activated coatings. We
have begun investigating a series of new ΑHΑ-containing
chelate complexes with differing ligand structural and elec-
tronic features. The motivation of these studies is to control
various aspects of metal binding and photochemistry to
design application-specific properties into these stimulus-
responsive molecules.
An alternative strategy that has been reported for the

design of chelates that are sensitive to photocleavage is to
append nitrophenyl groups to the backbone, thus providing
molecules that “cage” Ca2þ18,19 and other metal ions20 and
release themupon irradiation.Recently, Franz and co-workers
have applied this approach for the first time to a biologically
important d-block metal with the light-activated release of
caged Cu2þ,21 and Burdette and co-workers have applied
it toZn2þ.22Thework here complements these earlier studies;
the AHA chelates differ from the nitrophenyl-appended
chelates in that the AHA chelates are not photoactive
themselves, but become photoactive only uponmetal coordi-
nation.
Here, we present the synthesis, structural characterization,

and initial photochemical experiments for the first series of
systematically varied, AHA-containing chelates and their
iron complexes. The generalized chelate structure is shown
in Figure 1. It includes a terminal, bidentate R-hydroxy acid
group as well as the imine and phenolate donor groups of a
salicylidenemoiety. The only variable in this series of chelates
is the electron-richness of the phenolate as determined by
electron-donating or -withdrawing ring substituents. This
allows analysis of the effects of the electron donor ability of
ancillary functional groups on the photochemistry, without
the complication of significant structural differences. These
studies provide the “proof-of-concept” for predictable
synthetic control of photochemical properties of mixed-
donor, AHA-containing metal-bound chelates through

straightforward modification of the ancillary donor groups.
They also demonstrate the potential of the AHA group
incorporated into polydentate ligands to promote formation
of small metal clusters with high stability constants.

Experimental Section

Syntheses. All chemicals were obtained from either Fisher/
Acros or Aldrich and used without further purification.

Chelating Ligands, NaH2(X-Sal-AHA). All five ligands were
prepared similarly. The synthesis for NaH2(3,5-diCl-Sal-AHA)
is given, with differences in the syntheses of other derivatives
noted: 0.95 g (3mmol) of (S)-(-)-4-amino-2-hydroxybutyric acid
(see Supporting Information for crystallographic details) was
dissolved in 5mLof distilled water. A 0.37 g portion (3mmol) of
NaHCO3 and 0.18 g (3 mmol) of NaCl were added to the
solution. Separately, 0.58 g (3 mmol) of 3,5-dichlorosalicylal-
dehyde was dissolved in 65mL ofmethanol and added dropwise
to the aqueous solution. (For other derivatives, the amount of
methanol necessary to dissolve the salicylaldehyde derivative
varied. Unsubstituted salicylaldehyde is a liquid and was added
neat. For the 5-NO2 derivative, the water was first removed by
rotary evaporation from the hydroxybutyric acid solution, and
the resulting residue was redissolved in methanol with the
5-NO2-salicylaldehyde.) The solution turned from clear to
bright yellow and was stirred, covered, overnight. The solvent
was removed by rotary evaporation. The resulting solid was
extracted with methanol, filtered to remove residual salts, and
themethanolwas removed by rotary evaporation.Yields ranged
from 50 to 90% depending on the derivative. 1H NMR spectra
(CD3OD, ppm): X= 3,5-diCl-Sal-AHA, 2.01 (m, 1H), 2.17 (m,
1H), 2.82 (t, 2H), 4.02 (t, 1H), 7.26 (s, 1H), 7.45 (s, 1H), 8.43 (s,
1H); X = 5-NO2, 2.02 (m, 1H), 2.19 (m, 1H), 3.84 (t, 2H), 4.00
(m, 1H), 6.66 (d, 1H), 8.11 (d, 1H), 8.37 (s, 1H), 8.57 (s, 1H); X=
H, 1.92 (m, 1H), 2.10 (m, 1H), 3.71 (t, 2H), 3.95 (t, 1H), 6.75
(overlapping d’s, 2H), 7.24 (t, 2H), 8.40 (s, 1H) þ starting
material impurity peaks @ 1.8, 2.9, 3.9; X = 3,5-ditBu, 1.28
(s, 9H), 1.40 (s, 9H), 1.93 (m, 1H), 2.15 (m, 1H), 3.73 (t, 2H), 4.01
(t, 1H), 7.15 (s, 1H), 7.34 (s, 1H), 8.44 (s, 1H); X=3-OCH3, 1.96
(m, 1H), 2.15 (m, 1H), 3.81 (sþ t, 5H), 3.99 (t, 1H), 6.59 (t, 1H),
6.89 (m, 2H), 8.39 (s, 1H).

