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PREFACE

Most of the contributions presented in this volume originate from the
2nd Erlangen Symposium on Redox-Active Metal Complexes held in
2006. The authors were requested to prepare an ‘Accounts of Chemical
Research’ type of presentation in which they focused on the work
presented at the symposium. Within this context the first five
contributions of this issue focus on small molecule activation at
electron-rich uranium and transition metal centers (Karsten Meyer
and co-worker), the use of tripodal N,N,O ligands for metalloenzymes
and organometallics (Nicolai Burzlaff), the application of B-cyclodextrin
-linked ruthenium complexes in oxidation and reduction processes (Wolf
Woggon and co-workers), the use of late transition metal-oxo
compounds and open framework materials to catalyze aerobic oxidation
reactions (Craig Hill and co-workers), and the catalytic dismutation and
reversible binding of superoxide (Ivana Ivanovic-Burmazovic). These
contributions give a representative flavor of the type of topics covered at
the symposium that was attended by ca. 150 participants.

As final contribution to this volume, John Burgess and Maria Rangel
present a detailed account of the chemistry of hydroxypyranones and
hydroxypyridinones, and their transition metal complexes.

I trust that you will all agree that the topics covered in this issue are
very stimulating and that the contributions report the most recent
advances in inorganic and bioinorganic chemistry that especially deals
with the activation of small molecules and molecular recognition. The
next volume of this series will be a thematic issue on ‘Metal Ion
Controlled Reactivity’.

Rudi van Eldik

University of Erlangen-Niirnberg
Germany

May 2008
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|.  Introduction

Chelating ligands that induce tripodal configurations at coordinated
metal centers are known to provide powerful platforms for small-
molecule activation. These ligands consist of an atom or small
molecule which acts as an anchor, and holds three pendant arms
capable of coordinating to a metal in a trigonal conformation (Fig. 1).
Typically, these ligands hold several advantages over monodentate
and bidentate ligands. Due to the enhanced chelating effects, tripodal
ligands often bind to metal ions very strongly and can stabilize
reactive intermediate species with unusual electronic and geometric
structures. In addition, the steric bulk of both the anchor and pendant
arms is highly modular, providing the electronic and structural
flexibility to effectively block undesired side- and decomposition
reactions, more effectively controlling reactivity at the metal center.
Due to these distinctive benefits, the design and development of new
tripodal ligand systems has been an active area in inorganic and
organometallic coordination chemistry (1—4).

1
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Fic. 1. Schematic diagram of tripodal ligand with sterically encumbering
R groups oriented perpendicular to the ME3 coordination plane.
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Fic. 2. Tripodal ligand scaffolds with arrows indicating the direction of
steric bulk.

The chemistry presented herein has been presented on the occasion
of the SFB symposium “Redox active metal complexes — Control of
Reactivity via Molecular Architecture.”

Commonly used tripodal ligands such as tripodal tris(amido)amine
(Fig. 2, A) and tris-phosphine ligands (Fig. 2, B) have drawn much
attention recently for supporting metal centers capable of small-
molecule activation (1). Metal complexes supported by tris(pyrazolyl)-
borate (Tp) ligands promote catalytic transformations, including C-H
activation (5), C-C (6), C-O (7), and C-N (8) bond formation, assist
dioxygen activation (9) and serve as structural mimics of metal-
containing enzymes (10). The tetradentate tris(amido)amine frame-
work, composed of three negatively charged “hard” (11) amido donors,
coordinates to transition metal (2,12) and main group elements (13) in
3+ or higher oxidation states. The resulting metal complexes have a
pair of degenerate m-type frontier orbitals that aid in metal-ligand
multi-bond formation (2) and have proven essential for supporting
well-defined catalytic reactions such as dinitrogen reduction at
a single molybdenum center (14,15). In contrast, tripodal ligands
bearing “soft” donor atoms such as sulfur (I6) and phosphorus
(4,17,18) are more suitable for stabilizing electron-rich, low-valent
metal centers. A prime example is the work by Sacconi (19) which
shows the development of the tris(phosphino)amine ligand (Fig. 2, C).



TRIPODAL CARBENE AND ARYLOXIDE LIGANDS 3

Using this rich chemistry as inspiration, the development of tripodal
N-heterocyclic carbene (NHC) analogues was explored (Fig. 2, D).
These chelators should mimic the properties of monodentate NHC
ligands, producing distinct beneficial synthetic, electronic, and steric
properties over these previously known tripodal ligand systems,
including reduction of oxidative ligand degradation which can occur
with air-sensitive phosphine ligands. Recent studies show that the
seemingly “soft” NHCs can coordinate to both “soft”, electron-rich
metal fragments and “hard”, electron-deficient metal centers (20),
resulting in their coordination to virtually every metal in the
periodic table with a range of oxidation states (20a). The newly
developed tripodal NHC ligands thus are complementary to both the
tris(amido)amine and the tris(phosphino)borate ligand systems.

The geometries of tripodal ligand systems are determined by the
type of pendant arm and the number of atoms in the linker to the
anchor (Fig. 2, Types A and B).

Depending on these variables, the sterically encumbering substitu-
ents may be directed away from the metal center, leaving the reactive
core wide open or be directed towards the metal center in order to
protect it (see arrows in Fig. 2). Protecting the metal center prevents
binuclear decomposition of reactive species. For instance, Peters et al.
report that the bulky isopropyl derivatized tris(phosphino)-borate
ligand does not prevent dimerization of the unique yet highly reactive
terminal nitrido complex [(PhBP*");Fe=N] to form a dinitrogen-
bridged dinuclear species [(PhBPY")Felo(n-No) (Fig. 3, E) (21). To
prevent [(*"N5sN)Mo=N] from forming a similar dinuclear dinitrogen
complex [{(**N5N)Mo}, (un*,n'=Ny)], Schrock et al. had to introduce
three extremely bulky hexaisopropyl terphenyl substituents at the
tris(amido)amine ligand (Fig. 3, D) (14). The synthesis of these
sterically bulky ligand derivatives is both challenging and time-
consuming. In contrast, the sterics of tripodal NHC ligands are
controlled by the alkyl or aryl substituents at the sp®hybridized ring

Fic. 3. Complexes containing sterically bulky tripodal ligands.
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Fic. 4. Tripodal N-heterocyclic carbene chelators with mesitylene
(mes-carbene, left), carbon (TIMER, center), and nitrogen (TIMENE, right)
anchoring units.

nitrogen (N3), allowing perpendicular alignment of the steric bulk to
the plane of the pendant arms forming a deep (5-6 A) well-protected
cavity for ligand binding to the metal center (Fig. 2, Type C).

Prior to our work, only two tripodal NHC ligand systems were known.
The mesitylene-anchored tris(carbene) ligand (Fig. 4, 1) was unique
(22), yet metal complexation had not been achieved with this ligand.
Thorough investigation by Nakai et al. of the coordination chemistry of
1 and its derivatives showed that the cavity of this ligand system can
only host exceptionally large metal ions, such as the thallium(I) cation
(23). Attempts to synthesize transition metal complexes of derivatives
of 1 have been unsuccessful up to this point. The development of new
tripodal NHC ligand systems for stabilization of a single transition
metal center in a coordinatively unsaturated ligand environment to
allow the binding and activation of small molecules in a controlled
manner is discussed here. In particular, we describe the synthesis of two
new classes of tripodal NHC ligands TIMEF (1,1,1-¢ris(3-alkylimidazol-
2-ylidene)methyllethane) (2®) and TIMEN® (tris[2-(3-alkylimidazol-2-
ylidene)ethyllamine) (3%) and their coordination chemistry.

The coordination chemistry of uranium centers with a classic
Werner-type polyamine tripodal chelator is also being investigated
(Fig. 5) with a goal of identifying and isolating uranium complexes
with enhanced reactivity towards binding, activation, and functiona-
lization of small molecules. Because of the large size of the uranium
center, instead of using a single atom anchor, the small molecule 1,4,7-
triazacyclononane is used. Enacting a small, weakly binding molecule
in this position protects one side of the uranium center from unwanted
side and decomposition reactions. Each nitrogen contains an alkyl-
substituted aryloxide pendant arm which coordinates strongly to the
uranium center in a distorted trigonal planar fashion. Because
the polyamine chelator is a weak ligand for uranium ions, the metal
orbitals do not participate in strong metal-ligand interactions, thus
creating a more electron-rich uranium center for small-molecule
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Fic. 5. Tris-aryloxide triazacyclononane ligand for uranium coordination
chemistry.

activation trans to the tacn anchor. This coordination geometry places
the aliphatic ortho substitutents (R) perpendicular to the plane formed
by the aryloxides, making a protective cavity around the uranium ion
similar to that for the NHC ligand system. Specifically, we show herein
that the introduction of hexadentate tris-anionic 1,4,7-tris(3,5-alkyl-2-
hydroxybenzylate)-1,4,7-triazacyclononane derivatives (RArO)stacn®~
with R = tert-butyl (¢-Bu) (24) and 1-adamantyl (Ad) (25)) to redox-
active uranium centers results in formation of stable, coordinatively
unsaturated core complexes with a single axial coordination site (L)
available for ligand binding, substitution reactions, and redox events
associated with small-molecule activation and functionalization.

The molecular architecture of the axial binding site is dependant on
the type of substituent R used for both ligand systems and thus must be
chosen carefully. In the case of the NHC ligands, flat xylyl and mesityl
groups are used to form the cavity, while for the polyamine ligand, 3D
tert-butyl and adamantyl substituents were chosen. Although using the
alkyl groups may form a narrower cavity, groups such as these also
provide the possibility for van der Waals interactions with each other
and incoming small molecules, which might be beneficial in view of
alkane binding and C-H activation events.

II.  Synthesis and Characterization of Ligand Precursors and Low-Valent
Metal Complexes for Small-Molecule Activation

A. SYNTHESIS AND METALATION OF (TIMEMF)

A single carbon atom anchors the three pendant arms of
the neopentane Dbased tripodal NHC chelator 1,1,1-tris
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[(3-alkylimidazol-2-ylidene)methyllethane (TIME®) producing a bind-
ing cavity with the appropriate size to host a transition metal ion.

Access to the imidazolium precursors of the free monodentate
carbenes was carried out according to the procedures reported by Dias
and Jin in their synthesis of the mesitylene-anchored tris(carbene)
11gand 1 (Fig. 6) (22). Attempts to isolate the free tris(carbene) ligand,
TIMEM®, were unsuccessful and consequently only formed in situ by
deprotonatlon of the [HsTIMEM®](PFg); salt with a strong base.
Complexation of transition metals with the in situ generated carbene
had limited success (26). Metal complexes of TIMEM® were made
successfully through the transmetalation method developed by Lin et
al. (26). Treatment of [H3TIMEME]BI'1§[W1th Ag-50 in DMSO affords the
trinuclear silver complex [(TIMEM®),Ag;1(PFg); (2Me-Ag), which
serves as a carbene transfer agent and reacts with copper(I) bromide
and (dimethylsulfido)gold(I) chloride to form the correspondlng
copper(I) and gold(I) complexes [(TIMEM®),Cul(PFg); (2M°-Cu) and
[(TIMEM®),Au;](PFg); (2M°-Au) (Scheme 1) (26,27).

X-ray diffraction analyses revealed isostructural geometries for all
trinuclear complexes, where three metal ions are coordinated to
two ligand molecules (Fig. 7). Each metal ion is coordinated to two
carbenoid carbon atoms each from a different ligand. The structure
exhibits a D3 symmetry with the 3-fold axis passing through the
anchoring C atoms of the two ligands.

l? —]3cI- ll?
N N
N R [@)—H [ >
I N T " I\ll
A + [ H—m _—
c” i | N/>_ B\N/A\ THBT X . A

= CH3C(CH2"3

TN
A= N(CH,CHo)-5 r-ND) HJN@'} RN r\II:X
\

Fic. 6. General synthesis of tripodal NHC ligands.

~Me S _| 3+
N !
@' (M) (Ja Q
,NG)N\/C\‘ 3 Ag0 /@"‘\ < 3 CuBr r\“—’\st

DMSO, -3 H,0 Q 3 (Me,S)AuCI l\//
’ L h
Me
N
2Me. Ag ZMQ-CU, 2Me_ Au

ScHEME 1. Synthesis of group 11 metal complexes of TIMEM®.
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Fic. 7. Solid-state molecular structure of [(TIMEI\’I")ZAg?,]3Jr (2Me-Ag).

The metal-carbene bond distances in this family of complexes
(2.082 (2) A for Ag, 1.9124 (16) A for Cu, and 2.035 (12) A for Au) are
within the range of reported values for typical group 11 metal NHC
complexes (23). The metal carbene units are almost linear, with a
C-M-C bond angle of 178.56 (13)°, 177.70 (9)°, and 177.7 (6)° for Ag,
Cu, and Au, respectively. The imidazole units for 2¥°-Ag, 2M°-Cu,
2Me_Au exhibit structural parameters typically observed for coordi-
nated NHC ligands. There are no inter- or intramolecular metal-metal
interactions in these complexes.

B. SYNTHESIS AND METALATION oF TIME!BY

The formation of trinuclear complexes 2Y°-Ag, 2M°.Cu, 2M°-Au
shows the tendency of group 11 metal ions to form linear, two-
coordinate complexes. As a result, the metal centers of these
complexes are not situated in a well-protected cavity as planned.
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ScHEME 2. Synthesis of the bis(carbene)alkenyl complex [(TIME®%),Cus,]
(PF¢)2 (27P"-Cu).

To prevent the formation of polynuclear species, the steric bulk at the
TIME ligand was increased by synthesizing the tert-butyl derivative
TIMEP",

Deprotonation of the imidazolium salt [HsTIME B"J(PF¢); with
three equivalents of potassium fert-butoxide produced the free
carbene TIMEB" (2/"B%) which was isolated and fully characterized
(28). Addition of one equivalent of 28" to [(CH5CN),Cul(PFy) affords
the copper carbene complex [(TIME‘®“);Cuyl(PFg)y (29B"-Cu)
(Scheme 2).

The X-ray crystallographic analysis of 2°B"-Cu reveals a dimeric
structure, where two copper ions are coordinated to two ligand
molecules (Fig. 8). Each copper ion is situated in a trigonal planar
carbene/alkenyl carbon ligand environment, coordinated to two
carbene arms from one chelator and a third carbon from the pendant
arm of a_ second chelator. The average Cu—C bond distance is
1.996 (1)A, consistent with that of other reported Cu(l) carbene
complexes (29).

Interestingly, the X-ray structure of 2 B"-Cu reveals the existence of
an “alkenyl” binding mode within the Cu—C entity. Two of the three
carbon chelators coordinated to the copper ion are “normal” diamino
carbene centers, i.e., the C2 carbon of the imidazole rings (Scheme 2).
The third carbon chelator formally is the C5 backbone atom of the
imidazole ring structure, and can be considered an alkenyl function-
ality, also known as “abnormal” carbene binding. This formulation
is further supported by NMR spectroscopy (28). Although this type
of metal binding to N-heterocyclic carbene ligands was previously
reported for complexes synthesized directly from imidazolium salts
(30), this was the first example of this binding mode generated by
metal coordination to the free carbene starting material.
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Fic. 9. Structural models of carbon- and nitrogen-anchored tris(carbene)
metal complexes.

C. SyNTHESIS AND METALATION OF TIMEN® LicanD

Examination of the backbones of the neopentane-based, carbon-
anchored TIMEM® and bulky TIME!®" tripodal ligands reveals
possible reasons for the lack of 1:1 complex formation with metal
centers. A hypothetical k® complex of TIME would contain three eight-
membered rings (Fig. 9, I) with much lower stability than the more
commonly observed five, six, or seven-membered rings formed, for
instance, by poly(pyrazolyl)borate or poly(phosphine) ligands. In order
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to overcome this, a coordinating atom at the anchoring position of the
carbene tripod was incorporated, such that 1:1 metal complexation
was favored by forming three stable six-membered rings (Fig. 9, II).
Accordingly, the nitrogen-anchored tris(carbene) ligand system
tris[2-(3-alkylimidazol-2-ylidene)ethyllamine (TIMEN2")) was synthe-
sized. The imidazolium precursors [HsTIMEN®]?* were prepared by
quaternization of functionalized N-alkylimidazoles with tris-(2-chloro-
ethyl)amine. Deprotonation of the imidazolium salts with potassium
tert-butoxide yields the free carbenes TIMEN2%! (3R),

Monomeric copper(I) tris(carbene) complexes were prepared
by reacting TIMEN®™! with copper(I) salts. The X-ray structures
of [((TIMEN®)Cu]* complexes (R = tert-butyl (3®"-Cu), benzyl (Bz,
3B7.Cu)) show that the TIMEN® ligand coordinates to the copper(I)
ion via the three carbenoid carbons in the predicted «3-fashion (Fig. 10,
left) (31). The Cu—C distances of 1.95-2.00 A compare well with bond
distances found for other Cu(I) NHC complexes (29). The cuprous
center is located in the plane of the three carbenes, with the sum of the
three C-Cu-C angles close to 360°. The Cu-N distances range from
2.4-2.6 A, suggesting the interaction between the anchoring nitrogen
atom and the copper center is non-significant. The space filling model
shows that the copper center in complex [(TIMEN’B%)Cul" is well
shielded by the three sterically encumbering tert-butyl groups.
This steric congestion is largely reduced in the analogous complex
[(TIMENP®#)Cu]".

Accordingly, the complex [(TIMEN®?)Cul®>" could be synthesized,
isolated, and spectroscopically characterized. Electrochemical mea-
surements show that the complexes exhibit a reversible Cu(I)/Cu(II)
couple at 0.11V and —0.1V vs. F¢/Fe™ for 3°B"-Cu and 3%%Cu,
respectively. However, all Cu(I) complexes [(TIMEN2¥)Cul* have

Fic. 10. Solid-state molecular structure of [(TIMEN!B")Cul* (3*B"-Cu)
(left) and [(TIMEN?®")Ni] (3*B"-Ni) (right).
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proven to be inert towards additional ligand binding and activation of
small molecules. The inactivity is probably due to the full 18 electron
count of the copper(l) ion in these complexes.

Treating TIMEN®" with Ni(COD), (32) produced [(TIMEN*B")Ni]
(8*B".Ni) (Fig. 10, right), which forms the Ni(I) complex [(TIMEN’B")
NilCl (8*B“.NiCl) upon exposure to CHyCl,. Interestingly, the
molecular structures of these two nickel complexes 3*®“-Ni and
3BUNiCl differ significantly. The TIMEN?B" ligand of 3"®“-Ni is
tridentate and coordinates to the nickel center only through the
three carbene chelators. In complex 3*B“-NiCl, however, TIMEN*B"
coordinates in a tetradentate fashion and additionally binds to the
nickel center via the anchoring nitrogen atom (Ni-N = 2.22 A). This
observation strongly supports our theory that the central nitrogen can
function as an electron sink supplying two additional electrons for
metal centers in higher oxidation states. The difference between the
Ni—C bond distance of 1.892 (1) A for Ni(0) (3*B"-Ni) and 1.996 (4) A
for Ni(I) (83*P".NiCl) is also noteworthy. The short Ni-C distance
of 1.892 (1)A for the bigger Ni(0) center indicates a substantially
higher degree of n-backbonding in this complex.

The cyclic voltammogram of complex 3*B“-Ni shows two quasi-
reversible Ni(0)/(I) and Ni(I)/(IT) redox waves at —2.5V and —1.1V vs.
Fc/Fc, respectively. Neither of the two oxidized complexes was
isolable, most likely due to the masking of the low-valent nickel(0)
center by the three ter¢-butyl substituents on the carbene ligand. The
search for alternative routes to these complexes using less sterically
bulky NHC ligands, such as the TIMEN'? isopropyl derivative, is
under investigation.