Fe(III) Complexes of X-Sal-AHA Ligands. The Fe(III) com-
plexes of all five ligand derivatives were prepared similarly. The
synthesis of Na[Fe3(3,5-diCl-Sal-AHA)3( μ3-OCH3)] is given:
120 mg (0.5 mmol) of NaH2(3,5-diCl-Sal-AHA) was dissolved
in 30 mL of methanol. A 84 mg portion (1 mmol) of NaHCO3

was added to the stirring solution.A 30mLmethanolic solution/
slurry containing 60 mg (approximately 0.25 mmol) of Fe2-
(SO4)3 3 xH2O was added to the ligand solution. The solution
(red-orange to purple, depending on ligand derivative) was
stirred overnight, wrapped in foil to prevent light exposure.
Solvent was removed by rotary evaporation. The product was
recrystallized by slow evaporation of a methanol solution in the
dark. Yields ranged from 15 to 40%, depending on the ligand
derivative. Electrospray ionization mass spectra (negative
ion mode): [Fe3(3,5-diCl-Sal-AHA)3(OCH3)]

-, 1064.84 (obs.),
1064.77 (calc.); [Fe3(Sal-AHA)3(OCH3)]

-, 859.12 (obs.), 859.01
(calc.); [Fe3(3-OCH3-Sal-AHA)3(OCH3)]

-, 949.08 (obs.), 949.06
(calc.); [Fe3(3,5-ditBu-Sal-AHA)3(OH)]-, 1181.09 (obs.), 1181
(calc.); [Fe3(5-NO2-Sal-AHA)3(OCH3)]

-, 993.95 (obs.), 993.96
(calc.). In all cases, theM- peakgiven is the dominant peakabove
the free ligand mass (see Supporting Information).

Instrumental Methods. All of the experiments described were
done for methanol solutions; although the presence of water
does not appear to adversely affect the complexes or their photo-
chemistry, the complexes are insufficiently soluble in water to
provide satisfactory results. Electrospray ionization mass spec-
tra were collected at the University of Cincinnati Mass Spectro-
metry Facility on an IonSpec 4.7 T ESI-FTMS spectrometer.

Figure 1. Generalized structure of the X-Sal-AHA series of chelates
(neutral form). Derivatives reported here include X = H, Y = NO2;
X=Y=Cl; X=Y=H; X=OCH3, Y=H; X=Y= tert-Bu. The
chelates are prepared as the Naþ-carboxylate salts. When coordinated to
Fe(III), all three of the protons shown in the drawing dissociate.
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NMR spectra were obtained on a Bruker AC 250 MHz
NMR spectrometer. UV/visible absorption spectra were
obtained with a Spectral Instruments Model 420 fiber optic
dip probe spectrophotometer. Circular dichroism spectra were
obtained with a JASCO 751 CD spectrophotometer. Cyclic
voltammograms for 0.5 mM solutions of the Fe(III) trimers in
methanol with 0.1 M NaClO4 were obtained on a BAS 50W
electrochemical analyzer using an aqueous Ag/AgCl reference
electrode, glassy carbon working electrode, and Pt auxiliary
electrode. The reference electrode was soaked in a saturated
aqueous KCl solution between samples to maintain hydration
of the membrane. Little difference is observed for scan rates
ranging from 10 mV/s to 1000 mV/s; data are presented for
scan rates of 25 mV/s. Under these conditions, the ferrocene/
ferrocinium couple is observed at E1/2 = 417 mV with ΔE =
70 mV.

Photolysis Experiments. In photolysis experiments reported
here, samples were irradiated by direct sunlight; irradiation by a
high-intensity Hg lamp gives similar results. In experiments
comparing multiple Fe(III) complexes or conditions, solutions
in Type I, Class B borosilicate glass vials were irradiated side-
by-side in direct sunlight, spaced sufficiently to prevent shading
of samples. Independent samples were prepared for each time
point, and the samples were wrapped in aluminum foil upon
completion of the irradiation period to avoid further light
exposure. Fe(II) production was measured spectrophotometri-
cally by measuring the absorbance at 535 nm from the chromo-
phore produced by coordination of bathophenanthroline
disulfonate (BPDS) to Fe(II), as applied by Butler and co-
workers to the siderophore aquachelin.1 Methanol solutions
for data shown in which Fe(II) production was monitored at
time points of 30 min or less were 60 μM in complex (180 μM in
Fe) and 200 μM in BPDS to optimize the spectra, while data
reported for longer times used solutions that were 20 μM in
complex (60 μM in Fe) and 200 μM in BPDS to ensure sufficient
BPDS to formFe(BPDS)3

2þwith 100%of the Fe present, unless
otherwise noted. All experiments were performed under both
conditions.

X-ray Crystallography. Single crystals of Na[Fe3(3,5-diCl-
Sal-AHA)3( μ3-OCH3)] 3 3.5 H2O were obtained as dark red
plates from methanol. For X-ray examination and data collec-
tion, a suitable crystal, approximate dimensions 0.17 � 0.12 �
0.08 mm, was mounted in a loop with Paratone-N oil and
transferred to the goniostat bathed in a cold stream. Intensity
data were collected at 120 K out to 62� in θ on a Bruker
SMART6000 CCD diffractometer using graphite-monochro-
mated Cu KR radiation, λ = 1.54178 Å. The data frames were
processed using the program SAINT.23 The data were corrected
for decay, Lorentz and polarization effects as well as absorption
and beam corrections based on the multiscan technique.24

The structure was solved by a combination of direct methods
in SHELXTL24 and the difference Fourier technique and refined
by full-matrix least-squares on F2. Non-hydrogen atoms were
refined with anisotropic displacement parameters with the
exception of the disordered carbon atoms. Two of the dichloro-
phenyl rings are disordered; a reasonable two-componentmodel
is presented. Waters of crystallization (3.5 molecules) are pre-
sent in the lattice. One of these water molecules is disordered
over two positions set at 50% occupancy. The H-atoms were
either located or calculated; waterH atomswere held fixedwhile
the others were treated with a riding model. The H-atom
isotropic displacement parameters were defined as aUeq of the
adjacent atom (a = 1.5 for -OH and -CH3 and 1.2 for all
others). The refinement converged with crystallographic agree-
ment factors as listed in Table 1.

Results and Discussion

The bright yellow salicylidene/R-hydroxy acid compounds
designated X-Sal-AHA shown above in Figure 1 result from
the Schiff base condensation of the primary amine of the
chiral compound (S)-(-)-4-amino-2-hydroxybutyric acidwith
a series of salicylaldehyde derivatives. This condensation
reaction requires an equivalent of base, such as NaHCO3,
to deprotonate the amine nitrogen of the zwitterionic amino
acid starting material. The 5-NO2-Sal-AHA, 3,5-diCl-Sal-
AHA, 3-OCH3-Sal-AHA, 3,5-di-tert-Bu-Sal-AHA, and Sal-
AHA products are thus formed as the sodium carboxylate
salts. In the unsubstituted Sal-AHA case, there appears to be
an equilibrium between starting materials and chelate pro-
duct with loss of some of the volatile salicylaldehyde. This
results in the 4-amino-2-hydroxybutyric acid impurities in the
NMR spectrum of Sal-AHA. This is not observed for the
other chelates since the substituted salicylaldehydes are solids
with very low volatility. Even in the Sal-AHA case, though,
clean Fe(III) complexes [vide infra] are obtained.
Reaction of the Na(X-Sal-AHA-) chelates with ferric

sulfate in methanol results in orange to purple solutions.
The Fe(III) complex of 3,5-diCl-Sal-AHA produces X-ray
quality crystals as deep red plates from methanol. Although
the Fe(III) complex forms with a 1:1 Fe/L ratio, it has a
trimeric rather than monomeric structure. The complex
crystallizes in the monoclinic C2 space group as the sodium
salt of a trimeric monoanion, Na[Fe3(3,5-diCl-Sal-AHA)3-
( μ3-OCH3)] 3 3.5 H2O (see Table 2 and Figure 2). The carbo-
xylate, hydroxyl, and phenolate groups are all deprotonated
to give the trianionic ligand, countering theþ3 charge of the
Fe. The negative charge of the anion is due to a methoxy
group that symmetrically caps the Fe(III) face. The structure
of the anion can be described as consisting of an Fe3O4 iron-
oxo cubane core with one corner missing. Three Sal-AHA
ligands fold upward forming a basket with the three phenyl
rings, anchored to the iron atoms via three μ2-alkoxo bridges
arising from the hydroxyl groups of the ligands. Themethoxy
anion forms the fourth oxygen corner of the Fe3O4 unit
with the methyl group approximately centered in the
phenyl basket. The carboxylate associatedwith each bridging