The chemistry of aryl-substituted TIMEN ligands was investigated
by studying the coordination chemistry of TIMEN®" with low-valent
cobalt ions. Treatment of TIMEN“" with a suitable cobalt(I) precursor,
i.e., Co(PPh3)sCl, yields the [(TIMEN“")Co]CI (Ar = xylyl (3*¥'-CoCl),
mesityl (3M°%-CoCl)) target complexes (Fig. 11) (33). In both
compounds, the cobalt(I) centers are coordinated in a distorted
trigonal-pyramidal fashion, with the anchoring nitrogen coordinated

as
L

AN Co(PPh,),CI

/_\N o el
5 SOP

Fic. 11. Synthesis of [(TIMENA*)Co]Cl. Anion was omitted for clarity.
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as well. The cobalt centers are coordinatively unsaturated and their
reactivity with a variety of small molecules will be discussed later.
Both cobalt(I) complexes have high-spin electronic configurations,
possesses magnetic moments of about 3.6 ug at ambient temperature,
and display well-defined, 3-fold symmetrical, paramagnetic ‘H NMR
spectra.

D. SyNTHESIS AND METALATION OF TRIAZACYCLONONANE DERIVATIVES

Initial synthesis of the ligand derivatives of hexadentate tris-anionic
1,4,7- tr1s(3 5-alkyl-2-hydroxybenzylate)-1,4,7-triazacyclononane deri-
Vatlves (RArO)stacn (34) with R = tert- butyl (z-Bu) and 1-adamantyl
(Ad)) was performed according to literature procedures. Synthesis of
the tert-butyl derivative was achieved using a Mannich reaction with
commercially available 2,4-di-tert-butyl phenol, paraformaldehyde,
and triazacyclononane with a catalytic amount of hydrochloric acid in
methanol (Fig. 12). The ligand is isolated in high yield as a precipitate
from the methanol solution. 'H NMR spectra acquired in CDCl; were
identical to those reported in the literature. The adamantyl derivative
was made by first synthesizing the 2-adamantyl-4-tert-butyl phenol
from commercially available 1-adamantyl chloride and 4-ter¢-butyl-
phenol, followed by a similar Mannich reaction without the acid
catalyst (Fig. 12). Thls ligand was isolated on multigram quantities,
and characterized by "H NMR spectroscopy.

The first successful isolation of a mononuclear uranium-tacn

complex was achieved by treatment of the free 1,4,7-tris(3,5-di-
tert-butyl-2-hydroxybenzyl)-1,4,7-triazacyclononane ((* iguArOH)3tacn)
(4°B") (25) with one equlvalent of [UN(SiMe3s)s)3] (35) in cold pentane

OH
R N OH
<\ H OH
i
N\H H,N HCI (cat)
CH30H, reflux

R ="'Bu

=Ad R

4R

Fic. 12. Synthesis of triazacyclononane ligand derivatives.
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solution. This protocol yields the six-coordinate uranium(III) complex
[(*BuArO)stacn)U] (478"-U, Scheme 3) as a microcrystalline precipi-
tate on a multi-gram scale (22). The "H NMR spectrum of trivalent
4"BuU (an f? species) recorded in benzene-dg at 20°C displays 10
paramagnetically shifted and broadened resonances between —22 and
+13ppm. The signal pattern is in agreement with an idealized Cgs
symmetry, with the three pendant arms arranged in a twisted
propeller-like arrangement. This splits the signals of the tacn back-
bone into four, and each methylene linkage into two diastereotopic
hydrogens.

Complex 4 B".U is stable in a dry Ny-atmosphere, and very soluble
in hydrocarbon solvents. High quality single-crystals suitable for an
X-ray diffraction study were obtained from a pentane:phenylsilane
(90:10) solution (Fig. 13). Attempts to re-crystallize 4°B"-U from

OZf‘N’>OH [((Me3Si)zN)3U] OQN.—\ (o)
- 1
N N -40°C, pentane «N'U‘N>
\_)/ggjx -3 (Me;Si)N-H W/
HO 0
4tBl1 4tBI.I_U

ScHEME 3. Synthesis of complex [((*B"ArO)stacn)U] (47B2-U).

Fic. 13. Molecular Structure of [((*B"ArO)stacn)U] (47B-U).



14 KARSTEN MEYER AND SUZANNE C. BART

ethereal solvents, such as Et,O and THF at room or low temperature
resulted in activation of the solvent.

Our initial results on the tert-butyl derivatized [((“B*ArO)stacn)U]-
system have suggested that undesired side reactions t{rans to the
reactive site are effectively eliminated due to shielding by the
triazacyclononane fragment. However, it is evident that the ortho-
functionalized tert-butyl groups of the three aryloxide pendant arms do
not form a protective cavity at the reactive, electron-rich uranium
center. Instead, the tilted aryloxides force the tert-butyl groups to
form a bowl-shaped cavity (Fig. 14) with little protection to prevent
decomposition reactions, such as ligand and solvent degradation and
formation of dinuclear complexes. It seemed clear that if the reactive
uranium center could be more efficiently protected, a uranium(III)
complex of the general [((ArO)stacn)U]-type would provide a powerful
platform for reactivity studies at the apical position. In order to prevent
dimerization, a sterically more encumbering derivative was required.
Accordingly, protocols for the synthesis of the adamantane-functiona-
lized ligand 1,4,7-tris(3-adamantyl-5-tert-butyl-2-hydroxybenzyl)1,4,7-
triazacyclononane, (““ArOH)stacn, and its corresponding U(III)
precursor complex [(A*?ArO)stacn)U] (429-U) were developed (25).

Similar to the preparation of 4B".U, treating (“YArOH)stacn
(449.U) with one equivalent of [U(N(SiMejs)2)3] in benzene produced
the six-coordinate U(III) complex [(*¢ArO)stacn)U] (429-U) as a red-
brown powder in multi-gram quantities (20). In striking contrast to
4"BuU complex 429U is stable in ethereal solutions and thus, can
be re-crystallized from Et,O. Single crystals of 4*4-U were studied by
X-ray crystallography (25) and its molecular core structure was
compared to its parent complex, [((FB2ArO)stacn)U] (Fig. 12).

A comparison of the core molecular structures in 4°B%-U and 449-U
(Fig. 14) show comparable U-O(ArO) and U-N(tacn) bond distances
(see Table I). The most striking difference in these structures is the

Fic. 14. Molecular structures and schematic representation of steric
characteristics in [(“B"ArO)stacn)U] (4”B"-U, left) and [(*?Ar0)s-tacn)U]
(429U, right).
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TABLE I

SeLECTED CORE STRUCTURAL PARAMETERS FOR CoMPLEXES [((“BUArO)stacn)U] (47 B1-U) axp
[(A9ArO)stacn)U] (449-U, Two INDEPENDENT MOLECULES)

Structural parameters in A 4tBuy 44y
d(U—N1gaen) 2.676(5) 2.633(9)/2.648(8)
d(U—N24cn) 2.669(5) 2.609(10)/2.669(10)
d(U—N38aen) 2.659(5) 2.677(11)/2.628(10)
d(U—N,,) 2.67 2.64

d(U—01x.0) 2.230(4) 2.214(10)/2.219(8)
d(U—024,0) 2.240(4) 2.218(9)/2.220(9)
d(U—08x.0) 2.245(4) 2.239(9)/2.248(8)
d(U—-0,,) 2.24 2.23

Uout-of—plane shift -0.75 —-0.85

displacement of the U ion from the trigonal aryloxide plane. While
the out-of-plane shift in 4°5"-U is —0.75A, the uranium ion in 4*4-U
was found to be —0.88 A below the aryloxide plane.

The U ion displacement from the aryloxide plane in addition to
the increased steric bulk provided by the adamantane substituents
of 444.U lead to a narrow and approximately ~4.7 A deep cylindrical
cavity. This cavity provides restricted access of an incoming ligand
to the uranium ion, thereby protecting the uranium center from
bimolecular decomposition reactions (Fig. 14).

Ill.  Small-Molecule Activation
A. Reactivity or [(TIMEN®)Co] CoMPLEXES

The previously mentioned coordinatively and electronically unsatu-
rated cobalt tris-carbene complexes were studied for small-molecule
activation, with a focus on oxygen and nitrogen atom transfer
reactions. Initially, complexes of the type [(TIMEN**)Co(X)]* (X = CO,
Cl7, CH3CN) containing axial carbonyl, chloro, and acetonitrile
ligands were prepared (Fig. 15). X-ray crystallographic analysis shows
that the cobalt centers in these complexes again have the distorted
trigonal-pyramidal coordination geometry, but in contrast to the
previously discussed Co(I) precursors, the nitrogen is no longer
coordinated. Instead the axial ligand completes the coordination
sphere. Magnetic moments at ambient temperature are approximately
4.2-4.8 pg for these cobalt(II) complexes.

We found that a solution of [(TIMEN®1)ColCl (3*¥-Co) reacts
cleanly with dioxygen at room temperature to form the 1:1 cobalt
dioxygen species [((TIMEN*)Co(05)]" (Fig. 16, 3%}, -Co(0y)). Infra-
red, NMR, and X-ray crystallography establish the side-on binding
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Fic. 16. Molecular structure of [(TIMEN*)Co0(05)1" (3%-Co(0,)).

mode of the coordinated peroxo ligand. The '0-0 stretching
frequency of 890cm ™' is shifted to 840cm ™! in an 0, substituted
sample. The molecular structure reveals a six-coordinate cobalt(III)
ion in a pseudo-octahedral geometry. The dioxygen ligand is bound
in an #? side-on fashion, with an O-O distance of 1.429 (3)A. The
coordination sphere is completed by the three carbenoid carbons and
the anchoring nitrogen atom. The formation of this octahedral complex
with TIMEN is noteworthy as it highlights the great structural
flexibility of this type of ligand system.

The coordinated dioxygen in 3*¥-Co(0,) is nucleophilic and reacts
with electron-poor organic substrates such as benzoyl chloride,
malonitrile, and tetracyanoethylene to transfer a single oxygen
atom. A mechanism involving a homolytic Co—O bond cleavage has
been proposed (33). The nucleophilic character of 3*¥-Co(0s) was
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/'?' i ¥
N N’ Sol— R Me, MeO
.—"
0
Q/ 9\ -35°C, -Ny
R=H (3"-Co) R = H: R’ = OMe (3"'-Co(N(p-PhOMe)); R’ = Me (3*'-Co(N(p-PhMe)
R = Me (3"*-Co) R =Me: R’ = OMe (3™*-Co(N(p-PhOMe)); R” = Me (3™-Co(N(p-PhMe)

Fic. 17. Synthesis of cobalt(III) imide complexes.

supported by DFT calculations, which showed that the HOMO mainly
consists of the dioxygen n* orbital.

The cobalt(I) complexes also react with organic aryl azides to form
the terminal cobalt(III) imido complexes [(TIMEN“")Co(NAr®)ICl
(Ar = xyl, mes, R = p-PhMe, p-PhOMe) at —35°C (Fig. 17). These
deep-green complexes are fully characterized, including 'H NMR,
IR, UV-Vis spectroscopy, and combust10n analys1s (10). These are
dlamagnetlc (d® low-spin, S = 0), and the "H NMR spectra suggest a
Cs-symmetry of these molecules in solution.

The molecular structure of [([TIMEN™**)Co(N(p-PhOMe))]* (3™°%-Co
(N(-PhOMe)), presented in Fig. 18, shows a pseudo-tetrahedral
geometry featuring a short Co—Njniq, bond (1.675 (2)A) (36). This
short distance, together with an almost linear Co-N-C angle of
168.6(2)°, indicates strong multiple bond character within the Co-NAr
entity. According to DFT studies, this bond is most accurately
formulated as a double bond (36).

B. Urantum: METAL-ALKANE COORDINATION

Aware of the enhanced reactivity of trivalent [(“B"ArO)stacn)U]
towards “non-innocent” solvents, such as ethers and chlorinated
solvents, the reactivity of this molecule was challenged by exposure
to nore inert solvents like alkanes. Remarkably, recrystalhzatmn of
4"Bu.U from pentane solutions containing various cycloalkanes, i.e.,
methylcyclohexane, afforded the coordination of one cycloalkane
molecule to the electron-rich U center (Scheme 4) (37).

The X-ray diffraction analysis of these complexes (4°B"-Ua—4"B".Ue)
revealed atom positions and connectivities of one molecule of alkane
in the coordination sphere of the uranium(III) center and a second
molecule of cycloalkane co-crystallized in the lattice. Molecules
4"Bu.Ua—4"BY.Ue are isostructural and isomorphous. The molecular
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Fic. 18. Molecular structure of [(TIMEN™®)Co(N(p-PhOMe))]*
(3M5-Co(N(p-PhOMe)).

L
H'H
0 i
“UN
—0 ‘\'J;
o.LCN 50 equiv C, NSU—L » cy-Cn
Q\U ) L/ A
—_—
AR = N
NL|./N n-pentane 0/\/ cyclo-C6 4%®.Ua
0 cyclo-C5 4'84.Ub
Me cyclo-C6 4™BY-Uc
Me cyclo-C5 4'BY-Ud
neo-Cé/cy-C5 4%BY-Ue
4tBu_U 4tBu_Uc

ScHEME 4. Synthesis of [((B"ArO)stacn)U(alkane)] - (cy-alkane).

structure of 4“P"Ue is presented in Fig. 19, and is representative
of the series of uranium-alkane complexes The U—O(ArO) and U-N
ligand distances of all alkane-adducts 4°B"-Ua—4"B".Ue vary from
2.24 to 2.26A and 2.67 to 2. 69A respectively (37), and thus, are
similar to those found for the uranium(III) starting materials.

Most interestingly, the U-carbon bond distances to the axial
cycloalkane d(U-C1S) in 4*P".Uc and 4°B".Ud were determined to
be 3.864 and 3. 798A with the shortest U-carbon bond dlstance of
3.731A found in the solid-state structure of complex 4°B".Ue.
Considering that the sum of the van der Waals radii for a U-CH, or
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Fic. 19. Molecular representation of [((*B"ArO)stacn)UM¢cy-C6)],
(4"B".Uc). The dotted lines emphasize the n2H,C alkane coordination.

U-CHgy contact is 3.9A (38,39),! the shorter U-C distances found in
complexes of 4°B".Ua to 4"B"-Ue are indicative of a weak but sig-
nificant orbital interaction. Upon closer inspection, the structures
of 4°B".Ua—4"P".Ue exhibit short contacts between the peripheral
tert-butyl groups and the axial alkane ligand (2.12 and 2.71 A), thus,
the observed alkane coordination may be additionally supported by
van der Waals interactions. X-ray diffraction analysis of complexes
4"BuUec—4"B.Ue allows for calculation of the hydrogen atoms in
proximity to the uranium center (calculated positions; d(C-H) =
0.96 A). For all structures, an nZ—H,C coordination mode is observed
that seems to be favored for the metal-alkane binding (37).

As with the starting complex, 4°P".U, the uranium ion is displaced
below the plane formed by the aryloxide ligands by 0.66A for
complexes 47B".Uc—4"B".Ue. This out-of-plane shift varies with U
oxidation state and axial ligand strength. A more in depth discussion
of this trend will be presented later.

C. Urantum: C1 COORDINATION AND ACTIVATION CHEMISTRY

The greenhouse gas COy is a valuable and renewable carbon source
for the production of fine chemicals and fuels because it is readily

The methyl group, CHs, as a whole is assigned the van der Waals radius 2.0 A According to
Pauling, the methylene group, CH, can be assigned the same value. The van der Waals radius for
uranium was taken as 1.9A.
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Fic. 20. Coordination modes in mononuclear M-CO5 complexes.

available and inexpensive. There has been much interest in metal-
mediated multi-electron reduction of carbon dioxide. Coordinating
carbon dioxide and carbon monoxide to a highly reducing metal such
as uranium offers the possibility for metal-mediated multi-electron
reduction of these molecules. For instance, the molecule [(Cp)sU(CO)],
first synthesized in 1986 by Andersen et al., was crystallographically
characterized (40) as derivatives in 1995 (41) and 2003 (42).
Encouraged by the remarkable reactivity of our complexes and
multiple coordination possibilities for CO, (Fig. 20) and CO, we set
out to explore this possibility for CO5 and CO activation and reduction
with our highly reactive, sterically protected uranium(III) complexes.

C.1. Carbon monoxide and carbon dioxide activation assisted by

[(*B*ArO) stacn)U]

A pentane solution of coordinatively unsaturated, trivalent 484U
cleanly reacts with carbon monoxide by binding and activating the
CO, resulting in rapid and quantitative formation of u-CO bridged
diuranium species [{(*B*ArO)stacn)U}o(u-CO)] (47 B2-U(CO)), Scheme 4)
(43). Infrared vibrational spectra of this material reproducibly show
a band at 2092cm™' (in Nujol) suggestive of a CO ligand. However,
this frequency appears to be rather high for a coordinated and
activated CO molecule. Despite numerous attempts, CO isotopomers of
4B U(CO) could not be synthesized. This puzzling lack of success
in isotopomer synthesis is likely due to impurities in commercially
available sources of CO isotopes that, among other impurities, contain
up to 20 ppm CO4 and Oy, which by themselves react rapidly with the
UII) precursors.

The molecular structure of 4°B“-U(CO) was characterized crystal-
lographically and revealed an isocarbonyl-bonding motif, which is
unique in actinide chemistry (Fig. 21) (43). A reBresentative struc-
ture [{("B*ArO)stacn)U}o(u-CO)] in crystals of 4°B*-U(CO)-3 C¢Hg,
(Fig. 20) was modeled by employing an asymmetric U-CO-U entity,
with one short U-C bond and a longer U-O isocarbonyl interaction,
disordered on two positions at the inversion center (rhombohedral
space group R-3). The molecular structure of 5 exhibits two staggered
[((*B"ArO)stacn)U]-fragments linked via a linearly bridged CO ligand
in a pn',n' fashion. The resolution of the data is limited and,
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Fic. 21. Molecular representation of [{((B"ArO)stacn)U}s(p-CO)]
(4°P*.U(CO)) and [{((“P"ArO)stacn)U}z(p-N3)] (4°P*-U(N3)U).

therefore, no reliable bond distances between the CO ligand and the U
center can be provided. Considering the unusual frequency of the
v(CO) stretch and the crystallographic disorder, it should be
emphasized that the corresponding dinitrogen-bridged species could
not be synthesized, neither under 1 atm nor an overpressure (80 psi) of
Ny gas, rendering the assignment of the disordered bridging CO-atoms
unambiguous.

The U-O(ArO) and U-N(tacn) distances in 4“B“-U(CO) were
determined to be 2.185 (5) and 2.676 (4)A. This U-N(tacn) bond
distance is very similar to that found in the [((“P"ArO)stacn)U]
fragments of [(“P"ArO)stacn)U(alkane)] (d(U-N(tacn)) = 2.676 (6) A)
(29) and [((“B"ArO)stacn)UNNCCH3)] (d(U-N(tacn)) = 2.699 (6) A) (37).
In contrast, the average U-O(ArO) bond distance in 4*B*-U(CO) is
significantly shorter than those found in structurally related trivalent
[("BU"ArO)stacn)U] complexes.

The displacement of the uranium ion out of the idealized trigonal
aryloxide plane towards the coordinated triazacyclononane polyamine
chelator in 4°B"-U(CO) was determined to be only -0.377A. A
diagram depicting this structural parameter for known complexes of
the [(“B"ArO)stacn)U(L,y)] type clearly illustrates a linear correlation
of higher oxidation states with smaller out-of-plane shifts (Table II)
(37,43,44). Based on this correlation and in agreement with the
crystallographic disorder, 4°B®-U(CO) can be assigned an average
oxidation state of +3.5, suggestive of a mixed-valent uranium(III/IV)
species. We suggested that 4“®"-U(CO) forms via a charge-separated
U(IV)-CO"~ intermediate, which reacts with excess 4°B"-U to yield the
formally mixed-valent U(IV)}-CO-U(III) species 4 B*-U(CO).