Table 1. Crystallographic Parameters and Data and Refinement Information for
Na[Fe3(3,5-diCl-Sal-AHA)3(μ3-OCH3)] 3 3.5H2O

empirical formula Na[(C11H8NO4Cl2Fe)3-
(OCH3)] 3 3.5H2O

formula weight 1151.88
temperature 120(2) K
wavelength 1.54178 Å
crystal system monoclinic
space group C2

unit cell dimensions a = 18.2256(5) Å
b = 10.9468(3) Å
c = 23.2182(7) Å
R = 90�
β = 101.337(1)�
γ = 90�

volume, Z 4541.9(2) Å3, 4
index ranges -20 e h e 20

-12 e k e 12
-26 e l e 26

reflections collected,
independent reflections

17163, 6971
(Rint = 0.0653)

data/restraints/parameters 6971/5/593
Final R indices [I > 2σ(I)] R1 = 0.0549,

wR2 = 0.1207
R indices (all data) R1 = 0.758,

wR2 = 0.1287
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alkoxo coordinates to one of the bridged irons, while the
phenolate and imine of the same ligand coordinate to the
other iron. This trimeric structuralmotif likely forms to avoid
the seven-member -N-C-C-C-C-O-Fe- chelate ring
that would be necessary in a monomeric complex with the
imine group and the carboxylate coordinated to the same
iron. In the trimeric structure with each ligand spanning two
irons, only themore stable 5- and 6-member chelate rings are
required. The cavity depth of the basket is 6.9 Å from the
centroid of theupper chlorine atoms (Cl1, Cl3, Cl5) to theFe3
core. The average non-bonded Fe-Fe distance is 3.265 Å.
The average of the three Fe-Omethoxy distances is 2.160 Å.

The average of the three Fe-Ohydroxy distances with the
Fe coordinated to the carboxylate group associated with
the bridging hydroxyl is 2.002 Å, while the average of the
three with the iron coordinated to the associated salicylidene
is 1.965 Å. Additional distances and angles are listed in
Table 2.
Electrospray ionization mass spectra (ESI-MS) of metha-

nol solutions of the Fe(III) complexes of all five X-Sal-AHA
derivatives show that the trimeric structure observed for the
anion in the crystal structure of Na[Fe3(3,5-diCl-Sal-AHA)3-
( μ3-OCH3)] is consistent with the dominant species in solu-
tion (see Supporting Information). In negative ion mode, the
X = 3,5-diCl, 5-NO2, H, and 3-OCH3 derivatives show a
single feature in the m/z range above that of the free ligand
corresponding to [Fe3L3(OCH3)]

-. The major feature in the
X=3,5-dit-Bu derivative corresponds to [Fe3L3(OH)]-, and
several peaks corresponding to lower m/z complexes with
intensities<10%of that of themajor peak are observed. The
positive ion mode spectra are more complicated than the
negative ion mode spectra, dominated by dimeric and mon-
omeric species in addition to trimers. This is likely due to loss
of the μ-OCH3 or μ-OH bridge upon protonation. The
positive mode spectra also appear noisier under the same
conditions, suggesting that the negative mode spectra are
representative of the more concentrated species.
Cyclic voltammograms of the [Fe3(X-Sal-AHA)3( μ3-

OR)]- complexes in methanol are quasireversible, except
for the X = 3,5-di-tBu derivative which is irreversible [see
Supplementary Information]. They give reduction potentials
(E1/2= 1/2 (Ecþ Ea)) from-300 mV (vs Ag/AgCl) to below
-540 mV, depending on the phenolate ring substituents, as
listed in Table 3. These potentials can be converted to
stability constants for the complexes by manipulation of
the Nernst equation and the empirical correlation between
reduction potential and stability constants of a series of
Fe(III) complexes according to the method of Taylor and

Table 2. Selected Crystallographically-Determined Distances (Å) and Angles
(deg) from Na[Fe3(3,5-diCl-Sal-AHA)3(μ3-OCH3)] 3 3.5H2O