In this context, the p-azido-bridged U(III/IV) species [{(L)U}Q(M-Nﬁ)]
(4"BYU(N3)U) was synthesized by reacting [(L)UY(N3)] with [LU™]
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Uy + co —— ["BULU(u-CO)
4'Bu.y(cO)

EBULU-Ng + PBULY —— [PULUL ()

ogll\l’/‘f 4BU-U(N,)U
pd | L1
N N 3
L YBuLy + €O, == ["P'LUL(u-CO,)
0. M
[**“LUL(u-0) + CO -
48U you

ScHEME 5. Synthesis of [{(("B"ArO)stacn)Ule(p-0)]1 4 B*-UOU),
[{((*"B"ArO)stacn)U}s (n-CO)] (4B*U(CO)), and [((*B"ArO)stacn)U
(n-N3)1 4" B UN3)U).

to serve as an isostructural (and isomorphous, rhombohedral space
group R3) analogue of triatomic-bridged intermediate IM (see later) as
well as an electronic model for mixed-valent 4“B*.U(CO) (Scheme 5).
The out-of-plane shift found in mixed-valent 4" B“-U(N3)U (-0.368 A)
is virtually identical to 4*B-U(CO) (Table II) and thus supports the
charge-separation proposed for mixed-valent 4 B"-U(CO).

Addition of COs-saturated pentane to the deeply colored solution of
red-brown 4°B".U in pentane affords a colorless solution and
subsequent formation of a pale-blue solution and CO gas. The pale-
blue material was identified as the known p-oxo bridged diuranium
(IV/IV) complex [{((‘B*ArO)stacn)Uly(u-0)] (47B*-UOU, see earlier)
(43). The driving force for this remarkable 2e cleavage reaction of the
thermodynamically stable CO5 molecule likely is the concerted two ion
UII) to UAV) oxidation, the most stable oxidation state in this
system. Additionally, this reaction is sterically facilitated by the
ligand environment. Attempts to isolate this colorless intermediate
via solvent evaporation in vacuum resulted in recovery of 4*Bu.U
(Scheme 5). We suggest a dinuclear COs-bridged diuranium species
IM as a possible intermediate. The reaction of 4*B"-U with CO, is
reminiscent of the reductive cleavage of COS by [(Cp')3U] (Cp’' =
MeCsH,), proceeding via a COS-bridged intermediate (45,46). Accord-
ingly, complete 2e reduction of CO to yield CO and 4°B*-UOU likely
proceeds stepwise via a fleeting COq-bridged intermediate, colorless
IM, that is in equilibrium with 4*B"-U and CO.,.

C.2. Carbon dioxide coordination and activation assisted
by [((A9ArO)stacn)U]

Due to the dimerization products formed by complex 4°B"-U, it
seemed likely that the tert-butyl derivatized ligand did not provide
sufficient steric bulk to obstruct a complete 2e™ reduction of CO, to
CO. To further study this unique CO, activation at the electron-rich
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uranium center, the adamantyl compound, [(A9ArO)stacn)U] 424-U),
was used as it provides greater steric bulk and allows for better
protection of the open uranium coordination site.

Exposure of intensely colored [((*?ArO)stacn)U] (4%9-U) in toluene
or solid-state to CO, gas (1 atm) results in instantaneous discolora-
tion of the samples (44). Colorless crystals of [(AYArO)stacn)U(CO,)]
(449.U(CO,)) was isolated from a saturated CHyCly/Et,O solution.
The infrared spectrum (nujol) exhibits a distinct vibrational band
centered at 2188 cm !, indicative of a coordinated and activated CO,
ligand, which shifts to 2128 cm™~! upon exposure to 13 CO. The 2C/*3C
isotopic ratio R(2188/2128) of 1.0282 is close to that of free COy gas
(R 2349/2284 = 1.0284), suggesting the same linear geometry as free
COy and the same carbon motion in the vs (v,,OCO) vibrational mode.
While the assignment of this vibrational band is unambiguous, we
note that the v,(OCO) found in 449-U(CO,) is significantly lower
than frequencies observed for other mononuclear M-CO; complexes
with carbon-(n!-CO,) and carbon—oxygen bound (n2.-0OCO) bent CO,
ligands, in which v,((OCO) were reportedly found between 1550 and
1750cm ™" (47).

In mononuclear complexes, such as Aresta’s archetypal
[(Cy3P)oNi(CO3)] (Cy = cyclohexyl) (48,49) and Herskowitz’s
[(diars)sM(CO3)(C])] (diars = o-phenylene bis(dimethylarsine); M = Ir,
Rh) (42), the CO,, ligand is coordinated in a bent n'-COs or n%-0OCO
fashion, the only previously known coordination modes for M-CO,
complexes (Fig. 22). Among the few structurally characterized M-CO,
complexes (47), only [(CysP)oNi(COs)] (50) and [(bpy)oRu(CO2)(CO)]
(51) are shown here for illustrative purposes.

Fic. 22. Structural representations of the bent nl-C02 (left, [(bpy)2Ru
(CO3)(CO)]) and n2-0OCO (right, [(CysP)s:Ni(CO3)]) coordination modes
(CCDC codes: VUDKIO (left), DAJCUM (right)).
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The linear metal-CO; coordination mode has been implicated in
biological processes such as photosynthesis and previously had been
suggested for the crystal structure of the iron-containing enzyme
a-ketoglutarate reductase (562). Therefore it appears likely that end-on
O-coordination is critical for binding, activation, and, most impor-
tantly, C-functionalization of the bound CO5 molecule.

Analysis by X-ray diffraction of the colorless single-crystals obtained
from the reaction of 444-U with CO, confirmed the presence of a
linearly coordinated 5'-OCO fashion and, more importantly, signifi-
cantly activated COs ligand. The COy ligand in [(*?ArO)stacn)U(CO,)]
2.5 Et,0 (424-U(COy) 2.5 Et,0) is presented in Fig. 23 (44). This CO,
coordination mode is previously unprecedented in synthetic coordina-
tion chemistry and is likely facilitated by the adamantyl substituents
of the aryloxide pendant arms. The U-OCO group has a U-O, bond
length of 2.351 (3) A, a neighboring C-O bond length of 1.122 (4) A, and
a terminal C—O bond length of 1.277 (4) A. The respective U-O-C
and O-C-0 angles of 171.1(2)° and 178.0(3)° are close to linear.

These metric parameters along with the redshifted frequency of
the vibrational bands (v3: v&co = 2188cm™ !, v co =2128cm™)
strongly suggest a molecular structure with charge-separated reso-
nance structures UIV)=0=C"-0~ < U(III)—"0=C-O". The UII)
ion is either coordinated to a charge-separated CO5 ligand or oxidized
to UIV) causing the COy ligand to be reduced by one electron and
resulting in activation of the inert C=—0 double bond.

It is interesting to compare structural and spectroscopic features
in a systematic study, by comparison of the unique U-CO, complex
(424.U(COy)) to analogous complexes. In the following section, we
will compare 4294-U(COy) to the series of complexes [(*4ArO)stacn)
UM L)I™" (n =111, IV, V, VI; m = 0, 1; and L. = CH3NC, N5, CHsNCN ™,
OCN™, and RN?") and discuss whether or not the bound CO, ligand

178.0(3)
171.1(2)

2.138(2)
2.608(2)

2.717(2)

Fic. 23. Molecular representation of [((AdArO)gtacn)U(ocoz)] (42.U(CO0y),
left) with core structure and metric parameters (right) in A and deg.
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in [(*9Ar0O)stacn)U(CO,)] is “activated” or “reduced” and if so, to what
degree.

It was emphasized earlier that the U(III) starting complexes are
deep red-brown in color. Upon addition of anionic ligands such as azide
and isocyanate, however, the color bleaches and the result is colorless
U(IV) complexes. Exposure of toluene solutions or even solid samples
of deeply red-colored 444-U to CO, gas resulted in instantaneous
discoloration and, eventually, colorless crystals were obtained. Its
solution UV/vis/NIR electronic absorption spectrum is strikingly
similar to all other U(IV) complexes synthesized in this study. All
other spectroscopic evidence, including advanced techniques, such as
single-crystal diffraction, X-ray absorption, and SQUID magnetization
studies, as well as the standard laboratory spectroscopy techniques
that were accumulated so far suggest that the U ion in 449-U(COy)
is oxidized by 1e™ and thus, the COg ligand is reduced to a CO5~ radical
anion.

The molecular structure of 444-U(COy) already revealed bond
distances of the coordinated COy ligand that were quite different
from those of the symmetrical free CO; and thus, suggested a
significant degree of ligand reduction. The uranium ion’s displacement
from the idealized trigonal plane of the three aryloxide ligators further
implies the U ions oxidation upon CO; binding. While the out-of-plane
shift in precursor 449-U was determined to be —0.88 A, the U ion in
429.U(CO,) and all other U(IV) heterocumulene complexes of the
[(A4ArO)stacn)UV(X)] system is displaced only 0.29-0.32A below
the plane (Fig. 24) (53). In fact, an extrapolation of all available
out-of-plane shifts vs. oxidation state places the two complexes
with ambiguous oxidation states — [(A*?ArO)stacn)U(COy)] and
[{((*BUArO)stacn)U)e(u-CO)] — correctly at +4 and +3.5.

TABLE II

SUMMARY OF OUT-OF-PLANE SHIFT CORRELATION WITH OXIDATION STATE
Oxidation state Out-of-plane shift (in A) Complex (Lyy)
3 -0.66 4"BuUc
3 -0.442 4 CH3;CN
3.5 -0.377 5 p-CO
3.5 —-0.368 6 p-Ng
4 —-0.308 7 0CO
4 -0.318 9 N;
4 -0.290 14 Cl
4 -0.301 12 NCO
4 -0.318 13 NCNMe
4 -0.292 10 N;
5 -0.151 8 NsiMe
5 —-0.147 8b NCPhg
5 —-0.188 11 NsiMe
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Fic. 24. Plot of out-of-plane shifts vs. oxidation state for complexes
[(FArO)stacn)U(Lay)].

Spectroscopic data further support an intramolecular redox
reaction upon COy coordination to 444-U. The vibrational spectrum
of 429.U(CO,) exhibits a band at 2188 cm ™! that shifts to 2128 cm ™!
upon '3C isotope labeling. Although this band can be assigned
unambiguously to the asymmetric stretching vibration of the coordi-
nated CO, ligand, a significantly higher redshift is expected for a
le” reduced CO; ligand. Accordingly, upon initial observation, a
comparison of CO, stretching frequencies to those of known M—CO,
complexes, which feature signals v(COs) between 1600 and 1750 cm ™%,
suggests that the activation found in 449-U(COs) cannot be a
“complete” one-electron reduction. However, considering the linear
n*-0CO coordination mode in 449-U(CO,), which is unprecedented, a
comparison of vibrational freqzuencies with complexes that possess bent
C- (n*-C00) or C,0-bound (n%.-0CO) CO, ligands may not be valid.

SQUID magnetization measurements of 4*4-U(COs) were recorded
and compared to the large number of similar complexes (Fig. 25). The
magnetic moment pg of 424-U(CO2) was determined to be 2.89 up at
300K and 1.51pug at 5K. Although the room-temperature moment
of 424.U(COy) is close to the magnetic moment found for the azide
complex 424-U(Nj), the low-temperature value is similar to that of the
U(ID) (£ ) starting material 4494-U(1.73 ug at 5 K), which has a doublet
ground state at low temperatures. As mentioned earlier, the magnetic
moments of U(IID) (f ) and UIV) (f %) complexes at room temperature
are generally very similar and often do not allow for an unambiguous
assignment of the complexes’ oxidation state. The temperature
dependence of pg in the range 4-300 K, however, shows a curvature
reminiscent of data obtained for all closely related U(IV) complexes
of this type. Although U(IV) complexes possess a singlet ground state,
which typically results in magnetic moments of ca. 0.5-0.8 ug, the
magnetic moment of 4*4-U(COs) at low temperatures is significantly
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Fic. 25. Temperature dependant SQUID magnetization data for the U(III)
and UIV) complexes [((*9ArO)stacn)U] (444-U, -¢- ), [(*ArO)stacn)
U(Ny)] (4*9-U(N3), -W-), and [((**Ar0)stacn)U(CO»)] (4*4-U(COy), - @-).

higher, suggesting that the open-shell CO3;~, unlike the closed-shell
N3 ligand, likely contributes to the observed increased magnetic
moment of 424-U(CO,) at low temperatures. The temperature
dependence and low-temperature value of 424-U(CO,) are in agree-
ment with the description of the CO, ligand as a one-electron reduced
CO5 ™ radical anion coordinated to a U(IV) ion.

Finally, in order to unambiguously determine the uranium ion’s +IV
oxidation state in 449-U(CO,), UL; edge energy XANES measure-
ments of the isostructural complexes [(*4ArO)stacn)U™(L)]"* (with
L = CH5CN, N3, and Me3SiN?~, m =IIL, IV, V, and VI, and n = 0,1)
were performed and compared to 4*4-U(COy). However, preliminary
data analysis shows the UL;3 edge energy for [(*ArO)stacn)U(CO,)]
is virtually identical to that measured for the uranium IV complex
[(A4ArO)stacn)U(N3)]. This observation confirms the +IV oxidation
state in [(*ArO)stacn)UY(n'-CO;7)], implying that the coordinated
carbon dioxide ligand is in fact reduced by one electron. Future
computational studies will attempt to shed light on the peculiar
electronic structure and spectroscopic features, such as the complexes
relatively low v,4(CO5) redshift.

IV. Conclusions

Herein we have reported the synthesis, characterization, and
reactivity of both transition metal and actinide elements supported
by tripodal ligand scaffolds. The carbon-anchored ligands TIME
normally form polynuclear species while the nitrogen-anchored ligands
TIMEN can coordinate to transition metals in a 1:1, x® fashion,
rendering the coordinated metal centers in well-protected pockets.
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Particularly promising are the aryl-substituted TIMENA" ligands that
give rise to coordinatively and electronically unsaturated transition
metal complexes. The cobalt complexes of these ligands show interest-
ing reactivities towards dioxygen and organic azides. Our laboratory
has also shown that tripodal aryloxide-functionalized triazacyclononane
ligands can effectively encapsulate the highly reactive uranium center.
Unique binding and small-molecule activation at low-valent uranium
centers, resulting in potentially effective agents for functionalization of
otherwise inert molecules, was observed. Contrasting the reactivity
between the ¢-butyl and adamantyl ligand derivatives has shown that
there is an extreme difference in the reactivity of small molecules such
as carbon dioxide. By developing a family of well-protected uranium
complexes and examining the reactivity with small molecules, general
trends can be established for these systems, including a correlation
between the oxidation state and geometrical parameters. Herein,
several examples of tripodal ligand systems were described, including
both the synthesis and metalation of these important molecules. All of
the resulting complexes described are distinctive as they represent a set
of isostructural complexes possessing a range of metals, oxidation
states, and differing electronic and magnetic behaviors. This presents
a benefit for the understanding of fundamental transition metal and
actinide chemistry — uranium in particular. These ligands open the door
for exploration of the nature of covalency and the role of f-orbitals in
actinide-ligand bonding can be advanced.
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I.  Introduction

Oxidation states of ruthenium ranging from +VIII to -II render
ruthenium complexes a unique scaffold for both oxidations and
reductions. We review here some of our results in both areas
employing an enzyme-like design, i.e., suitable ruthenium complexes
are covalently attached to B-cyclodextrins (B-CDs) which combines the
site of reactivity with a binding pocket for lipophilic substrates.
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Il.  Mimicking the Enzymatic Cleavage of Carotenoids
A. TuE CENTRAL CLEAVAGE OF (-CAROTENE

The central cleavage of p-carotene 1 is most likely the major
pathway by which mammals produce the required retinoids (1), in
particular, retinal 2, which is essential for vision and is subsequently
oxidized to retinoic acid 3 and reduced to retinol 4. An alternative
excentric cleavage of 1 has been reported involving scission of the
double bond at C7-C8’ producing B-8-apocarotenal 5 (2a,2b) which is
subsequently oxidized to 2 (Fig. 1) (2¢). The significance of carotene
metabolites such as 2, 3 and 4 to embryonic development and other
vital processes such as skin and membrane protection is a major
concern of medicinal chemistry.

The enzyme catalyzing the formation of retinal 2 by means of central
cleavage of B-carotene 1 has been known to exist in many tissues for
quite some time. Only recently, however, the active protein was
identified in chicken intestinal mucosa (3) following an improve-
ment of a novel isolation and purification protocol and was cloned in
Escherichia coli and BHK cells (4,5). Iron was identified as the only
metal ion associated with the (overexpressed) protein in a 1:1
stoichiometry and since a chromophore is absent in the protein heme
coordination and/or iron complexation by tyrosine can be excluded.
The structure of the catalytic center remains to be elucidated by X-ray
crystallography but from the information available it was predicted
that the active site contains a mononuclear iron complex presumably
consisting of histidine residues. This suggestion has been confirmed by

central cIeavagel

NN CH20H N CHO excentric
cleavage
4

-
/ 2
T Y
8

5

W COOH
3

Fic. 1. Central and excentric cleavage of B-carotene 1.
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Fic. 2. Active site of apocarotenoid-15,15-oxygenase, adapted from Schulz
et al. (2c).

investigation of the related enzyme apocarotenoid-15,15-0xygenase
(ACO) from Synechocystis sp. PCC 6803. The protein was expressed in
E. coli and has been recently crystallized (2¢). B-Carotene itself is not
a substrate but rather all-E apocarotenal 5. The X-ray structure of
the protein displays a nearly perfect octahedral coordination of four
histidines and one water molecule to Fe(Il) (Fig. 2); similar to the
active site suggested for the enzyme which catalyzes the central
cleavage.

Comparison within the family of carotenoid oxygenases show that
the four histidines are strictly conserved as well as their close
environment. Presumably, all members of this family, including the
protein catalyzing central cleavage of B-carotene, share a common
chain fold, possess similar active centers and follow a similar reaction
mechanism, vide infra.

The enzymatic reaction mechanism was determined by incubating
a-carotene 6, a non-symmetric substrate of the enzyme, under a 170,
atmosphere in H3?O followed by isolation and characterization of
derivatives of the cleavage product 2 (6). Accordingly, the enzyme
cleaving the central double bond of 1 was found to be a non-heme iron
monooxygenase (B-carotene 15,15-monooxygenase) and not dioxygen-
ase as termed earlier (Fig. 3). From the chemical point of view this
enzymatic reaction is very unusual for various reasons: (i) the reaction
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Fic. 3. The reaction mechanism of the central cleavage of carotenoids,
catalyzed by B-carotene 15,15’-monooxygenase (6).

proceeds completely regiospecific oxidizing only one E-configured,
conjugated double bond out of nine in the linear part of the molecule;
(ii) the proposed mechanism implies a multistep sequence including
epoxidation, see 8, an epoxide hydrolase reaction and C-C bond
cleavage of the diol 9. For each of these steps enzymatic reactions are
known to exist. Epoxidation is known to be catalyzed by cytochromes
P450 (7).

As well as non-heme oxygenases (8), epoxide hydrolases of bacterial
origin have been developed so far as to become preparatively useful (9)
and P450 catalyzed diol cleavage occurs during the side chain cleavage
of cholesterol (10) and during the biosynthesis of biotin (11).
Alternatively and in agreement with the labeling experiments the
cleavage of 6 and 1, respectively, could proceed via a Crigee-type
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Fic. 4. Crigee-type mechanism to cleave carotenoid double bonds.

mechanism as shown in Fig. 4. A sequence of these events, however,
catalyzed by a single enzyme is quite unique in particular for a non-
heme monooxygenase.

Therefore, it is highly challenging to an organic chemist to design
a synthetic catalyst which in principle can act the same way as the
natural one does, to produce retinal 2 by selectively cleaving just the
central C(15)-C(15’) double bond of B-carotene 1. Moreover, the mimic
would definitely help to understand a plausible reaction pathway of
this very special class of enzymes.

B. DeEsiGN AND SYNTHESIS OF ENzyME Mimics OF -CAROTENE
15,15'-MONOOXYGENASE

To mimic the regioselective enzyme we envisaged to synthesize
receptor 10 having the following fundamental criteria, namely (i) the
association constant, K, of 1-10 is in orders of magnitude greater than
that for retinal 2 to rule out any sort of product inhibition;
(i) introduction of a reactive metal complex which is capable of
cleaving E-configured double bonds; and (iii) the use of a co-oxidant
that is not reactive to B-carotene 1 in the absence of the metal complex.