Fe(1) 3 3 3Fe(2) 3.2549(14) Fe(1) 3 3 3Fe(3) 3.2743(14)
Fe(2) 3 3 3Fe(3) 3.2661(16)
Fe(1)-O(11) 1.934(5) Fe(1)-O(10) 1.960(4)
Fe(1)-O(1) 1.989(4) Fe(1)-O(2) 1.998(4)
Fe(1)-N(3) 2.148(6) Fe(1)-O(13) 2.151(4)
Fe(2)-O(2) 1.952(4) Fe(2)-O(3) 1.938(5)
Fe(2)-O(6) 2.003(5) Fe(2)-O(5) 1.998(5)
Fe(2)-N(1) 2.139(6) Fe(2)-O(13) 2.168(5)
Fe(3)-O(6) 1.984(5) Fe(3)-O(7) 1.936(5)
Fe(3)-O(9) 1.993(5) Fe(3)-O(10) 2.004(4)
Fe(3)-N(2) 2.132(6) Fe(3)-O(13) 2.162(5)

O(11)-Fe(1)-O(10) 157.5(2) O(11)-Fe(1)-O(1) 97.9(2)
O(10)-Fe(1)-O(1) 102.47(19) O(11)-Fe(1)-O(2) 98.5(2)
O(10)-Fe(1)-O(2) 94.39(19) O(1)-Fe(1)-O(2) 79.44(18)
O(11)-Fe(1)-N(3) 85.5(2) O(10)-Fe(1)-N(3) 84.0(2)
O(1)-Fe(1)-N(3) 93.4(2) O(2)-Fe(1)-N(3) 172.2(2)
O(11)-Fe(1)-O(13) 90.09(19) O(10)-Fe(1)-O(13) 75.48(18)
O(1)-Fe(1)-O(13) 154.43(19) O(2)-Fe(1)-O(13) 75.35(18)
N(3)-Fe(1)-O(13) 111.5(2) O(3)-Fe(2)-O(2) 155.2(2)
O(3)-Fe(2)-O(5) 98.2(2) O(2)-Fe(2)-O(5) 103.9(2)
O(3)-Fe(2)-O(6) 98.7(2) O(2)-Fe(2)-O(6) 96.8(2)
O(5)-Fe(2)-O(6) 78.2(2) O(3)-Fe(2)-N(1) 85.1(2)
O(2)-Fe(2)-N(1) 83.5(2) O(5)-Fe(2)-N(1) 90.8(2)
O(6)-Fe(2)-N(1) 168.7(2) O(3)-Fe(2)-O(13) 89.29(19)
O(2)-Fe(2)-O(13) 75.87(18) O(5)-Fe(2)-O(13) 153.7(2)
O(6)-Fe(2)-O(13) 75.77(19) N(1)-Fe(2)-O(13) 115.0(2)
O(7)-Fe(3)-O(6) 159.2(2) O(7)-Fe(3)-O(9) 96.8(2)
O(6)-Fe(3)-O(9) 101.5(2) O(7)-Fe(3)-O(10) 98.54(19)
O(6)-Fe(3)-O(10) 94.41(19) O(9)-Fe(3)-O(10) 79.22(19)
O(7)-Fe(3)-N(2) 84.6(2) O(6)-Fe(3)-N(2) 84.4(2)
O(9)-Fe(3)-N(2) 94.5(2) O(10)-Fe(3)-N(2) 173.2(2)
O(7)-Fe(3)-O(13) 91.59(19) O(6)-Fe(3)-O(13) 76.30(19)
O(9)-Fe(3)-O(13) 153.17(19) O(10)-Fe(3)-O(13) 74.35(16)
N(2)-Fe(3)-O(13) 111.7(2) Fe(2)-O(2)-Fe(1) 111.0(2)
Fe(3)-O(6)-Fe(2) 110.0(2) Fe(1)-O(10)-Fe(3) 111.4(2)
Fe(1)-O(13)-Fe(3) 98.78(18) Fe(1)-O(13)-Fe(2) 97.81(18)
Fe(3)-O(13)-Fe(2) 97.93(18)

Figure 2. Two views of the ORTEP plot for the anion of Na[Fe3(3,5-diCl-Sal-AHA)3(μ3-OCH3)] 3 3.5 H2O. For clarity, only the methoxy H-atoms are
shown. Both components of the disordered phenolate rings are shown. A line drawing (with ring Cl groups omitted) is shown on the right to clarify the
arrangement of bonds in the trimer.