After initial molecular modeling studies using the MOLOC program
(12), the supramolecular construct 10 consisting of two B-CDs moieties
linked by a porphyrin spacer was designed for the binding of 1. Each of
the CDs was shown to be capable of binding one of the cyclohexenoid
end-groups of B-carotene 1, leaving the porphyrin linker to span over
the long polyene chain, that also shows, at least in static view, that the
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B-cyclodextrin

11, inclusioncomplex of 1~10 11, view from the secondary face
of B -cyclodextrin

Fic. 5. Inclusion complex of B-carotene 1 and the receptor 10.

15,15'-double bond would of 1 be placed under the reactive metal
center (Fig. 5). Although the enzyme is known to be a non-heme
monoxygenase the porphyrin has been chosen as a metal ligand due to
structural and photophysical features, vide infra. In the absence of 1,
different conformations of 10 are possible due to the rotation of the
single bonds around the ether linkages; in the presence of 1, however,
an induced fit should be observed yielding the inclusion complex 11.
Free-base porphyrins, such as 10 or its corresponding Zn complex 12
display a characteristic fluorescence at around 600-650 nm and the
ability of carotenoids to quench this fluorescence was envisioned as
a sensitive probe for the binding interaction of the two entities in an
aqueous medium. It can be reasonably postulated that a CD dimer
such as 10 and 12 should be capable of providing a K, for 1 in the
region of 10°-10” M. Further, one can expect K.1-12)>K,1-10) due to
conformational differences of the respective porphyrin macrocycles.

The syntheses of the receptors 10 and 12 were carried out by
the treatment of bisphenol porphyrin 13 and its Zn complex 14,
respectively, with portionwise addition of a large excess of
B-cyclodextrin-6-O-monotosylate (CD-Tos) 15 using caesium carbonate
as base in N,N dimethyl formamide (DMF) (Fig. 6) (13).



B-CYCLODEXTRIN-LINKED Ru COMPLEXES 37

TsO

15 0
- 5 o 2 o)
Cs,CO; - DMF O

or DBU-DMF &
13, M =2H 10, M =2H
14, M =2Zn 12, M =Zn

Fic. 6. Syntheses of receptors 10/12.

The fluorescence quenching experiments (Fig. 7) revealed a binding
constant K, (1_12)=8.3 x 10°M~'. Due to its saddle-shaped con-
formation, the metal-free porphiyrin 10 displays a smaller binding
constant K, (1_10)=2.4 X 10°M~! (13). This satisfied the first of our
strategic criteria for mimicking the biological system, as the binding
constant for retinal 2 to -CDs is smaller by three orders of magnitude
and hence, no product inhibition should be expected after the oxidation
of central double bond of B-carotene 1.

For the choice of a metalloporphyrin capable of cleaving E-configured,
conjugated double bonds, we chose a ruthenium porphyrin because
preliminary experiments with (E, E)-1, 4-diphenyl-1,3-butadiene 17
and the complex 18 in the presence of tert-butyl hydroperoxide (TBHP)
looked promising giving aldehydes 19 and 20 in good yield (Fig. 8) (14).
The advantage of co-oxidants such as TBHP (or cumene hydroperoxide)
is the inertness towards olefins in the absence of metal complexes.
Accordingly B-carotene 1 showed no degradation within 24h when
treated with excess of TBHP alone.

A possible mechanism for this transformation, similar to the proposed
enzymatic cleavage of carotenoids (Fig. 3), involves O—Ru=—0
porphyrin 21 catalyzed epoxidation of 17 to 22, followed by nucleophilic
attack of TBHP and ring opening with assistance of 23. Subsequent
fragmentation yields the aldehydes (Fig. 8).

Finally the synthesis of the bis-cyclodextrin Ru porphyrin receptor
24 was pursued in analogy to the preparation of 12 as described
earlier, and the stage was set to attempt carotenoid cleavage. A
biphasic system was established in which carotenoids are extracted
from a 9:1 mixture of hexane and chloroform into water phase
containing 24 (10 mol%) and TBHP. The reaction products, released
from the receptor, were then extracted into the organic phase. Aliquots
of which were subjected to HPLC conditions using C30 reverse phase
column and detecting the signals at the respective wavelength of
the formed apocarotenals and retinal, respectively, using a diode
array UV-Vis detector. Quantification was done by means of external
calibration curves. Various carotenoids 1 and 25-27 were investigated
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Fic. 8. Ru porphyrin/TBHP-catalyzed double bond cleavage.

and exclusive cleavage of the central double bond was observed for 27
a substrate analogue of B-carotene 15, 15-monooxygenase (Fig. 9) (15);
the other carotenoids gave up to 25% bond scission at excentric double
bonds (16).

These results suggests that stronger hydrophobic interactions
between the aromatic end-group of 27 and the B-CD cavity are
favoring the 1:1 inclusion complex with the central double bond just
under the reactive O —Ru—0 center. In contrast, 1, 25 and 26 slide
within the CD cavity exposing three double bonds rather than one to
the reactive Ru=—0. Determination of the binding constant of 27
to the receptor 10 supports this interpretation, i.e., K, 27_10)=15.0 X
10°M~! which is about two times larger than K, 1-100=2.4 X 106M 1.

Thus the supramolecular enzyme model 29 (Fig. 10), binding
carotenoids purely by hydrophobic interactions, catalyzes the cleavage
of these polyolefins like the enzyme B-carotene 15,15-monooxygenase.
The regioselectivity of the enzyme model, however, depends on specific
interactions of the end-groups of carotenoids, reflected in different K,
values, with the hydrophobic interior surface of the -CDs. In contrast,
B-carotene 15,15-monooxygenase exclusively catalyzes the bond
scission of the central double bond of all natural carotenoids
investigated so far. Even artificial substrates such as 27 and 30,
lacking one methyl group in the polyene, are cleaved at the central
double bond (Fig. 11) (17). However, we observed two exceptions from
the rule (18). The synthetic carotenoids 31 and 32, originally designed
as inhibitors, turned out to be substrates being cleaved at the
C14'-C15’ double bond (Fig. 11). These results hint to hydrophobic
interactions of the aromatic rings, placed in the center of the
carotenoids, to aromatic residues of the ligand sphere of iron, most
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Fic. 9. Cleavage of the substrate analogue 27 by the enzyme mimic
24+TBHP.

29

Fic. 10. Structure of the supramolecular catalyst generated in situ from
24 and TBHP.
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cleavage site of the enzyme

Fic. 11. Regioselectivity of B-carotene 15,15-monooxygenase action on
non-natural substrates.

likely to the histidines. As a congsequence the substrate is “moved”
within the active site by about 1.5 A exposing the double bond adjacent
to the usual one. Accordingly, hydrophobic interactions are significant
to the regioselectivity of oxidation in both the enzyme and the enzyme
mimic.

C. Tuae ExcENTRIC CLEAVAGE OF CAROTENOIDS

B-Carotene can also be cleaved enzymatically at double bonds other
than C15-C15’ producing apocarotenals such as 5 that can be further
degraded to retinal 2 (Fig. 12) (2a,2b).

To mimic this reaction our first approach aimed to construct 33,
a tube-like bis-p-cyclodextrin linked to a ruthenium porphyrin which
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N CHO
NN excentric
cleavage

apocarotenal T

cleavage Y
5

Fic. 12. Excentric cleavage of B-carotene.

was expected to bind 1 yielding the inclusion complex 34 which
exposes the double bonds at C12'-C8 to the ruthenium porphyrin
(Fig. 13).

The synthesis of the bis-B-cyclodextrin 35 is outlined in Fig. 14.
Interestingly, however, the X-ray structure of 36, the de-tosylated 35,
revealed that B-carotene would not be incorporated into both CD units
due to the unfavorable orientation of the diamide linker which blocks
the entrance to the second B-CD. In agreement with this result are
experiments with the target Ru complex 37 which displayed central
cleavage on B-carotene 1 yielding retinal 2 as the major product
(Fig. 15) (19).

Two other catalysts 38 and 39 were synthesized and employed for
excentric cleavage. Best results were obtained with 39 for which
attack at excentric double bonds of a diphenyl carotenoid 40 was
observed, albeit with low selectivity (Fig. 16).

D. SumMmmary

We have prepared B-CD-linked ruthenium porphyrins which
catalyze the central cleavage of carotenoids. This supramolecular
construct is a catalytically competent mimic of the enzyme B-carotene
15,15-monooxygenase, an enzyme we have isolated, overexpressed
and investigated the reaction mechanisms. Several modifications of
the binding site for lipohilic substrates such as carotenoids were
investigated in order to accomplish enzyme mimics for the excentric
cleavage of carotenoids. These approaches were met with limited
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Fic. 13. A model system for excentric cleavage of B-carotene.

success, we could indeed prepare a complex which preferentially
attacks excentric double bonds, the selectivity, however, to cleave
double bonds at C-14/, 12’, 10’ and 8 was low. After all, this is not a
surprise in view of the possible control of orientation of carotenoids in
a rather flexible binding site.

lll. Hydrogen Transfer Reactions Catalyzed by Ruthenium Complexes
Linked to B-Cyclodextrin

A. RurHENIUM CATALYZED ASYMMETRIC TRANSFER HYDROGENATION (ATH)
10 KETONES

The asymmetric reduction of prochiral ketones to their correspond-
ing enantiomerically enriched alcohols is one of the most important
molecular transformations in synthetic chemistry (20,21). The pro-
ducts are versatile intermediates for the synthesis of pharmaceuticals,
biologically active compounds and fine chemicals (22,23). The racemic
reversible reduction of carbonyls to carbinols with superstoichiometric
amounts of aluminium alkoxides in alecohols was independently
discovered by Meerwein, Ponndorf and Verley (MPV) in 1925
(24-26). Only in the early 1990s, first successful versions of catalytic
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Fic. 14. Synthesis and structure of a f-carotene receptor.

asymmetric MPV reactions have been reported using C; symmetric
chiral ligands. Pioneering efforts were made by the group of Pfaltz
using Ir(I) dihydrooxazole complexes (27) and the group of Genét using
chiral diphosphine Ru(Il) catalysts (28). Evans showed that lantha-
nide complexes with amino alcohol derived ligands (29) reduce
aromatic ketones with enantioselectivities up to 97%.

In 1996, Noyori and co-workers discovered that Ru(II) ®n-arene
complexes containing either a chiral 1,2-amino alcohol such as in 41
or a chiral N-monotosylated 1,2-diamine ligand, see 42, serve as
excellent catalysts. It was a breakthrough for catalytic ATH reactions
to ketones in terms of enantioselectivities, catalyst loading and
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central cleavage

OHCW

2

Fic. 15. Cleavage of B-carotene with the bis-f-cyclodextrin Ru complex 37.

Fic. 16. Two further catalysts 38 and 39 which were employed to
accomplish excentric cleavage of the substrate 40.
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substrate scope (30). For example, acetophenone can be reduced
quantitatively to its corresponding (S)-alcohol with up to 98% ee in the
presence of an azeotropic mixture of HCOOH/NEt; (Fig. 17). This
ATH system is strictly chemoselective, i.e., double bonds, halogens,
nitro groups and esters are not affected under such conditions. Several
efforts have been made in the past decade to improve the catalytic
properties by designing and employing new chiral ligands. Never-
theless, due to excellent reactivity, selectivity and low costs the system
described by Noyori remains the standard to which all new procedures
are related. Experimental and theoretical studies revealed that ATH
occurs via metal-ligand bifunctional catalysis (31), in contrast to
pathways involving metal coordinated alkoxides (32). The mechanism
proceeds through a concerted transfer of both a hydride and a proton
from the catalyst to the carbonyl passing via a pericyclic-like
transition state (Fig. 18).

, |
”, \ S\. “,, N ‘\\s _—
a“ JRul or 42 SRu
0 N Cl N Cl
HCH, Hy OH
X

X Ry
Z HCOOH/NEtg, 0.5 mol% cat, 28°C, 24h Z

quantitative yield
up to 99%ee, S

Y
D
‘_

Fic. 17. Noyori’'s ATH system using ruthenium complexes of chiral 1,2-
amino alcohols 41 and monotosylated 1,2-diamines 42, respectively.

OH O

2
X: O orNTs
N /_\ )
*

Fic. 18. Metal-ligand bifunctional mechanism in Ru(II) catalyzed ATH.
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Accordingly, ATH is a versatile method for the enantioselective
reduction of prochiral aromatic ketones. Aliphatic unconjugated
ketones, however, are only reduced in poor to moderate enantioselec-
tivities up to date (33-36).

We reasoned that this limitation is not due to the reactivity of the
ketones but rather a problem related to enantioface-differentiation
at prochiral sp? systems if the substituents are not distinct enough
in size. Hence, we believed Ru ®n-arene complexes linked to CDs
would be suitable since a sterically more demanding or simply longer
substituent (L) would bind to the cavity of B-CD such that the
difference between (L) and (S) becomes artificially greater and the
orientation of the substrate’s keto group relative to the Ru-H might be
triggered by the binding interaction of (L) to the B-CD cavity (Fig. 19).

CDs are cyclic oligosaccharides comprised of «-1,4-linked glucopyr-
anose units (37—40). The following properties make CDs attractive
components in organic chemistry and supramolecular catalysis/
enzyme mimics in particular: (i) CDs are water soluble; (ii) their
hydrophobic cavity can host a variety of lipophilic guest molecules;
(iii) their structure is well defined due to intramolecular H bonds;
(iv) the hydroxyl groups allow functionalization; and (v) CDs are chiral
and therefore applicable to enantioselective reactions. Exploiting
these features, in particular those of B-CD the cyclic heptasaccharide,
Breslow (41) started his pioneering work in the late 1970s mimicking
enzymatic reactions such as esterases. Several B-CD-based enzyme
models followed in the next decades (42,43). Regarding catalytic
reductions, Sugimoto compared the reduction of aryl trifluoromethyl
ketones with either NAH (nicotinamide without the dinucleotide part)
or sodium borohydride in the presence of B-CD. Enantioselectivities
exceeding 10% ee could not be observed at conversions ranging from
20% to 99% (44). A rare example exceeding 50% ee has been described
by Rao. Three out of 17 substrates showed ee’s higher than 60% in the
asymmetric reduction of azido arylketones using sodium borohydride
as the hydrogen source and stoichiometric amounts of p-CD, but no
aliphatic substrates were reported (45).

We believed that an enzyme-like system containing a substrate
binding site (B-CD) and an attached site of reactivity, a chiral Ru

RO,

OH

~. o
)Y A

selective hydride attack (S) alcohol

Fic. 19. CD complexation enhances the difference between substituents at
C=0 facilitating enantioface-selective hydride addition.
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complex, would be suitable to accomplish high enantioselectivity in
the hydrogen transfer reaction to aromatic and in particular to
aliphatic ketones, see for example Fig. 20. We report here part of our
ongoing studies regarding new B-CD-based Ru(Il) catalysts with Ru
ligands such as chiral amino alcohols, monosulfonated 1,2-diamines
and o-pycolyl amines as well as mechanistic insights into this
transformation.

B. ATH witHs RutHENTUM COMPLEXES OF AMINO ALcoHOL COMPLEXES
LINKED TO THE PRIMARY FACE oF -CYCLODEXTRIN

B.1. Reduction of aromatic ketones

In general, B-cyclodextrin-attached ligands to bind ruthenium were
prepared as shown for 43 in Fig. 21 (46). Substitution of commercially

“" H/N °
OH;L M’\/\/\/io){'

Fic. 20. Design of new p-CD-based Ru(IlI) catalysts for ATH to challenging
aliphatic ketones.
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Fic. 21. General synthesis of B-CD-linked ruthenium complexes; asym-
metric transfer hydrogenation is described as a metal-ligand bifunctional
mechanism according to (31).
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available B-CD tosylate 44 with amino ethanol 45 furnished the
crystalline B-CD derivative 43 in a single step. Treatment of 43 with
the Ru(Il) dimer 46 gave quantitatively Ru complexes such as 47; this
reaction can be controlled by 'H-NMR spectroscopy since protons
at C1, C2 and C6’ of 47 display downfield shifts by > 0.5 ppm relative
to 43. For catalytic reactions, the Ru complexes such as 48 were
formed in situ and subsequent ketone reductions were pursued in the
presence of excess sodium formate at room temperature during 12h.
Enantioselective reductions employing 48 and various substituted
acetophenones revealed up to 47% ee in favor of the R alcohol. Since it
is known from work by other research groups (47) that asymmetric
reduction catalyzed by Ru/amino alcohol complexes, lacking a CD unit,
is largely dependent on the chirality at the carbinol carbon atom (C1),
we prepared a series of ligands 43 and 49-62 (Fig. 21) to improve
enantioselectivity, reaction rate and catalyst loading. The correspond-
ing ruthenium complexes were first screened with p-Cl acetophenone
63 (Fig. 22).

Twelve out of 15 ligands show good to excellent yields. The only
unreactive one is the indanol amin ligand 54 with only 3% conversion.
Regarding enantioselectivities the best results were obtained with
the acyclic ligands 49 and 51. It was therefore decided to investigate
aliphatic ketones.

B.2. Reduction of aliphatic ketones using the ruthenium complex of 49

The ruthenium complex of 49 was chosen due to its easy accessibility
and because preliminary experiments had shown that simple non-
prochiral aliphatic ketones such as 4-methyl-cyclohexanone are
quantitatively reduced. This positive outcome encouraged us to test
various prochiral aliphatic ketones 64-75. The results using standard
conditions are summarized in Fig. 23. Most substrates could be
reduced in good yields and the enantioselectivities of six alcoholic
products are higher than 85%, 2-decanone 67 and geranylacetone 68
showed even ee’s of 95%, demonstrating that the concept works well
not only for aromatic ketones.

Some ketones 70, 72, 73 and 75 gave low yields most likely due to
low solubility in aqueous solution and small binding constants of the
inclusion complexes. It is important to note that double bonds were not
reduced in compounds 68-70 and styrene could be stirred at 50°C for
three days in the presence of the catalyst without alkane formation,
i.e., the reaction proceeds completely chemoselective. This is also
valid for the o- and B-ketoesters 76-79, though for these substrates the
enantioselectivities are low (Fig. 23).

The results demonstrate clearly the capacity of the catalytic system
to reduce aliphatic ketones enantioselectively which has not been
accomplished so far with other ruthenium catalysts under hydrogen
transfer conditions (46).
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(¢} OH
primary face Ligands 43, 49-62
CH,  [RuCly(CgHg)l,, H,O/DMF 3:1,12h,r.t. *“CH,
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,NH  OH S, NH  OH /NH  OH ,NH  OH S, NH  OH ,NH  OH
R R R R R R
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,NH  OH ,NH  OH /NH  OH ,NH  OH
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configuration of the product: (S) configuration of the product: (R)

Fic. 22. Reduction of 63 with various ruthenium amino alcohol complexes
attached to the primary face of B-CD; yield and ee of the resulting alcohol is
given below the ruthenium ligand.

B.3. Reduction of 63 with ruthenium complexes of monotosylated
1,2 diamines linked to the primary face of -CD

To improve the rate of reduction the amino alcohol ligand of the
ruthenium complexes was exchanged for monotosylated 1,2-diamine
ligands. For exploratory experiments N-tosylethane-1,2-diamine was
prepared by monotosylation of ethane-1,2-diamine and attached to the
primary face of B-CD yielding 80. With B-CD as the only chiral unit
the ruthenium complex of 80 could reduce aromatic and aliphatic
standard ketones 63 and 69 in 91% yield, 25% ee (S) and 68% yield,
58% ee, respectively, within only 4h under standard conditions
(Fig. 24).

Reactivity studies revealed that the ruthenium complexes of
monotosylated 1,2-diamines linked to B-CD such as 80 react about
three times faster than their amino alcohol counterparts. Several
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Fic. 23. Reduction of aliphatic ketones and some ketoesters with
ruthenium complexes of 49; yields and ee values refer to isolated pure
products.

efforts have been made to lower the catalyst loading using 80447 and
standard reduction conditions. Respectable 56% yield was obtained
with 5 mol% catalyst whereas it could be increased to 67% performing
the reduction in a twice as concentrated solvent system. A 34% yield
was afforded decreasing the catalyst loading to 2% which corresponds
to a turnover number of 17. Nevertheless, the rate acceleration
using the ligand system 80 encouraged us to introduce chirality in the
monotosylated diamino binding site for ruthenium to increase enantios-
electivity. Since the required chiral diamines were not commercially
available, ligand systems were synthesized with >98% ee as shown, for
example, for 81 using the chiral tosylaziridine 82 as a key intermediate
in the sequence (Fig. 25) (48). Starting from corresponding amino acids
83-86 were prepared using the same strategy.
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Fic. 25. Synthesis of chiral monotosylated 1,2-diamines.