Table 3. Electrochemical Data and Stability Constants for the [Fe3(X-Sal-
AHA)3(μ3-OR)]- Complexes

X
Ec (mV vs
Ag/AgCl)

Ea (mV vs
Ag/AgCl)

E1/2 (mV vs
Ag/AgCl) log Kox

5-NO2 -308 -248 -278 34.0
3,5-di-Cl -415 -345 -380 36.5
H -565 -480 -523 40.0
3-OCH3 -551 -489 -520 40.0
3,5-di-tBu -730 not observed
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co-workers.25 Taylor’s “chelate scale” has been used by
Butler and co-workers to determine the pH-independent
stability constant for the Fe(III) complex of the AHA-
containing siderophore, Alterobactin A.3 The stability con-
stants for the complexes presented here are given in Table 3,
based on eq 1 derived from Taylor’s work after a correction
of 0.018V to account for the difference in reference electrodes
used. Kox is the stability

log Kox ¼ ð1:10-E1=2Þ=0:041 ð1Þ
constant for the oxidized (Fe(III)) species in the redox couple.
Values of log Kox range from 34.0 for the X = 5-NO2

derivative to 40.0 for the X = H and 3-OCH3 derivatives.
The value of log Kox for the 3,5-di-tBu derivative cannot be
determined accurately because of the irreversibility of the
electrochemistry, but is likely greater than 40 based on the
observed cathodic potential. These stability constants are
much higher than those of Fe(III) complexes of the simpler
R-hydroxy polycarboxylates citrate and tartrate (log K =
11.5 and 12.3, respectively)26 and the amino polycarboxylates
NTAandEDTA (logK=15.9 and 25.1, respectively).27 The
stability constants for the Fe(III) complexes of the X-Sal-
AHA chelates are between those found for the AHA plus
hydroxamate-containing siderophores, aerobactin, aquache-
lin C, and marinobactin E (log K = 27.6, 31.3, and 31.8,
respectively) and the catecholate-containing siderophores
petrobactin, enterobactin, and alterobactin A (log K = 43,
49, and 51, respectively).3,4,28 They are significantly higher
than the bis(AHA)-containing siderophores vibrioferrin and
rhizoferrin (logK=24.0 and 25.3, respectively) whichdonot
have either hydroxamate or catecholate coordinating
groups.6 The high stability constants for the [Fe3(X-Sal-
AHA)3(μ3-OR)]- complexes likely come from two contribu-
tions. First, the phenolate group has a high affinity for
Fe(III), with the more electron donating ring substituents
giving stronger binding than the electron-withdrawing
substituents. Second, the formation of the Fe(III)3 cluster
with a μ3-OR bridge, three μ2-OR bridges, and the remaining
coordinating groups from a given chelate spanning two
metals provides extra stability to the complex, a sort of
“super chelate effect”.
The UV/visible absorption spectra of the five [Fe3(X-Sal-

AHA)3(μ3-OR)]- complexes in methanol are shown in
Figure 3. Each has a visible transition maximizing between
450 and 550 nm. This is tentatively assigned as a phenolate-
to-Fe(III) ligand-to-metal charge transfer (LMCT), as
LMCT transitions fromphenolates tend to be found at lower
energy than from most other N- or O-donor ligands. The
trend in energy of this transition through the series of
derivatives is consistent with this assignment, with the more
electron withdrawing substituents lowering the energy of the
phenolate-centered orbitals and thus producing higher
energy LMCT transitions than the more electron donating
substituents.Most of the intensity associatedwith this feature

is lost upon irradiation, as shown for the 3,5-diCl derivative
in Figure 4. Several intense features are observed for each
derivative in the range of 250-450 nm. The R-hydroxy acid-
to-Fe(III) LMCT transitions that are responsible for the
photochemical activity are expected to be in this region. The
analogous transition is found around 300 nm in marine
siderophores1,4 and between 350 and 400 nm in Fe(III) com-
plexes of smaller AHA ligands.29 This is the same region
where multiple transitions are found in the spectra of the free
ligands (see Supporting Information). While there is an
increase in intensity of the absorbance in this region of the
spectra upon iron binding, and a subsequent decrease upon
irradiation of the Fe complexes (Figure 4), the congestion
and shifting of bands in this region put specific assignment of
the AHA-to-Fe(III) LMCT transition outside the scope of
this paper.
The photolysis reaction canbemonitored from the point of

view of both chelate ligand cleavage and iron reduction. The
intact complexes have rich circular dichroism (CD) spectra
because of the chirality of the chelates (see Figure 5). Upon

Figure 3. UV/visible absorption spectra of the Fe(III) complexes of the
five X-Sal-AHA derivatives, approximately 0.1 mM in methanol: X =
5-NO2 (green), 3,5-diCl (blue), H (purple), 3,5-di-t-Bu (red), 3-OCH3

(black).

Figure 4. Comparison of the UV/visible absorption spectra of Na[Fe3-
(3,5-diCl-Sal-AHA)3(μ3-OCH3)] (blue dashed line) before irradiation and
the photolysis product after irradiation (red solid line), both in methanol
under aerobic conditions. The spectrum of the free ligand is the black
dotted line.

(25) Taylor, S.W.; Luther, G.W., III; Waite, J. H. Inorg. Chem. 1994, 33,
5819–5824.

(26) Martell, A. E.; Smith, R.M.Critical stability constants; Plenum Press:
New York, 1977; Vol. 3.

(27) Martell, A. E. Critical stability constants; Plenum Press: New York,
1974; Vol. 1.

(28) Zhang, G.; Amin, S. A.; Kupper, F. C.; Holt, P. D.; Carrano, C. J.;
Butler, A. Inorg. Chem. 2009, 48, 11466–11473.

(29) Sen Gupta, K. K.; Chatterjee, A. K. J. Inorg. Nucl. Chem. 1976, 38,
875–876.



4438 Inorganic Chemistry, Vol. 49, No. 10, 2010 Sayre et al.

irradiation in air, the CD spectrum disappears, while under
anaerobic conditions, the CD spectrum does not disappear
completely upon irradiation. Rather, it is replaced by a
different, less intense spectrum. The structures of the photo-
lysis products of the chelates reported here have not yet been
determined, but remain under study. However, photolysis of
the Fe(III) complex of the AHA-containing citrate, an Fe2L2

dimer, results in decarboxylation of theAHA inone citrate to
give the ketone for every two Fe reductions.8,30 Some of the
AHA-containing marine siderophores, such as petrobactin,
aerobactin, andvibrioferrinundergoa similar 2:1Fe reduction/
ligand decarboxylation reaction, while others like the aqua-
chelins undergo more extensive ligand cleavage that also
results in loss of the AHA group.1,2,4,6 Loss of the CD signal
upon irradiation of the Fe(III)(X-Sal-AHA) complexes is
most likely due to loss of theAHAgroup in these reactions as
well. The complete loss of the signal under aerobic but not
anaerobic conditions suggests that in the absence of O2, all of
the Fe(III) is reduced before an equal amount of chelate
ligand is oxidized. Some of the intact AHA chelate would
remain, perhaps coordinated to Fe(II), giving a different CD
spectrum. In contrast, under aerobic conditions, the Fe(II) is
reoxidized by O2 to complete the ligand photolysis and
eliminate the CD signal. This is consistent with the 2:1 Fe
reduction to ligand oxidation stoichiometry for the decarbo-
xylation reactions noted above. The structure of the [Fe3-
(X-Sal-AHA)3(OR)]- complexes, in which each ligand is
coordinated to two irons, may facilitate a reaction with this
Fe:L electron stoichiometry. Neither the CD spectrum nor
the NMR spectrum of the metal-free chelate shows signifi-
cant change upon aerobic irradiation for 3 h in sunlight (see
Supporting Information), confirming that the free chelate is
not itself photoactive, as expected based on prior work.7

Reduction of iron upon irradiation can be monitored by
the addition of bathophenanthroline disulfonate (BPDS) to
the solution. This bidentate phenanthroline derivative forms
a strongly absorbing chromophore with Fe(II), but shows
little absorbance in the presence of Fe(III). The absorbance
at 535 nm can be used to determine the concentration of
Fe(II) transferred from theX-Sal-AHAchelate upon irradia-
tion, modeling iron reduction and transfer in the marine

siderophores. The spectral change over time during irradia-
tion of Na[Fe3(3,5-diCl-Sal-AHA)3(μ3-OCH3)] in the pre-
sence of BPDS is shown in Figure 6. For a given derivative,
the rate of photolysis in the presence of BPDS is independent
of the presence or absence of air. However, if BPDS is not
added until after irradiation to determine the amount of
Fe(II) produced, far less absorption is observed at 535 nm in
the aerobic case than the anaerobic case. This suggests that
BPDS offers some protection to the Fe(II) from reoxidation
to Fe(III) by air. All five derivatives produce Fe(II)(BPDS)3
corresponding to 50-60% of the total Fe after 2-3 h of
irradiation. In analogous studies reported on Fe(II) transfer
upon irradiation of the siderophore Aquachelin, about 70%
of the iron as Fe(II)(BPDS)3 is observed.