Compounds 81 and 83-86 were linked to B-CD, the ruthenium
n-complexes prepared in situ and reductions carried out with the
standard substrate 63 (Fig. 26). Comparing the results of ruthenium
complexes with ligands 87-91 reveals that any substituent adjacent to
the tosyl group leads to modest to good ee values but reduces the
reactivity of the catalyst considerably, see 87-89 (Fig. 26), improve-
ment of the yields between 33% and 53% was only achieved at elevated
temperatures (50°C). In contrast, ruthenium complexes with ligands
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ligands 87-91 OH
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Fic. 26. ATH with ruthenium complexes of chiral monotosylated
1,2-diamino ligands.

90 and 91 display the reverse behavior, i.e., good to excellent yields but
very low ee values. In general, the dependence of ee values from the
substitution pattern obtained with these ligands corresponds to those
observed with amino alcohols, see Fig. 21, but the presence of both the
tosyl group and substituents at the ruthenium binding site obviously
poses a conformational problem with respect to binding and/or
orientation of the substrate in the CD cavity. Further, the rate
acceleration observed with ligand 80 diminishes when substituents
are attached to the diamine linker.

C. ATH writH RutHENTUM COMPLEXES OF o-PicoLyL AMINES LINKED
B-CYCLODEXTRINS

Replacing the OH-, respectively the NHSO5R functionality of the
ligand site of ruthenium by a pyridine ring leads to a-pycolyl amines.
Using commercially available non-chiral pyridin-2-ylmethanamine the
ligand 92 was prepared in 48% yield. Exploratory ATH experiments
with the ruthenium complex of 92 revealed very poor activity at
room temperature but excellent yields at 70°C (Fig. 27). Consequently
synthetic chiral diamines (48) were attached to B-CD and the
ruthenium complexes of ligands 93-96 used at 70°C to reduce
standard substrate 63. The result given in Fig. 26 displaying excellent
yields but only moderate ee values, the absolute configurations of the
products correspond to reactions with ruthenium complexes of amino
alcohols and monotosylated diamine.
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ligands 92-96 OH
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Fic. 27. ATH with a-pycolyl amines as ruthenium ligands.

D. StrucTURES OF INCLUSION COMPLEXES, PRE CATALYSTS
AND MECHANISTIC INVESTIGATIONS

The structures of B-CD-modified ligands were routinely elucidated
by 'H-NMR and ESI mass spectroscopy. Formation of Ru chloro
complex 97 from 49 and 47 was demonstrated to be quantitative by
'H-NMR (Fig. 28). Significant downfield shifts (0.36-0.56 ppm) in 97 of
several protons relative to free ligand 49 were observed.

All aromatic protons of the arene moiety in 97 appeared as a singlet
at 5.34ppm. The fact that only one set signals was observed in
the 'H- and *C-NMR of 97 suggests the presence of one diastereoi-
somer with defined chirality at ruthenium, and since the complex 98 is
formed under retention of configuration (47) the catalytically compe-
tent 98 induces rather high enantioselectivity during hydrogen
transfer reactions. Absolute proof for this interpretation, however, is
missing because neither 97 nor 98 gave crystals sufficient for X-ray
analysis.

Binding constants of the standard substrate p-Cl-acetophenone
63 (K,=1040M™ 1) and the correspondmg product e.g., S-99
(K,=400M™1) with 49 were determined by 'H-NMR titrations in
Dy,O/DMF-Dy5. Increasing the guest concentration significant down-
field shifts were observed for H at C3 and H at C5 of the B-CD unit
which are pointing inside the cavity (Fig. 29). The alcohol binds less
than half as good as the starting material. This result is essential for
the catalytic process since product inhibition is not a serious problem.
The larger affinity of 63 to -CD can be attributed to hydrogen bonding
from the carbonyl oxygen to the N-H group of the linker; this inter-
action is also significant to catalysis performed by ruthenium hydride
complex 98 (see Figs. 28 and 18).
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Fic. 28. NMR characterization of 97, Appm refer to 49.
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ROESY spectra of ligand 49 and p-tert-butylacetophenone 100
provided evidence for the binding of the aromatic ring within the
cavity of B-CD because strong cross peaks of H at C3 and H at C5 of -
CD with the tert-butyl group of the ketone could be observed. Further,
moderate cross peaks were observed for meta- and ortho-protons of the
aromatic ring, indicating that the carbonyl compound enters the cavity
with the hydrophobic tert-butyl rest ahead (Fig. 29).

To support the proposed hydride transfer as shown for the substrate
geranylacetone 68 in Fig. 30 proline was linked to the primary face of
B-CD yielding the tertiary amine 101 which was complexed with
ruthenium and employed to ATH under standard conditions. No
product was formed at all which is in good agreement with
observations by other groups (31,49,50). The presence of a hydrogen
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bond donor such as NH is essential to activate the carbonyl group of
the substrate. This implies that the mechanism of our novel
transformation resembles the metal-ligand bifunctional mechanism
proposed by Noyori (31).

E. Summary

B-CD was derivatized at the primary face with various synthetic
ligands suitable to form ruthenium arene complexes. There is
convincing spectroscopic evidence that the ruthenium complexes are
formed and that lipophilic substrates bind into the cavity of p-CD.

One of the systems was found to be very efficient catalyzing
enantioface-selective hydrogen transfer reactions to aromatic and
in particular to aliphatic ketones with up to 95% ee. Regarding the
latter reaction these are unprecedented ee values. The reaction
mechanism of these transformations is best described as a metal-
ligand bifunctional catalysis passing through a pericyclic-like transi-
tion state.



]

RN

B-CYCLODEXTRIN-LINKED Ru COMPLEXES 57

REFERENCES

Britton, G.; Liaaen-Jensen, S.; Pfander, H. In: “Carotenoids”; Eds. Britton, G.;
Liaaen-Jensen, S.; Pfander, S.; Birkhduser: Basel, 1995, pp. 1A-13.

(a) Wang, X.-D.; Tang, G.; Fox, J. G.; Krinsky, N. I.; Russell, R. M. Arch. Biochem.
Biophys. 1991, 258, p. 8. (b) Yeum, K.-J.; Dos Anjos Ferreira, A. L.; Smith, D.;
Krinsky, N. L.; Russell, R. M. “Free Radicals in Biology and Medicine”; 2000, 29,
105. (¢) Kloer, D. P,; Ruch, S.; Al-Babili, S.; Beyer, P.; Schulz, G. E. Science 2005,
308, p. 267.

Wirtz, G. Ph.D. Dissertation, University of Basel, Basel, 1998.

Wyss, A.; Wirtz, G.; Woggon, W.-D.; Brugger, R.; Wyss, M.; Friedlein, A.;
Bachmann, H.; Hunziker, W. Biochem. Biophys. Res. Commun. 2000, 271, p. 334.
Wyss, A.; Wirtz, G.; Woggon, W.-D.; Brugger, R.; Wyss, M.; Friedlein, A
Bachmann, H.; Hunziker, K. Biochem. J. 2001, 354, p. 521.

Leuenberger, M. G.; Engeloch-Jarret, C.; Woggon, W.-D. Angew. Chem. Intl. Ed.
2001, 40, p. 2614.

(a) Woggon, W.-D. Acc. Chem. Res. 2005, 38, 127-136. (b) Woggon, W.-D. In: “Top.
Curr. Chem. 184, Bioorganic Chemistry, Models and Applications”; Ed.
Schmidtchen, F.P.; Springer: Berlin, 1996, p. 39.

Ono, T.; Nakazono, K.; Kosaka, H. Biochem. Biophys. Acta 1982, 709, p. 84.
Drauz, K.; Waldmann, H. “Enzyme Catalysis in Organic Synthesis; 2nd edn.,
vol. 2; Wiley-VCH Verlag GmbH: Weinheim, Germany, 2002.

Lieberman, S.; Lin, Y. Y. J. Steroid Biochem. Mol. Biol. 2001, 78, p. 1.

Stok, J. E.; de Voss, dJ. J. Arch. Biochem. Biophys. 2000, 384, p. 351.

The MOLOC program was provided by F. Hoffmann-La Roche Inc., Basel.
French, R. R.; Wirz, J.; Woggon, W.-D. Helv. Chim. Acta 1998, 81, p. 1521.
French, R. R.; Holzer, P.; Leuenberger, M. G.; Woggon, W.-D. Angew. Chem. Intl.
Ed. 2000, 39, p. 1267.

French, R. R.; Holzer, P.; Leuenberger, M. G.; Nold, M. C.; Woggon, W.-D. J. Inorg.
Biochem. 2002, 88, p. 295.

Holzer, P. Ph.D. Dissertation, University of Basel, Basel, 2002.

Wirtz, G. M.; Bornemann, C.; Giger, A.; Miiller, R. K.; Schneider, H.;
Schlotterbeck, G.; Schiefer, G.; Woggon, W.-D. Helv. Chem. Acta 2001, 84,
p.- 2301.

Leuenberger, M. G. Ph.D. Dissertation, University of Basel, Basel, 2002.

Wang, H. Ph.D. Dissertation, University of Basel, Basel, 2006.

Noyori, K. “Asymmetric Catalysis in Organic Chemistry”; Wiley: New York,
1994.

Ohkuma, T.; Noyori, R. In: “Comprehensive Asymmetric Catalysis I’; Eds. Pfaltz,
A.; Jacobsen, E.N.; Yamamoto, H.; Springer: Berlin, 1999, pp. 199-246.

Brands, K. M. J. J. Am. Chem. Soc. 2003, 125, p. 2129.

Tombo, G. M. R.; Bellus, D. Angew. Chem. Int. Ed. 1991, 30, p. 1193.
Meerwein, H.; Schmidt, R. Liebigs Ann. Chem. 1925, 444, p. 221.

Verley, A. Bull. Soc. Chim. Fr. 1925, 37, p. 871.

Ponndorf, W. Z. Angew. Chem. 1926, 39, p. 138.

Miiller, D.; Umbricht, G.; Weber, B.; Pfaltz, A. Helv. Chim. Acta 1991, 74, p. 232.
Genét, J.-P.; Ratovelomanana-Vidal, V.; Pinel, C. Synlett 1993, p. 478.

Evans, D. A.; Nelson, S. G.; Gagné, M. R.; Muci, A. R. J Am. Chem. Soc. 1993,
115, p. 9800.

Fujii, A.; Hashiguchi, S.; Uematsu, N.; Ikariya, T.; Noyori, R. J. Am. Chem. Soc.
1996, 118, p. 2521.

Yamakawa, M.; Ito, H.; Noyori, R. J. Am. Chem. Soc. 2000, 122, p. 1466.
Zassinovich, G.; Mestroni, G. Chem. Rev. 1992, 92, p. 1051.

Corey, E. J.; Bakshi, R. K.; Shibata, S.; Chen, C.-P.; Singh, V. K. J. Am. Chem. Soc.
1987, 109, p. 7925.



W.-D. WOGGON et al.

Ohkuma, T.; Sandoval, C. A.; Srinivasan, R.; Lin, Q.; Wei, Y.; Muiiiz, K.; Noyori,
R. J. Am. Chem. Soc. 2005, 127, p. 8288.

Reetz, M. T.; Li, X. J. Am. Chem. Soc. 2006, 128, p. 1044.

Sterk, D.; Stephan, M.; Mohar, B. Org. Lett. 2006, 8, p. 5935.

Szejtli, J. “Cyclodextrins and their Inclusion Complexes”; Wiley, Akademiai
Kiado: Budapest, 1982.

Atwood, J. L.; Davies, J. E. D.; MacNicol, D. D.; Vogtle, F. (Eds.) “Supramolecular
Chemistry”; Pergamon: Oxford, 1996.

Lehn, J.-M. “Supramolecular Chemistry”; VCH: Weinheim, 1995.

Szejtli, J. Chem. Rev. 1998, 98, p. 1803.

Breslow, R.; Trainor, G.; Ueno, A. J. Am. Chem. Soc. 1983, 105, p. 2739.
Breslow, R.; Czarnik, A. W.; Lauer, M.; Leppkes, R.; Winkler, J.; Zimmermann, S.
J. Am. Chem. Soc. 1985, 108, p. 1969.

Milovic, N. M.; Badjic, J. D.; Kostic, N. J. Am. Chem. Soc. 2004, 126, p. 696.
Baba, N.; Matsumura, Y.; Sugimoto, T. Tetrahedron Lett. 1978, 44, p. 4281.
Reddy, M. A.; Bhanumathi, N.; Rao, K. R. Chem. Commun. 2001, p. 1974.
Schlatter, A.; Woggon, W.-D. Angew. Chem. Int. Ed. 2004, 43, p. 6731.

(a) Takehara, J.; Hashiguchi, S.; Fujii, A.; Inoue, S.; Ikariya, T.; Noyori, R. Chem.
Commun. 1996, 233. (b) Noyori, R. Adv. Synth. Catal. 2003, 1-2, p. 345.
Schlatter, A. Ph.D. Dissertation, University of Basel, Basel, 2007.

Alonso, D.; Brandt, P.; Nordin, S. J. M.; Andersson, P. J. Am. Chem. Soc. 1999,
121, p. 9580.

Noyori, R.; Hashiguchi, S. Acc. Chem. Res. 1997, 30, p. 97.



CATALYTIC DISMUTATION VS. REVERSIBLE BINDING
OF SUPEROXIDE

IVANA IVANOVIC-BURMAZOVIC

Department of Chemistry and Pharmacy, University of Erlangen-Nirnberg, Egerlandstrasse 1,
91058 Erlangen, Germany

I. Introduction 59

II. Catalytic Superoxide Dismutation by Seven-Coordinate Manganese and
Iron Complexes as SOD Mimetics 61
A. State-of-the-Art 61

B. Water Exchange on Seven-Coordinate Mn(II) Complexes: Insight in
the Mechanism of Mn(II) SOD Mimetics 65
C. Acyclic and Rigid Seven-Coordinate Complexes as SOD Mimetics 73
ITII. Reversible Binding of Superoxide to Iron-Porphyrin Complex 86
A. State-of-the-Art 86

B. Iron Complex of a Crown Ether-Porphyrin Conjugate Suitable for

Studying Interactions with Superoxide 88
IV. Summary 96
Acknowledgment 97
References 97

I.  Introduction

Superoxide (O, ) is the reactive radical anion formed following a
one-electron reduction of dioxygen during numerous oxidation reac-
tions under normal conditions in both living and non-living systems
(I). It is a reducing agent in the anionic form (Eq. (1)), and an oxidant
in the protonated form (pK, (HO5) = 4.69) (Eq. (2)) (2).

Oy+e -0, E =-016V (1)

O, +e +H'" - HO, E° =409V (2)

Thus, superoxide can react with almost all redox-active metal centers
(Scheme 1). In general, going through similar redox reaction steps
metal complexes can interact with superoxide either as catalysts for its
dismutation (superoxide dismutase (SOD) mimetics), or in a stoichio-
metric manner (Scheme 1).

These interactions are of a general chemical, as well as biological
importance, since they occur in living organisms within the enzymatic
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(SODs and superoxide reductases (SORs)) (1,3) catalytic cycles and as
undesired processes which lead to the pathophysiological conditions
(see later). At the same time these reactions can be used in chemical
catalysis. Namely, oxidative binding of superoxide to a metal center
(M) generates a M® V*.superoxo adduct, which undergoes inner-
sphere electron transfer resulting in a M""-peroxo species (Eq. (3)).
Such species, depending on its electronic properties, are reactive
towards different electron-rich and/or electron-poor organic substrates
of synthetic and biological importance (4). Metal-peroxo complexes are
invoked not only in the SODs and SORs catalytic mechanisms (5), but
also as key intermediates in the mechanisms of metalloenzyme-
catalyzed dioxygen (cytochrome P450, NO synthase, cytochrome
oxidase) (6) and hydrogen peroxide activation (catalases and perox-
idases) (7).

e-
I
M-+ 4 02 —_— M(n-1)+_02- - Mn+_022- (3) (3)

The metal-peroxo species are considered to have a side-on structure
(bidentate coordination of the peroxide ligand) and to be very unstable
in protic medium (8). Under physiological conditions, after the first
protonation and formation of a hydroperoxo intermediate (Scheme 2),
the second protonation of this intermediate can proceed in two
distinctly different pathways. In one case the second protonation
results in the release of hydrogen peroxide from the metal center,
leaving the metal oxidation state unchanged (Scheme 2). This is
a crucial step in the catalytic cycles of SODs and SORs, especially in
the catalytic mechanism of manganese SODs, which exist in the
hydrophobic mitochondrial matrix. If protonation is not efficient, the
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enzyme remains in an inhibited peroxo form (9). In another possible
pathway, the second protonation assists in the O-O bond cleavage and
formation of a high-valent metal-oxo species (as in the case of catalase,
peroxidase and cytochrome P450) (6,7).

We are interested in the reactions between superoxide and metal
centers in non-heme and heme complexes, as the essential processes
behind versatile manifestations and utilization of superoxide chem-
istry. We are also interested in characterization of the product species
(M®~D+_guperoxo or M™*-peroxo), since this enables understanding
and tuning of their reactivity towards different organic substrates of
industrial and biological interest. Such investigations help in perceiv-
ing the possible interactions in which superoxide can be involved
under physiological and pathological conditions, and possible pro-
cesses that can be utilized in chemical catalysis. The novelties
regarding the catalytic superoxide dismutation by seven-coordinate
manganese and iron complexes, and regarding the activation of
superoxide by iron-heme complexes, which does not lead to 02'
catalytic disproportionation, are summarized in this chapter.

Il. Catalytic Superoxide Dismutation by Seven-Coordinate Manganese and
Iron Complexes as SOD Mimetics

A. STATE-OF-THE-ART

A.1. Life with superoxide

While dioxygen is essential to life on this planet, and its high redox
potential is exploited as the driving force in the efficient metabolism
of energy stores, the high reactivity of dioxygen, while affording
this benefit, is also potentially hazardous for the very same reasons.
Reactions with oxygen must be carefully controlled during metabolism
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in order to avoid unwanted side-reactions, especially the produc-
tion of the one-electron reduced form, superoxide. For this reason,
Os-activating centers generally utilize two redox-active centers to
circumvent this one-electron reduction (10). Nevertheless, small
quantities of superoxide are produced in ordinary circumstances, as
well as in the presence of ionizing radiation (11). As a reactive species,
superoxide is potentially hazardous to all cellular macromolecules, and
it can give rise to other potentially hazardous reactive species. Some of
the superoxide damaging effects are summarized in Scheme 3 (11,12).
Nature’s defense against the threats caused by the production of
superoxide comes in the form of SOD enzymes, which catalyze the
disproportionation of superoxide into dioxygen and hydrogen peroxide
(Eq. (4)), and SOR enzymes, which catalyze the reduction of super-
oxide into hydrogen peroxide (Scheme 1). In the SOR mechanism the
oxidized enzyme is then returned to the reduced state by reducing
agents other than superoxide.

- + 2H™" &E O9 + Hy09 4)

Four distinct forms of SODs are found in nature, which fall into
three families. The Cu/Zn SODs occur primarily in cytoplasm of
eukaryotes and chloroplasts, but have also been found in a few species
of bacteria, nickel-containing SODs are known in some prokaryotes,
while the structurally related Mn- and FeSODs are found in

Superoxide toxicity

“Formation of | ["Cytokines | [~ Neurotansmiterand | [ Receptor
_ Chemotactic | | Release | | Hormone Inactivation (NE, Epi) | | Inactivation
Factors (LTB,) —
il i . r 7 [Tipid Peroxidation |
Inactivation of - 0.~ NO
A L T =
. Peroxidases, Me* (Fe3') on DNA | Damage
iDehydiatpses | and Cell Membranes /
- Enzyme (MnSOD)
-1+ (Fe2ty ———> [+OH
MEEED T, _ Inactivation
¥
| Pathophysiological Conditions _ |
v

Aging (skin and other tissues), myocardial infarct or stroke, inflammation, rheumatoid arthritis,
atherosclerosis, pulmonary disorders (asthma and chronic obstructive pulmonary diseases), radiation
injury, organ transplant rejection, psoriasis, hypertension, AIDS, multiple types of cancer, neuro-
degenerative diseases (Parkinson’s), diabetes, muscular dystrophy

SCHEME 3.
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mitochondrial matrix, prokaryotes and a few families of plants,
respectively (13). These enzymes are extremely efficient, with rates
of dismutation approaching the diffusion limit (12d).

Under normal circumstances, these enzymes are responsible for
keeping the formation of superox1de under control. However, in
disease states the overproduction of O, exceeds the ability of the
endogenous SOD system to remove or eliminate it, resulting in
superoxide anion mediated damage. Many disease states have been
linked to O and its daughter radical species, and some of them are
summarlzed in Scheme 3 (12d,12f14). Since each of these pathophy-
siological conditions are associated with the O2 production, an agent
that removes O, would enable treatment of a wide range of diseases.
For this purpose, the SOD enzymes (natural, recombinant and
modified) have been used in preclinical animal studies and clinical
trials and have been shown to possess efficacy in the disease states
connected with the overproduction of O, (12d,12f). However, there
are major drawbacks associated with the use of the enzymes as
potential medicaments: immunological problems, lack of oral activity,
short half-lives in wvivo, costs of production, solution instability,
reduced efficacy due to the large size and inability to access the target
tissues (e.g., native enzymes do not penetrate the blood-brain barrier)
(12d,15). To overcome the problems associated with enzymes,
several investigations have been directed to design non-proteinaceous,
synthetic, low molecular weight mimetics of the SOD enzymes
(synzymes), for use as human pharmaceuticals in the treatment and
prevention of diseases caused by overproduction of superoxide (12d).

A.2. SOD mimetics and related mechanisms

Among many different complexes that have been synthesized in
attempt to mimic the structure and/or functionality of SODs (16-22),
the most active SOD mimetics known to date are seven-coordinate
Mn(II) complexes with macrocyclic ligands derived from C-substituted
pentaazacyclopentadecane [15JaneNs; and its pyridine derivative
(Scheme 4) (12d,16a,23-25). Some of them possess SOD activity that
exceeds the one of native mitochondrial MnSOD, and are the first
SOD mimetics which entered clinical trials (12d,16a,23,26-28). A few
Fe(III) complexes with the same type of ligands have also been studied
and they are one of the best iron-based SOD catalysts (18). It should be
stressed that the decomposition of superoxide catalyzed by these
complexes has been quantified by direct stopped-flow method, in the
presence of a substantial superoxide excess over catalyst, as a reliable
method for determining true SOD activity (29).

The intriguing question is how the seven-coordinate geometry
around the metal center favors its remarkable catalytic activity,
knowing that in the native MnSOD and FeSOD enzymes the active
metal center has a five-coordinate geometry (3a,14£,30). All SOD
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M = Mn(ll), Fe(lll)

SCHEME 4.

catalysts, whether native or synthetic, act in a “ping-pong” fashion,
cycling between oxidized and reduced forms during each half-cycle
of the O, disproportionation reaction (Scheme 1). Nature created the
most efficient mechanism to enable fast catalytic turnover by choosing
inner-sphere proton-coupled electron transfer, as an efficient path
which does not require charge separation in the transition state, and
by requiring the minimal perturbations to form catalytic intermedi-
ates. Superoxide binds without displacement of the other ligands in
an associative manner, requiring minimal geometrical changes, and
the metal center cycles between five- and six-coordinate forms in each
successive half-cycle (3a).

The postulated mechanism for the catalytic action of the seven-
coordinate Mn(II)({15/aneN;) type mimetics is more complicated
(22,24,31,32). The oxidation of Mn(II) has been found to be the rate-
determining step. The reactions follow two alternate but distinct
pathways for this step: a pH dependent outer-sphere reaction and
a pH independent inner-sphere reaction (Scheme 5). Each of these
pathways involves large conformational changes of the ligand,
through folding of the macrocycle to form a pseudo-octahedral
geometry. Therefore, it has been postulated that only complexes with
significant conformational flexibility are able to catalytically dispro-
portionate superoxide (22,25). The folding model has been used to
explain the differences in SOD activity caused by C-substituents on
the macrocycle. A good correlation exists between the catalytic rate
constants and the ability of the macrocycle to fold into the pseudo-
octahedral geometry (25,31,32). Consequently, the lack of SOD activity
in the case of the complex with analogue ligand system-containing
imine groups (Scheme 6) can be interpreted in terms of its confor-
mational rigidity. It was claimed that for the pH independent pathway,
which contains inner-sphere binding of superoxide to a vacant
coordination site on the manganese center, the rate of formation of
a vacant axial coordination site is the rate-determining step, whereas
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for the pH dependent process the proton-coupled electron transfer step
was found to be rate-limiting (22,25,31).

B. WarER ExcHANGE oN SEVEN-COORDINATE MN(IT) COMPLEXES:
InsiguT IN THE MECHANISM OF MN(IT) SOD MIMETICS

In the case of the Mn(II) SOD mimetics (see earlier), the loss of one
water ligand from the seven-coordinate structure is the first step in
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the reaction cascade (Scheme 5) to form the corresponding six-
coordinate intermediate, which can enter the SOD catalytic cycle. It
was assumed that the water release and formation of a six-coordinate
intermediate, requiring conformational rearrangements, is the rate-
limiting step, and the catalytic rate constants for the inner-sphere
pathway (kis) were compared with the water-exchange rate constant
for the [Mn(Hy0)g** ion (22,24,31). Water exchange on [Mn(Hy0)g**
follows an interchange associative (I,) mechanism based on AV” with
a seven-coordinate intermediate and was measured to be 2.1 x 107 s™!
(33). The exchange of the aqua ligands of seven-coordinate complexes
(Eq. (5)) however should follow a dissociative pathway with a six-
coordinate intermediate and it was unknown so far how the exchange
rate constant of these complexes is influenced by the structure of the
ligands.

[MnL(H;0),] + Hy0* = [MnL(H,0)(H0)*] + Hy0 (5)

We performed a detailed study of the acid-base properties of some
pentaaza macrocyclic seven-coordinate manganese(II) complexes
(Scheme 6) in aqueous solution and their water-exchange rate con-
stants and activation parameters measured by temperature and
pressure dependent '“O-NMR techniques, which was performed to
get more insight in the mechanism and to understand better the
details of the influence of the ligand structure on the lability i.e.,
reactivity of the complexes (34). Three of them, without the imine
groups in the macrocyclic ligand, are proven SOD mimetics (27,35). As
mentioned earlier, it was reported that the imine groups-containing
[Mn(pydiene)Cly] complex was SOD inactive, most probably due to
its low conformational flexibility and consequently low ability to
form a six-coordinate pseudo-octahedral intermediate (22). We have
included this complex in our studies in order to compare its water-
exchange parameters with those of the more flexible and SOD active
[Mn(/15/aneN5)Cly], [Mn(pyane)Cls] and [Mn(pyalane)Cly] complexes.
Additionally we have synthesized and structurally characterized
a new [Mn(L)Cl;] complex (Fig. 1), which is the acyclic analog of
[Mn(pydiene)Cly] (Scheme 6) and consequently has higher conforma-
tional flexibility (34).

B.1. Solution behavior

All studied complexes in aqueous solution are present as diaqua
[Mn(L)(H50)5]>" species, whereas two chloro ligands are replaced
by water molecules in axial positions (35,36). For studying the water-
exchange processes it was necessary first to determine the acid-
base properties of the complexes by potentiometric titration in order
to define the pH range where the diaqua form of the studied
complexes is the predominant one. The potentiometric titrations of



CATALYTIC DISMUTATION VS. REVERSIBLE BINDING 67

Fic. 1. ORTEP drawing for [Mn(L)Cly], showing the labeling scheme and
the 50% probability ellipsoids for the non-hydrogen atoms (34).

[Mn(/15JaneN5)(H0)51>" and [Mn(pyalane)H;0)51>" were already
reported by Riley et al. (35), and we could confirm their results (34).
[15]aneN5, pyane and pyalane exhibit three protonation equilibria,
which corresponds to the protonations of three secondary amine
nitrogens. The pyridine ring-containing pyane and pyalane ligands are
less basic than [15J/aneN5, but the binding constants for [Mn(pyane)
(H20)2] and [Mn(pyalane)(H50);] are somewhat higher than in
the case of [Mn(/15/aneN;)(H50),]. All three complexes are stable
between a pH around 5 and 10, and have a stable form with the
monoprotonated ligand at one of the secondary amine nitrogen atoms.
The binding constants for the imine groups-containing [Mn(pydiene)
(H30)2] and [Mn(L)(H50)2] complexes are just slightly lower than
in the case of [Mn(/15/aneN;)Cl,]. However, the ligand protonation
immediately leads to the complex decomposition, and in the basic
region the base catalyzed water addition to the imine bonds occurs.
A similar methanol and water addition to imine bonds was also
observed in the literature (37). Therefore, due to the acid and base
catalyzed hydrolytic process these two complexes are stable only in
a quite narrow pH range. Such solution behavior can be a reason
for the lack of catalytic SOD activity of the imine complexes. In any
case, [Mn(pydiene)(H;0);] was found to be stable at pH =6.1 in
the temperature range between 5°C and 85°C, whereas stability of
[Mn(L)(H50)2] was not high enough for performing the water-
exchange measurements.
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B.2. Water exchange

Rate constants and the corresponding activation parameters for the
water-exchange reactions (Eq. (1)) of the studied complexes, resulted
from the temperature and pressure dependent measurements, are
summarized in Table I. The values of activation entropies and
activation volumes are positive for all studied complexes suggesting
a dissociative nature (I;) of the water-exchange mechanism. The
exchange rate constants, k.., however are influenced by the acceptor
abilities of the spectator ligands. In terms of a dissociative mode of the
water-exchange process, the extended n-acceptor system of the
[Mn(pydiene)(Hy0)51** complex leads to a less labile Mn—-OH, bond
and to a slower reaction. From another side, the lack of pyridine ring
in the /15JaneN; ligand results in its decreased m-acceptor ability and
consequently leads to the labilization of the coordinated water molecule
(Table I). In contrast, pH has no influence on the exchange reaction
rates of the studied complexes. This suggests that in the applied pH
ranges there are no changes in the manganese(Il) coordination
sphere. Even in the case of [Mn(pydiene)(H50)51°", where at pH higher
than 7.6 the predominant species possesses the hydrolyzed form of
the pydiene ligand, the exchange rate constants are consistent within
the experimental error. This can be related to the fact that the new
electron-withdrawing hydroxyl group compensates a decrease in
n-acceptor ability of the pentadentate ligand upon addition of OH™ to
the double bond.

In the literature there are only few studies on the water-exchange
processes of the manganese(Il) species in general (33,3841), and
the only seven-coordinate Mn(II) complexes studied are [Mn(EDTA)
(H,0)1?>" and its derivatives (38,39,42,43). Such studies are essential
for understanding the mechanism of the manganese-containing SOD
mimetics. The volume of activation for the water-exchange reaction

TABLE I

AcTIVATION PARAMETERS AND RATE CONSTANTS FOR THE WATER-EXCHANGE REACTION
oF [MN(pypieNE)(He0)9 12", [MN(PYANE)(H50)51%" aND [MN(PYALANE)(H50)51%" AND
LITERATURE VALUES FOR [MN(H0)sI?+ (34)

Complex pH ko (298 K) AH* AS* AV* Literature
(107s™Y)  (kJmol™') (JK! (ecm?®
mol™1) mol ™)
[Mn(H,0)s1?+ - 21+0.1 329+1.3 +5.7+5.0 —54+0.1 (33)
[Mn(pydiene)(Hy0)s 12+ 6.1 2.0+0.1 39.841.3 +28.6+4.4 +3.440.1 (34)

[Mn(pydiene)(Hy0), 12+ 76 17401 359+1.7 +13.6+5.8 - (34)
[Mn(pydiene)(Hy0)s 12+ 87 1.74+0.1 40.3+1.0 +28.8+3.5 - (34)
[Mn(pydiene)(H50), 12+ 95 1.6+0.1 395+1.1 +25.7+3.8 +53+02 (34
[Mn(pyane)(H;0)51°+ 7.7 53403 37.2+04 +27.6+15 +52+0.7 (39
[Mn(pyane)(Hy0)o]>" 10.9 5.8+0.3 33.3+0.6 +1524+19 +3.4+0.7 (349
[Mn(pyalane)(Hs0)o12* 80 4.7+0.3 39.1+06 +33.0+2.1 +3.2+0.1 (39
[Mn(/15]aneN5)(H;0),1*" 8.0 >10 (34)
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was reported only for six-coordinate [Mn(Hy0)s** (33) and [Mn;I
(ENOTA)(H20),] (ENOTA = triazacyclononane-based ligand) (41). For
seven-coordinate 3d metal complexes a dissociative mode of substitu-
tion reactions in general (although there are some exceptions (44)),
and water exchange in particular, with a six-coordinate intermediate
is to be expected. The difference between six- and seven-coordinate
Mn(II) species is clearly represented by the negative and positive
values of the activation volumes for six-coordinate [Mn(H,0)gl*"
(AV* = —5.4cm®mol ™) (33) and [MnJ(ENOTA)(Hz0),] (AV” =
—10.7cm®mol™') (41) and the studied seven-coordinate complexes
(Table 1), respectively, since the activation volume is a more sensitive
parameter than AH” and AS7, leading to a better understanding of the
nature of the substitution processes. The exchange rate constant of
[Mn(EDTA)(H;0)1%~ is reported to be (4.4+0.3) x 1035~ (298 K) (38),
which is much faster than in the case of the complexes studied in this
chapter. This is due to the strong m-donor ability and high negative
charge of the EDTA ligand and also due to the fact that in
[Mn(EDTA)(H,0)*~ the water molecule is in the sterically crowded
equatorial plane with five donor atoms, whereas in our complexes
water molecules are in the axial positions. In the case of six-coordinate
species, where an associative mechanism for the water exchange
would be expected, the increase in the m-acceptor ability of the
spectator ligands has an opposite effect than in the case of seven-
coordinate complexes, namely it accelerates the exchange rate. It can
be clearly observed if we compare the water-exchange rate constants
for [Mn(Hy0)s*", [Mn(phen)H;0),0>" and [Mn(phen)y(Hy0)o*+
which are found to be (5.8+0.1)x 10° (calculated for 0°C from
literature data) (33), (13+2) x 10s™! and (31+3) x 10°s™! (both at
0°C), respectively (40).

B.3. Correlation with SOD activity

Since it has been reported that in the inner-sphere SOD catalytic
pathway (Scheme 5) the water-exchange process is the rate-limiting
one, the inner-sphere catalytic rate constants k15 were correlated with
the water-exchange rate constants on [Mn(H,0)g]>" (22,31). However,
it seems that it is not possible to draw a direct correlation between
these rate constants. Firstly, k15 (which is pH independent) according
to the observed rate law for dismutation of superoxide (V = —d[O, V/
dt = [Mn][OZ' ]{kﬁ[H+]+klnd}, kind = ZkIs, ki-'_I = 2kOS/Ka) has the unit
M~! s7!, whereas the unit of the water-exchange rate constant is s~*.
Therefore the values for kig, which are in general for all reported
complexes in the 0.15 x 10°-3.98 x 10’ M ~'s™' range and in particular
for the [Mn([15]aneN;)Cl;] and [Mn(pyalane)Cly] complexes 0.91 x 107
and 1.01 x 10’M~'s™!, respectively (32,35), are not directly compar-
able with ke =2.1x10"s"! for [Mn(Hy0)el>". (The ks value
for [Mn(pyane)Cly] was not reported in the literature and
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TABLE II
COMPARISON OF K,,/[H50] (34), Kis (32,35) AND AE (34) VALUES
Complex ko /[H,01 M1 ks M~ 1s™h AE® (kcalmol™1)
[Mn(pydiene)(H20),12*+ 0.03 x 107 0 17.5
[Mn(L)(H;0)51%+ - - 30.4
[Mn(pyalane)(Hs0)512+ 0.08 x 107 1.0 x 107 18.4
[Mn(pyane)(Hy0), 12+ 0.09 x 107 - 16.2
[Mn(/15]aneNs)(H50)51%" >0.18 x 107 0.9 x 107 -
“B3LYP/LANL2DZp.

[Mn(pydiene)Cly] is known to be SOD inactive.) One should divide A,
by [H50] (55.5 M), in order to obtain comparable values. In that way
the values for k1 would be usually much higher than the correspond-
ing value of k., suggesting somewhat different mechanism for the
inner-sphere SOD catalytic pathway of seven-coordinate Mn(II)
complexes. It would be more appropriate to compare kig with k., of
the particular seven-coordinate complex and not with the value of k.,
for the six-coordinate [Mn(H;0)g]*", since we have shown that k., can
vary by almost a factor of 10 (Table I). The corresponding k.,/[H>O]
values are given in Table II and they are almost one order of
magnitude lower than corresponding ks, suggesting that the water
release cannot be a rate-determining step (otherwise the inner-sphere
SOD catalytic pathway should have consequently been slower than
the experimentally observed one). Additionally, these two complexes
have almost the same values of kig, however k., differs significantly.
Such discrepancies could be explained in terms of an interchange (I4)
mechanism for the substitution of the water molecule by the incoming
superoxide anion (as we have found for the water-exchange process)
with formation of the outer-sphere precursor complex, rather than
in terms of a limiting dissociative mechanism with a six-coordinate
intermediate.

It is not surprising that the substitution processes on seven-
coordinate 3d metal ions follow an interchange, rather than a limiting
dissociative mechanism. In the case of seven-coordinate Fe(IIl)
complex we even found an associative interchange mechanism for the
substitution of solvent molecules as a result of the high n-acceptor
ability of the fully conjugated pentadentate ligand system present in
its equatorial plane (44).

B.4. Six-coordinate intermediate and conformational flexibility

DFT (density functional theory) calculations were performed for the
[Mn(pydiene)(H50)1*", [Mn(L)(Hz0)I**, [Mn(pyane)(Hz0)o]** and
[Mn(pyalane)(Hy0)9** complexes, as well as for their corresponding
six-coordinate structures [Mn(ligand)(H30)]>" in order to compare the
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Fic. 2. With DFT methods (BSLYP/LANL2DZp) calculated structures
for the seven-coordinate diaqua complexes (a) [Mn(pydiene)Hg0)o]%", (b)
[Mn(pyalane)(Hz0)21**, (c) [Mn(pyane)(Hz0)o*" and (d) [Mn(L)Hz0)ol*"
(on the left) and the corresponding six-coordinate species after loss of one
water molecule (on the right) (34).

energy required for the water dissociation (AE) and the complex
reactivity according to a dissociative mechanism with the six-
coordinate species as intermediate structures. The AE values are
given in Table II and the calculated structures are shown in Fig. 2.
From Table II it can be seen that for the three complexes with cyclic
ligands the energy differences are almost the same, whereas in the
case of acyclic ligand AE is significantly different. Ligand pyane shows
the most distinet folding, with the corresponding six-coordinate
structure showing a pseudo-octahedral geometry. Surprisingly, pya-
lane is not able to fold and form a pseudo-octahedral coordination
sphere. It shows a rigid behavior like the imine group-containing
pydiene ligand. Interestingly, [Mn(pyane)(H0);1>" with the strongest
folded ligand, has a lower k. value (1x10°M 's™') than
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[Mn(pyalane)(H50):1>" (3.65x10"M1s™1) (27,32,35), where the
ligand is nearly unable to fold. The attempt to calculate the seven-
coordinate structure of [Mn(/15/aneN5)(H50)s] resulted in a six-
coordinate geometry around Mn(II), where only one water molecule is
coordinated to the manganese center and the second non-coordinated
water molecule, which is in a sort of second coordination sphere, forms
hydrogen bonds with the /15/aneN; ligand. This can be correlated with
the higher substitution lability of the [Mn(/15/aneN5)(H20)s] complex
in aqueous solution, which is reflected in the faster water-exchange
process as experimentally observed (Table I).