1 The observation of
less than 100% of the iron in this form is likely due to
competition between the photolysis product of the chelate
(which maintains some chelating ability) and the BPDS, and
possibly some percentage of the iron being reoxidized by air
even in the presence of BPDS. In contrast to the siderophore
ferrioxamine B, where formation of a ternary complex with
BPDS is necessary to facilitate the chemical reduction ofFe,31

the presence of BPDS is clearly not needed for the photo-
chemical reduction of iron in the complexes with X-Sal-
AHA, but only stabilizes the resulting Fe(II) in air once the
photoreduction occurs.
The rate of Fe(II) production differs for the different

derivatives as shown by comparison of the absorbance at
535 nm (Abs535) versus irradiation time in Figure 7A. It is
clear that the electron donor ability of the phenolate group,
and thus the electron density on the iron, affects the observed
rate of photolysis of the Fe3(X-Sal-AHA)3 complexes.
Figure 7B shows a plot of Abs535 after 10 min of irradiation
versus the Hammett σþ parameter for each derivative. This
time point was chosen as it is within the region of approxi-
mately linear increase in absorption for all five derivatives,
while providing time for sufficient progress in the slower
ones. The plot is linear (R= 0.992) with a positive slope (F).

Figure 6. UV/visible spectral changes over time upon irradiation in air
of 0.02 mM Na[Fe3(3,5-diCl-Sal-AHA)3(μ3-OCH3)] in the presence of
0.2mMBPDS inmethanol. Spectra, in order of increasing intensity, are as
follows: dark control, and 5, 10, 23, 45, and 150 min of irradiation in
sunlight.

Figure 5. Circular dichroism spectra ofNa[Fe3(3,5-diCl-Sal-AHA)3(μ3-
OCH3)] in methanol: dark control (solid line), aerobic irradiation (dotted
line), anaerobic irradiation (dashed line).

(30) Shweky, I.; Bino, A.; Goldberg, D. P.; Lippard, S. J. Inorg. Chem.
1994, 33, 5161–5162.

(31) Mies, K. A.; Wirgau, J. I.; Crumbliss, A. L. BioMetals 2006, 19, 115–
126.



Article Inorganic Chemistry, Vol. 49, No. 10, 2010 4439

The positive slope is not surprising, since the more electron
withdrawing groups are expected to favor the Fe(II) product
relative to the more electron donating groups.
In summary, this paper describes a series of new chelate

ligands that are designed tobindFe(III) and to release it upon

irradiation as Fe(II). Each of the new chelates contributes
phenolate and imine coordinating groups in addition to
the bidentate R-hydroxy acid moiety. The chelate structure
results in Fe(III) complexes characterized by a poly(alkoxo)-
bridged clusterwith very high stability constants. Each ligand
in the trimeric complexes spans two irons, with the alkoxo
oxygen from theAHAmoiety bridging the irons. In addition,
an unusual μ3-methoxy group caps the iron atoms. Despite
the similarity in structures of the series of Fe(III) complexes
varying only in the phenolate ring substituents, this variation
results in significant differences in the bulk photolysis rates as
determined by the relative rates of Fe(II) transfer to the
BPDS receptor upon irradiation. These studies present the
first systematically varied series of mixed-donor, R-hydroxy
acid-containing chelates and demonstrate that the AHA
functional group has great potential for development of
tight iron-binding and photorelease agents. They also show
that straightforward modification of an ancillary donor
group in AHA-containing chelates can be used to tune
the kinetics of Fe(II) release. Modulation of other properties
of these molecules by ancillary functional group modifica-
tion, including the action spectrum, is being explored. This
work is being extended to examine the effect of chelate
backbone structure and ancillary functional group replace-
ment on tuning theAHA-containing chelates for application-
specific metal binding and release in response to a light
stimulus.
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Figure 7. (A) Absorption at 535 nm versus time during side-by-side
irradiation of the Fe(III) complexes of the five X-Sal-AHA derivatives in
the presence of BPDS: X=5-NO2, blue inverted triangles; X=3,5-diCl,
green triangles; X=H, black circles; X= 3,5-di-t-Bu, red squares; X=
3-OCH3, purple diamonds. (B) Plot of the 10 min data points from (A)
versus the sum of the Hammett σþ parameters corresponding to the
phenolate ring substituents, X. The equation for the best fit line is Abs=
0.24 þ 0.16Σσþ, R= 0.992.