The acyclic L ligand, despite possessing two imine groups, is much
more flexible than the studied macrocyclic ligands and interestingly,
as a result of DFT calculations dissociation of one water molecule
resulted in a five-coordinate square-pyramidal geometry around
the Mn(II) center (Fig. 2b). This change from the seven- to five-
coordination geometry upon water dissociation, viz. a break of the
additional bond (Mn-N(imine)) is a reason for higher AE in the case of
[Mn(L)(H50)5]>" (Table II). Despite the fact that the [Mn(L)Cly]
complex is quite unstable in water, the increased flexibility of the
acyclic ligand and possibility for the formation of the square-
pyramidal structure with the vacant axial coordination site is quite
promising for the further development of this class of ligands and
corresponding SOD active complexes.

The interchange character of the water-exchange mechanism of the
studied seven-coordinate complexes can be a reason why there is no
clear correlation between their rates for the exchange process and
the energies required for the dissociation of the coordinated water
molecule. AE is also not possible to correlate with the catalytic rate
constants published in the literature.

B.5. Conclusion

We have shown that although Mn(II) has a spherically symmetrical
d’ electronic configuration, coordination geometry and ligand electro-
nic properties have an influence on the water-exchange process. In the
case of seven-coordinate pentagonal-bipyramidal Mn(II) complexes,
with water molecules in apical positions, the water exchange proceeds
via an interchange dissociative (I3) mechanism. k., are mainly
controlled by the m-acceptor abilities of the ligands and decrease
with an increase of the ligand n-acceptor ability, which also confirms a
dissociative character of the water exchange. However, the corre-
sponding water-exchanged rate constants strongly suggest that the
water release and formation of a six-coordinate intermediate cannot
be the rate-limiting step in the overall inner-sphere catalytic super-
oxide dismutation pathway, opposite to what has been postulated
in the literature. This can be explained in terms of an interchange
(I3) mechanism for the substitution of the water molecule on the
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seven-coordinate Mn(II) center, where the incoming superoxide anion
also plays a role in the overall substitution process. Additionally, it has
been postulated that the complexes with ligand systems-containing
imine groups do not have SOD activity (22,25) most probably due to
the conformational rigidity and low ability to form a six-coordinate
pseudo-octahedral intermediate upon release of one water molecule.
However, we have also shown that conformational flexibility of the
pentadentate ligand is not the key factor assisting in SOD activity.
Further more, we have shown that the seven-coordinate complexes
with acyclic imine-containing ligands have a possibility to form the
square-pyramidal intermediate structure, with a vacant axial coordi-
nation site, upon release of one water molecule. This is quite promising
for the further development of the complexes with acyclic pentaden-
tate ligands as potential SOD mimetics.

C. Acycric aAND RicID SEVEN-COORDINATE COMPLEXES AS SOD MIMETICS

Since we have shown (see earlier) that the conformational flexibility
of the pentadentate ligand is not a key requirement for the SOD
activity of the seven-coordinate complexes, due to the fact that in
an interchange substitution mechanism (operating in the case of these
complexes) (34) efficient formation of a real six-coordinate (with
pseudo-octahedral geometry) intermediate is not indispensable, we
were interested in additional experimental approval of such mechan-
istic paradigm. For achieving this goal it was important to select an
appropriate ligand system, with electronic properties which could
provide SOD activity of the coordinated metal center and at the same
time demonstrating high conformational rigidity.

C.1. Iron complexes

Our iron(IIl) seven-coordinate [Fe(dapsox)(H20)2]ClO,4 (Scheme 7)
(Hodapsox = 2,6-diacetylpyridine-bis(semioxamazide)) (45) complex
appeared to be an excellent candidate for these studies. The dapsox®~
anion is acyclic, completely planar and the extremely rigid pentaden-
tate ligand, with specific electronic properties as a result of a fully
conjugated system of double bonds over the entire ligand. This leads
to the high stability of the [Fe(dapsox)(H20)2]C104 complex despite of
the acyclic nature of dapsox®~. Since free iron ions are more toxic than
manganese ions, it is important that the chelate will form a very stable
complex and prevent the release of iron ions. Despite this toxicity,
complexes of Fe(III) are highly attractive as SOD mimetics due to their
higher kinetic and thermodynamic stability than Mn(II) complexes
(12d). In aqueous solution under physiological conditions, no evidence
for the decomposition of the complex has been observed over a period
of one year. Potentiometric titrations (Fig. 3) show that at pH ~2, 50%
of the complex is in the [Fe(Hdapsox)(H30);]>" form and 25% in the
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Fic. 3. Speciation of [Fe(dapsox)(H50)]C10,4 in aqueous solution (46).

[Fe(Hydapsox)(Hy0)o*" and [Fe(dapsox)(Hy0)ol" forms, ie., with a
mono, diprotonated and deprotonated pentadentate chelate, respec-
tively (46). However, there is no indication that the complex decomposes
to release iron in solution under such conditions. A slow decomposition
over a period of one month was observed in a 1M acid solution.
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Interestingly, for the seven-coordinate Fe(III) SOD mimetics with
the macrocyclic /15/aneN; type of the ligands, a catalytic mechanism
(different from that proposed for analogue Mn(II) complexes) in which
the aqua-hydroxo form of the complex, [Fe(ligand)(OH)(H0)1*", is
the catalytically active species (Scheme 8) has been proposed (18).
A drawback of these complexes is the low pK, values of the two
coordinated water molecules, which results in the formation of inactive
(inert) dihydroxo complexes at the physiological pH (18). Therefore,
the idea is to design a chelate that will decrease the acidity of the iron
center and so increase the concentration of the catalytically active
aqua-hydroxo species at the physiological pH to promote an enhanced
SOD activity. It is important to note that there are no reports on
the SOD activity of Fe™ complexes of the [15]/aneN; derivatives with a
fused pyridine moiety present in the macrocyclic ligand.

The dapsox®~ ligand, besides high complex stability, provides
appropriate acid-base properties of the complex (Fig. 3), causes an
increase in the pK, values of the coordinated water molecules
(pK,1 = 5.8 and pK,s = 9.5) (45b,46), which are very close to the pK,
values of the native Fe''-SOD enzyme (~5 and ~9) (3a). Thus at the
physiological pH almost 100% of the complex is in the catalytically
active aqua-hydroxo form.

An interesting structural feature of [Fe(dapsox)(Hy0),]" is its
pentagonal-bipyramidal (PBP) geometry with kinetically labile solvent
molecules coordinated in the axial positions and the completely
planar pentadentate chelate in the equatorial plane, which generally
facilitates easy access of nucleophiles to the metal center without
any steric hindrance above and below the pentadentate plane.



76 IVANA IVANOVIC-BURMAZOVIC

¥

Fic. 4. Schematic representation of the host-guest interactions between
the seven-coordinate [Fe(dapsox)(solvent)s]t complex and lithium salt.

A tweezer-like structure of dapsox®~ enables strong hydrogen bonding
between amide -NH, groups on the ligand and anions of appropriate
size. This type of interaction is not only present in the crystal
structure (45a), but also can be observed in solution, especially in less
polar solvents such as acetonitrile (47), and is an ion recognition effect
which simulates properties of the enzymatic active site. Additionally,
the negatively charged o-oxyazine oxygen atoms coordinated to the
iron center bind the small lithium cation (electrostatic interactions)
(Fig. 4). The more prominent interaction with Li" exists in the case of
the Fe(II) form of the complex. The coordinated lithium cation close to
the iron center decreases the electron density around the metal center
and consequently increases its electrophility and reactivity towards
anionic species (47). Simulation of an enzymatic active site, which
could bind small metal cations and in that way enhance binding of
superoxide, would be of importance.

The metal-centered redox potential is the most important criterion
for the complex to be the SOD mimetic, since the catalytic dispro-
portionation of O, requires redox reactions between complex and
superoxide (Scheme 9) (18). The complex redox potential should fall
between the redox potentials for the reduction and oxidation of 02' ,
viz. —0.16 and +0.89V vs. NHE (normal hydrogen -electrode),
respectively (Scheme 1) (2).

Aqueous solutions of [Fe(dapsox)(H30)21C10, in the pH range 1-12
exhibit a reversible redox wave for the Fe''/Fe!! couple, and no com-
plex decomposition or dimerization was observed (46). Furthermore,
in the pH range 1-10 the metal-centered redox potential for
[Fe(dapsox)(H20)9]C10y is in the range required for the possible SOD
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SCHEME 9.

activity (46). For the Fe(ITI) complexes with [15/aneN5 type of chelates
that are proven SOD catalysts, the redox potentials were not reported
for the physiological pH. At this pH these complexes exist as an
equilibrium mixture of the dihydroxo and aqua-hydroxo species (18).
At pH ~ 3 they have the redox potential in the range of 0.35-0.45V vs.
NHE. In comparison, our complex at pH = 3 and 7.8 shows reversible
redox behavior at 0.34V and 0.05V vs. NHE, respectively (46).
Protons are in general indispensable for the dismutation of super-
oxide (Eq. (4)). Also in the case of its dismutation catalyzed by a metal
center, two protons are needed for the dissociation of the product
(H505) from the metal center (Scheme 9). Therefore, a complex which
can accept two protons upon reduction and release them upon
oxidation is an excellent candidate for SOD activity. The studies on
proton-coupled electron transfer in Fe- and Mn-SODs (48), demon-
strated that the active site of MnSOD consists of more than one proton
acceptor (Scheme 10). Since the assignment of species involved in
proton transfer is extremely difficult in the case of enzymatic systems,
relevant investigations on adequate model complexes could be of
vast importance. Hodapsox coordinates to Fe(Il) in its neutral form,
whereas in the case of Fe(IIl) it coordinates in the dapsox®~ form.
Thus, oxidation and reduction of its iron complex is a proton-coupled
electron transfer process (46), which as an energetically favorable
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redox process also operates in the case of natural Mn- and FeSODs.
This point that makes our ligand system even more interesting due
to the fact that for the other seven-coordinate SOD mimetics, the
possibility of a proton transfer process in which the pentadentate
ligand is involved, does not exist. Our electrochemical studies (46)
reveal that [Fe(dapsox)(Hy0)5]C10, offers the possibility for a proton-
coupled electron transfer in general, and “two-proton-one-electron-
transfer” process in particular (Scheme 11).

A qualitative test for the interaction between superoxide and the
reduced form of a potential SOD mimetic is an electrochemical
experiment, where the reduced form of a complex and superoxide are gene-
rated in situ in aprotic solvent (most appropriate in DMSO = dimethyl
sulfoxide). Aprotic solvent is needed to stabilize superoxide.

The cyclic voltammogram for [Fe(dapsox)(H50)3]C104 in DMSO (49)
purged with nitrogen exhibits a reversible couple at —0.13V wvs.
Ag/AgCl electrode (Fig. 5a), or —0.11 vs. NHE. The cyclic voltammo-
gram in air-saturated DMSO in the scan range up to —04V
(Fig. 5b) shows again reversible redox wave for the Fe'/Fe!! couple at
slightly more negative potential, —0.18V, since in the presence of oxygen
it is more difficult to reduce Fe(IlI). When the scan proceeds towards
more negative potentials (Fig. 5c), after the complex is reduced to the
Fe(II) species, molecular oxygen is reduced to superoxide at —0.82V.
When the scan is then returned to 0.2V, no corresponding anodic peak
assigned to the oxidation of O is found, in contrast to the reversible
redox behavior for dioxygen in DMSO solutions (Fig. 5d). The intensity of
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Fic. 5. Cyclic voltammograms of [Fe(dapsox)(H50)2]C1O, in DMSO (a)
purged with nitrogen, (b) purged with air, (¢) purged with air and (d) pure
DMSO purged with air (49).

the anodic peak corresponding to the oxidation of Fe(II) is also
significantly decreased. This shows that the Fe(II) form of the complex
(electrochemically generated) decomposes superoxide. In this particular
experiment, complex concentration was lower than the concentration of
the saturated oxygen solution in DMSO suggesting that the complex
decomposes superoxide in a catalytically manner.

It should be mentioned that in aprotic media redox potential for
the reduction of superoxide to peroxide, E(O, /O2 ), is significantly
catodically shifted, so that it is even more negative that the redox
potential for the oxidation of superoxide to dioxygen. This is exactly
the reason why the superoxide is stabilized in aprotic solvents,
whereas peroxide is extremely unstable under such conditions.
However, coordination of superoxide to the metal center induces effect
similar to that caused by protonation, and the Oz /O2 redox potential
shifts anodically. Thus, upon binding to a metal cation, superoxide can
be reduced in aprotic media, as well.

The reactions with superoxide were studied in DMSO containing a
controlled amount of water (.06%), which was in excess over the super-
oxide and complex concentrations (49). Water present in the DMSO
solution plays an important role and enables the catalytic decompo-
sition of O, . Under absolute water-free conditions only a stoichio-
metric reaction between O and the complex could be observed and the
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Fic. 6. UV-Vis spectra recorded before and after mixing 1mM KO,
with 5 x 107°M complex solutions in DMSO (a) [Fe™™(dapsox)(H50)51C10,,
(b) [Fe'(Hydapsox)(Hs0)o1(H,0)(NOg)s, (¢) [Mn'(Hydapsox)(H,0)CH3;0H)]
(C104)2 and (d) [Mn(pyane)(H20)21Cl, (49).

catalytic process was suppressed. When the superoxide ([KO3] = 1 mM)
solution in DMSO is mixed with the catalytic amount of [Fe(dapsox)
(Hy0),1Cl0, (5 x 1075 M), immediate decrease of the absorbance band
at 270nm in the UV/Vis spectrum is observed (Fig. 6a), suggesting a
rapid superoxide decomposition. Upon addition of the acid into the
solution, complete recovery of the [Fe(dapsox)(H30)3]ClO, spectrum
was obtained. The Fe(II) form of the complex (Fig. 7) (49) shows the
same behavior, confirming the electrochemical observations and its
ability to catalitically decompose superoxide. The products
of superoxide disproportionation, Oy and H,0,, were qualitatively
detected in all four experiments (50).

The rapid process was quantified by following the corresponding
absorbance decrease at 270nm in a series of stopped-flow measure-
ments, in which the catalytic concentration of the studied complexes
was varied (49). Application of a microcuvette accessory (which
reduced the dead time of the instrument down to 0.4ms) enabled
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[Fe'l(H,dapsox)(H,0),* [Mn"(dapsox)(H,0)(CH,OH)|CIO,

Fic. 7. Crystal structures of [FeH(szapsox)(H20)2]Jr and [MnH(szap-
sox)(H,O)(CH30H)1(C104)s (49).

observation of the fast disappearance of the 270 nm absorption, which
could best be fitted as a first-order process to obtain the characteristic
kops (1) value. When experiments were performed using the complex
solutions with a higher amount of water, a larger absorbance change
at 270 nm was observed for all complexes. However, it was not possible
to quantify the corresponding rate constants since the higher water
contents caused mixing problem at short timescale.

The obtained k., values are reported as a function of the complex
concentration (Fig. 8), and a good linear correlation between k., and
the complex concentration was observed for both oxidation forms of iron
complexes. From the slope of the plot of k., vs. catalyst concentration
the catalytic rate constants (k. (29) were determined to be
(8.74+0.5) x 10°M~1s! and (3.9+0.5) x 10°M~1s7! for [Fe''(dapsox)(-
H,0),]C104 and [FeH(szapsox)(HQO)2](N03)2, respectively (49). It is
important to note that, it does not matter whether we start from the
Fe(ITI) or Fe(II) form of the complex, identical spectral changes (Fig. 6a
and 6b) and kinetic behavior (Fig. 8) for these two complexes is observed
upon reaction with, which is consistent with the redox cycling of the
complex during 02' decomposition (Scheme 9).

These experiments show that the iron complex with acyclic and rigid
pentadentate ligand can catalytically decompose superoxide cycling
between the +3 and +2 oxidation state. This is not surprising, since
both Fe(IIl) and Fe(Il) can form stable seven-coordinate complexes
(51), meaning that in the SOD catalytic cycle alternation between
these two oxidation states does not require the changes in coordination
geometry, and consequently does not require ligand rearrangement.
However, manganese seven-coordinate structures are expected to
be more demanding with respect to the ligand conformational
flexibility, since Mn(III) is not able to form a stable seven-coordinate
geometry (51).
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Fic. 8. Graphical comparison of k¢ for studied complexes.

C.2. Manganese complexes

As mentioned earlier, it was even more interesting to probe whether
the rigid pentadentate ligand can support SOD activity of the Mn(II)
seven-coordinate complex. Therefore we have synthesized the PBP
[Mn'(Hydapsox)(CH;OH)(H50)1(Cl0,)s complex (49) (Fig. 7) with the
same rigid ligand system as in the case of iron complexes. To compare
its reactivity with the reactivity of a proven SOD catalyst under
the selected experimental conditions, the interaction of [Mn(pyane)
(H50)5]Cl, with superoxide was parallel examined (49).

At first the redox properties of these two Mn(II) complexes were
studied (49). Similar to the proven Mn(II) seven-coordinate SOD
mimetics with [15JaneN5 type of chelates (35), [Mn'(Hydapsox)
(CH3OH)(H30)I(C10y4)o is stable in the pH range 6-10.5 and in
methanol exhibits a reversible redox potential at 0.8V vs. NHE
(22,35). The redox behavior in aqueous solutions for the macrocyclic
manganese SOD mimetics was not reported. We measured the cyclic
voltammograms for [Mn(pyane)(H20)5]Cly (E,x = 0.98V and E,.q =
0.35V) and [Mn'(Hydapsox)(CH;OH)(H20)I(Cl04)y (Eox = 0.64V and
E..q=020V) at pH="7.8 (49), and both complexes show similar
behavior with large peak separation.

Electrochemical measurements in air-saturated DMSO (Fig. 9) show
(49), as in the case of iron complex that the analogue Mn(II) complex
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can also catalytically decompose superoxide (disappearance of the
anodic peak assigned to the oxidation of 02' in the presence of
the Mn(II) form of the complex), remaining unchanged (appearance
of reversible redox wave for the Mn/Mn™ couple at 0.65V). In
comparison, the proven SOD mimetic [Mn(pyane)(H20)5]Cl; upon the
reaction with superoxide undergoes modification and in the scan range
from 0 to 1.2V and back to 0V, three oxidation and reduction peaks
appear (Fig. 9).

Immediately after mixing a superoxide solution with a complex
solution in DMSO, rapid decomposition of 02' (decrease in absorbance
in the 240-330nm range within the dead time of the stopped-flow
instrument) was also observed in the case of both manganese com-
plexes (Fig. 6). More prominent spectral changes follow the reaction
with our rigid ligand. In the case of [Mn(pyane)(H50)5]Cl,, after fast
superoxide decomposition, the complex starts to decompose slowly
and results in the formation of a light brown colloid precipitate
(presumably MnO,) after ~3h. Three hours after mixing with KOs,
acid was added to the solutions of [Mn"(Hydapsox)(CH;0H)(H50)]
(Cl104)2, which resulted in the complete recovery of the staring
complexes. This demonstrates that our acyclic complexes are more
stable than the macrocyclic one under the applied experimental
conditions, which is in agreement with the electrochemical observa-
tions (see earlier).

As for iron complexes the catalytic rate constants (k) were
determined by direct stopped-flow measurements of k., as a function
of catalytic amount of manganese complexes (Fig. 8), and they are found
to be (1.2+0.3)x10" and (5.3+0.8)x10°M 's™' for [Mn"
(Hedapsox)(CH3;0H)(H,0)I(ClOy4)s and [Mn(pyane)(H50)5]Cls, respec-
tively (49). The k.,; values shows that the both iron complexes and
the macrocyclic manganese complex have almost the same catalytic
activity, within the error limits, whereas [Mn'(Hydapsox)(CH;OH)
(H20)1(C104)2 has approximately two times higher activity.

C.3. Reaction with superoxide in aqueous solutions

Stopped-flow measurements with superoxide in aqueous solution
at physiological pH are not possible due to its fast self-dismutation
under these conditions. Therefore, the indirect assays such as
McCord—Fridovich, adrenalin and nitroblue tetrazolium (NBT) assays
are widely used in the literature, not only for qualitative but also for
quantitative detection of SOD activity of small molecular weight
mimetics (52). Not going into details, we just want to stress that the
indirect assays have very poor even qualitative reliability, since they
can demonstrate the SOD activity of the complexes which does not
react with superoxide at all. It has been reported in the literature that
this is caused by the interference of hydrogen peroxide (29). We have
observed that the direct reaction between complexes and indicator
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substances (cytochrome ¢ and NBT used in our experiments) inevit-
ably lead to over- or underestimation of the catalytic rate constants
under the experimental conditions of assay. In that way the catalytic
rate constants determined by using the McCord-Fridovich assay
for [MnH(H2dapsox)(CH3OH)(H20)](0104)2 and [Mn(pyane)(H20)5]Cl,
were found to be at least one order of magnitude higher then those
obtained by stopped-flow method. At the same time, for the iron
complex it was even not possible to use this assay as a qualitative test,
since in its reduced form the complex acted as a reductant of
cytochrome ¢, and increased the rate of cytochrome ¢ reduction when
injected into solution, opposite of what should be observed. Both iron
and manganese dapsox complexes reacted with NBT.

C4. Conclusion

Although it has been postulated in the literature that only
seven-coordinate complexes of macrocyclic ligands with prominent
conformational flexibility could possess SOD activity (24,25), our
seven-coordinate iron and manganese complexes with the acyclic and
rigid Hodapsox ligand demonstrate ability for catalytic decomposition
of superoxide. Importantly, not only that the manganese complex
with conformational unflexible pentadentate ligand possesses SOD
activity, but it is even more active than the conformational flexible
complex. Similar to what usually was found in the case of the macro-
cyclic pentadentate ligands (18), the manganese complex shows higher
SOD activity than the corresponding iron complex. However, higher
stability of the iron complex within a very wide pH range is its
advantage in terms of a possible application.

The demonstrated SOD activity of the rigid seven-coordinate
complexes is in agreement with our recent findings that the water
release and formation of a six-coordinate intermediate, requiring
conformational rearrangement of the ligand, is not the rate-limiting
step in the overall inner-sphere catalytic SOD pathway of the proven
macrocyclic SOD mimetics (34). Furthermore, it also shows that
conformational flexibility of the pentadentate ligand is not the key
factor assisting in SOD activity, and that the acyclic and rigid ligand
systems can also be considered as structural motives for designing
SOD mimetics. Their additional advantage can be the fact that
their syntheses are more economic than the syntheses of macrocyclic
ligands.

We have also shown that the indirect SOD assays, which are the
mostly used methods for demonstrating complex SOD activity, are not
very reliable and if, they can be applied only upon considering possible
cross reactions between indicator substance and the studied complex
in their different oxidation forms, in which they may occur within the
SOD catalytic cycle. The direct stopped-flow method, where the high
excess of superoxide over complex can be utilized, is a better probe for
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a complex SOD activity even though it requires DMSO medium.
Importantly, as it was stressed by D. T. Sawyer et al., even closer
relation between the kinetic measurements in aprotic media than
in bulk water can be drawn with the processes in mitochondria, which
are the major source of superoxide in the aerobic organisms,
since aprotic media “may be representative of a hydrophobic biological
matrix” (53). Under less protic conditions, causing longer half-life of
O, , efficient superoxide decomposition is even more desirable.

lll. Reversible Binding of Superoxide to Iron-Porphyrin Complex
A. STATE-OF-THE-ART

We are also interested in the activation of superoxide which does not
lead to its catalytic disproportionation, namely, we are interested in
stoichiometric reactions of different metal complexes, in the first place
iron porphyrins, with superoxide. The biochemistry of dioxygen and
its reduced forms (O, and 03—) is closely related to iron-porphyrin
centers in different hemoproteins. Although superoxide is not a
common substrate for hemoproteins it is formally bound to the iron
center in oxygenated hemoglobin and in intermediate species involved
in the catalytic cycle of cytochrome P450 and heme-copper assemblies
(cytochrome c oxidases) (6). It is well established that in aprotic
coordinating solvents (e.g., DMSO or MeCN) one equivalent of KO,
reduces Fe(III) porphyrins to Fe(II), whereas an additional equivalent
of KOy produces a species which has been formulated (based on
ESR and vibrational spectral measurements and relatively broad
pyrrole deuterium NMR signal) as Fe(III)-peroxo porphyrin adduct
(Scheme 12) (54,55). Previously this species was described as Fe(II)-
superoxo complex based on the unusual red shifting of the visible
absorption spectrum and its ERP silent character (56). It is isoelec-
tronic with a product of dioxygen binding to Fe(I) porphyrin complex
and with an electrochemically reduced Fe(II) dioxygen adduct (57)
(Scheme 13).

Fe(III)-peroxo porphyrin complexes comprising ligands of different
electronic properties were extensively investigated by Valentine et al.
(4,58) as synthetic analogues of intermediates that might occur
during enzymatic reactions. All these complexes are high-spin species.

[Fe'(porphyrin)]+ O, ———— [Fe'l(porphyrin)] + O,

[Fell(porphyrin)]+ Op7 ————— [Fe!'(porphyrin)(0,%)]°

ScHEME 12.
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I [
Fe' + 0,

+e”

Fe'+ O, —> Fell-0,%

Fe'+ 0, —————

ScHEME 13.

The same authors studied the effect of the electron-withdrawing groups
on the stability and type of reactivity of the corresponding Fe(III)-
peroxo complexes and showed that electron-withdrawing groups
attached to the porphyrin macrocycle stabilize peroxo species and
decrease nucleophilic reactivit}r (568). Even the most stable Fe(III)-
peroxo porphyrin complex [Fe H(Fgotpp)(Og_)]*, containing the very
electron-poor Footpp porphyrin ligand (Footpp = 5,10,15,20-(pentafluor-
ophenyl)porphyrin), is stable only under an inert atmosphere for
several weeks (58). Interestingly, the same authors reported that
addition of a potassium chelator to a solution of Fe(III)-peroxo species
increases its stability (54b), suggesting the existence of an interaction
between the potassium ion and the coordinated peroxo ligand.

It has been postulated on the basis of the crystal structure of
[Mnm(tpp)(Og_)]_, that the peroxide ligand in Fe(IlI)-peroxo por-
phyrin species is coordinated in a side-on bidentate manner (Scheme 2)
(8). Interestingly, based on the deuterium NMR studies the
[MnIH(tpp)(ng)]* complex was characterized as the Mn(II)-superoxo
species (55). This discrepancy has been explained by an alteration of
the normal d orbital ordering, where the highest energy d orbital
is a d,,+Ogy mg, hybrid not the d,>_,» (8). These examples show that
definitive electronic and molecular structural assignments for iron and
manganese porphyrin-superoxide reaction products are not straight-
forward tasks, especially in solutions. Also an accurate description
of the superoxide/peroxide-binding mode in solution is not a trivial
problem. As mentioned earlier, peroxide is considered to bind in a
side-on fashion, whereas superoxide coordination is characterized by
end-on binding mode. However, it seems that the end-on form of
Fe(III)-peroxo species leads to nucleophilic attack and that axial trans
coordination of DMSO results in the opening of the triangular peroxo
chelate ring (Scheme 14), which increases the nucleophilicity of these
species (59). Coordination of the axial ligand as a switch for chelate
ring-opening of the peroxo ligand and a promoter of the nucleophilic
reactivity was proposed to play a role in reactions of peroxo complexes
derived from group VIII transition metals, as well as in enzymatic
reactions (59). Interestingly, it has been demonstrated that side-on
peroxo non-heme Fe(III) and Mn(III) species exhibit nucleophilic but
not electrophilic reactivity (60). This again demonstrates that there
are still unrevealed questions about interactions between superoxide
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and metal centers in general, and metalloporphyrins in particular, and
the nature and reactivity of their products species.

B. IroN CoMPLEX OF A CROWN ETHER-PORPHYRIN CONJUGATE SUITABLE FOR
STUDYING INTERACTIONS WITH SUPEROXIDE

In the literature there are no quantitative studies on the kinetics
and thermodynamics of stoichiometric superoxide reactions with
metal centers in general, and metalloporphyrins in particular. More
precisely, superoxide concentration and temperature dependent
kinetic and thermodynamic measurements were never reported and
consequently the rate constants, activation parameters or binding
constants for this type of reactions (Scheme 15) are not known.
(The catalytic rate constants for the superoxide disproportionation,
i.e., dismutation, by metal complexes are known (see earlier), however
in those measurements the concentration of a catalytic amount

SCHEME 14.

ScHEME 15.
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of complexes was varied and usually such constants were obtained
from indirect SOD assays.) Therefore, we went beyond the qualitative
descriptions of such processes and undertook detailed kinetic and
thermodynamic study on the reactions of KO, with a novel iron
complex (Scheme 15) of crown ether-porphyrin conjugate (HyPor) in
DMSO, in order to shed more light on this type of interactions (61).

HsPor used in our studies is a tetraphenylporphyrin with tert-butyl
groups in the para position of the porphyrin which enhance the
solubility in organic solvents. Aza-18-crown-6 is attached through
its amine group to a methyl group in ortho-position of one aryl ring.
This close proximity of the crown ether gives the metallated form of
the ligand its unique properties. The metalloporphyrin can function as
a ditopic receptor by coordinating a potassium cation, which can then
interact with a diatomic anionic ligand bound to the metal center. Such
an interaction has already been confirmed by X-ray structure analysis
of the corresponding zinc(II) and cobalt(III) complexes with one and
two coordinated cyanide anions, respectively (62).

The Fe(III) complex of HyPor, [Fe™™(Por)Cl], is a typical high-spin five-
coordinate species with the chloro ligand pointing to the coordinated
water molecule in the crown ether. The bis(cyano)iron(III) complex of
HyPor was also synthesized to study the influence of the potassium ion
on the spin state of the iron center. NMR spectroscopy of our low-spin
K[Fe!"™Por(CN)y] complex reveals the strong increase of r-acceptor
ability of the cyanide ligands that comes from interaction with the
positively charged potassium ion coordinated by the crown ether, which
pulls electron density away from the ligands. These results show that
our iron(III) porphyrin acts as a ditopic receptor for diatomic anions as
it has been demonstrated in the crystal structures of the corresponding
zinc and cobalt complexes (62). The strong electrostatic interaction,
as the one between chelated K™ and CN ™, is also to be expected between
chelated K* and the peroxide anion (see later), and can enhance
stability of the peroxo species. In DMSO solution our complex is present
as the six-coordinate [Fe!™(Por)(DMS0),]" species.

The redox behavior of [Fe'(Por)Cl] is in accordance with the redox
behavior of [Fe™(tpp)]* (63). The redox potential corresponding to
the Fe(III)/Fe(II) couple of our complex is more positive than that of
[Fe'(tpp)]™ (63), suggesting higher stability of the complex in the
Fe(Il) oxidation state. This was observed when [Fe'(Por)] was
chemically or electrochemically generated, since it is stable under air
for a few hours, whereas [Fe''(tpp)] oxidizes immediately under air.
The significant stability of [Fe''(Por)] enabled further kinetic and
thermodynamic investigations.

B.1. Reactions with superoxide

The property of the [Fe'™(Por)C1] complex to act as a ditopic receptor
towards diatomic anions is very attractive for studying its reaction
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with superoxide. The reaction of Fe(III) porphyrins with superoxide
is convenient to follow in DMSO as aprotic solvent, in which the
solubility and stability of KOy (common source of O ) are satisfactory.
It is also known that the use of potassium chelators will enhance the
solubility of KO,. Moreover, the presence of potassium chelators can
influence the properties of the product species that result from the
reaction between Fe(IIl) porphyrin complexes and superoxide (54b).

Different from what has been found in the literature, upon addition
of less than tenfold excess of KOs to the complex solution only
formation of the hydroxo complex [Fe'(Por)OH] can be observed.
This can be explained by the fact that KOy inevitably contains some
KOH, which leads to the formation of the Fe(III) hydroxo complex.
[Fe!'[(Por)OH] itself reacts with KOs. Tenfold excess of KOs is needed
for reduction of [Fe™(Por)(DMSO)s]™ to the Fe(II) form of a complex.
Reduction of the iron center by superoxide is confirmed by comparison
of the resulting spectrum to the one obtained by electrochemical
reduction of [Fe(Por)(DMSO),]" (Fig. 10).

When a larger than tenfold excess of superoxide is applied to the
solution of [Fe™(Por)(DMSO),]", the reduced [Fe'(Por)] complex
is formed during the dead time of the stopped-flow instrument,
and the second reaction step (Scheme 12), i.e., formation of the
peroxo [FeHI(Por)(Og_)]’ complex is observed (Fig. 10). This second

Fe'"Por+ O, —> Fe'lPor + 0, Fe'Por+ O, — Fe''Por- 0,>

Abs

T 7 T T T i T 1 T f — T 1
300 350 400 450 500 550 600 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Fic. 10. UV/Vis spectra recorded in a tandem cuvette of the solution
of 5x107°M [Fe"Por(DMSO),]* and 5 x 107°M KO, in DMSO (a) before
(Amax = 420nm) and (b) after (Aax = 430nm) mixing. Inset: UV/Vis spectra
of 5x 107 °M [FePor(DMSO0),]" (a) before (Amax =420nm) and (b) after
reduction (Ap.x =430nm) by dithionite. Time-resolved spectra for the
reaction between [Fe'(Por)] and KO, in DMSO (61).
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Fic. 11. Plots of kyys vs. [O3] for the reaction of 5 x 106 M [Fe' (Por)] and
KO, at 25°C in DMSO (61).

reaction step can also be followed starting with electrochemically
generated [Fe''(Por)].

Although, the first reaction step, reduction of the Fe(III) to the Fe(II)
porphyrin complex by KOs, could not be studied in detail because of
interference of the formation of the Fe(III) hydroxo species, the second
reaction step, binding of superoxide to the Fe(II) species and formation
of the Fe(IlI)-peroxo complex, could be studied in detail (61). To our
knowledge, for the first time superoxide concentration (Fig. 11) and
temperature dependent kinetic studies of reactions with superoxide
have been performed by stopped-flow UV/Vis measurements, and as
a result the second-order rate constant (k,, = 36,5004 500 M_ _1)
and correspondlng actlvatlon parameters (AH” = 61 2+0.9kJ mol*
and AS” = +48+3JK 'mol™?) could be obtained (61). On the basis
of the obtained results, we can conclude that strongly coordinated
DMSO controls the reaction mechanism in the sense that its
dissociation is the rate-determining step.

B.2. Stability of Fe(Ill)-peroxo species and reversible binding of superoxide

In contrast to the Fe(Ill)-peroxo porphyrin species reported in the
literature (568), which are only stable under an inert atmosphere, our
peroxo species is quite stable in the solution with excess of superoxide,
even when exposed to air (61). The presence of nearby K* can account
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for this increased stability of K[FeIH(Por)(Og_)]. The peroxo complex is
indefinitely stable in a frozen DMSO solution, even upon exposure
to air. In a closed system under air it is stable at room temperature
for a week. When the solution is opened to the atmosphere, slow
transformation (within a few hours) to the [Fe'(Por)] species is
observed, as monitored by UV/Vis spectroscopy. This reaction was
found to be caused by absorption of moisture from the atmosphere, as
no spectral changes are observed when the peroxo complex is purged
with dry oxygen. The rate of decay of [FeHI(Por)(ng)]_ (green solution,
Amax = 440nm) is accelerated by passing wet air through the solution,
which results in the formation of the brown [Fe(Por)] complex, as
monitored by UV/Vis spectroscopy (Fig. 12). Further addition of
superoxide to the brown [Fe!'(Porph)] complex results in reformation
of the green peroxo complex. All these observations suggest that the
binding of superoxide to the Fe(II) complex is reversible and that
the decrease in concentration of O, , caused by its decomposition in the
presence of protons, shifts the equilibrium from the Fe(III)-peroxo to
the Fe(IT) complex (Scheme 16). Addition of a moderate excess of triflic
acid to the peroxo complex causes partial formation of the [Fe™(Porph)]
complex by facilitating the decay of superoxide in the solution.

= 02-

Fe'"Por-0,% Fe'Por

+ 02-

Fic. 12. Transformation of K[Fe'Por(027)] to [Fe''(Por)] by passing wet
air through the DMSO solution.

K,
(DMSO)Fe'"Por- 0,2 + DMSO .—Lﬂ' Fe''Por(DMSO), + O,-
k

on
K l+ H* (TBPH or HOTf)

112H,0, + 1/20,

SCHEME 16.
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When a large excess of acid is added, the [Fe™ (Porph)(DMSO),]"
complex is formed.

As mentioned earlier (Scheme 2), Fe(III)-peroxo complexes usually
decompose to high-valent iron-oxo species. To test for the presence of
high-valent iron-oxo species as a decay product of our peroxo complex,
the trap TBPH (2,4,6-tri(tert-butyl)phenol) was utilized. Typically,
upon oxidation, TBPH forms an oxygen-centered radical which results
in an increase of absorbance at 380, 400 and 630 nm (64). However,
upon addition of TBPH to the solution of [Fe'™(Por)(037)]™ no evidence
for high-valent iron-oxo species was observed, but [Fe''(Por)] was
produced instead (Fig. 13). In a subsequent study, TBPH was also
found to react with superoxide; comparison of the spectral changes
with those upon reaction with NaOH indicates that TBPH is acting
as an acid. Phenols are known to act as moderate acids to protonate
superoxide ion in aprotic solvents and induce its efficient dispropor-
tionation (K = 10'®) (53). The protonation of superoxide present in an
equilibrium solution causes its decay (50,53), shifting the equilibrium
from [Fe™(Por)(037)]~ to [Fe'(Por)] (Scheme 16, Fig. 13). Therefore,
this reaction, in which acid is a trap for superoxide anions, can
be used for direct determination of the rate constant of the back
reaction, k., in a stopped-flow experiment in which a 1x107°M

300 350 400 450 500 550 600
Wavelength (nm)

Fic. 13. Time-resolved spectra for the reaction of K[FeIH(Porph)(ng)] and
TBPH (2,4,6-tri(¢-butyl)phenol) at 25°C in DMSO.
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solution of Fe(III)-peroxo porphyrin was mixed with the acid solution
in DMSO at 25°C.

It should be mentioned that the high stability of the Fe(III)-peroxo
complex enables such an experiment. For the quantitative determina-
tion of k., HOTf was chosen since it is known that strong acids
react with superoxide in aprotic solvents extremely rapidly (&'>1 x
10"M~1s71) (53), which makes them very efficient O, scavengers even
at lower concentrations. The observed first-order rate constant for
the reaction of [FeIH(Porph)(ng)]_ and HOTf does not depend on
HOTY concentration in the range of 5 x 107°-5 x 10~* M and was found
to be kops = korr = 0.21+0.01s7 1 (61). From the obtained second-order
rate constant &, and the first-order rate constant k., the kinetically
determined equilibrium constant for the binding of superoxide is
KO3 = (1.740.2) x 10°M~! at 25°C (61). The reversible binding of
0, to [Fe''(Porph)] and the relative stability of the [Fe™(Porph)(03 )]~
complex allowed further investigation of the binding thermodynamics.
The equilibrium constant for this reaction was determined by titrating
an electrochemically prepared solution of [Fe!'(Porph)] with O, under
a nitrogen atmosphere and both thermodynamically and kinetically
determined equilibrium constants for superoxide binding are in a good
agreement (61).

B.3. Fe(Ill)-peroxo or Fe(Il)-superoxo?

An interesting question is whether the peroxo ligand in our
[FeIH(Porph)(ng)]* complex is coordinated in a side-on or end-on
fashion. Taking into consideration the DMSO coordination and the
electrophilic potassium cation in the crown ether lying above the
peroxo ligand, [FeIH(Porph)(Og_)]_ may in a way represent a model
for the proposed (59) nucleophilic attack of the end-on peroxo form,
with an axially coordinated solvent molecule, to an electron-deficient
substrate (Scheme 14).

To understand better the role of axially coordinated DMSO in the
structural and electronic properties of our peroxo complex we have
performed the DFT calculations (UBP86/LACVP* Jaguar 6.0). The
obtained preliminary results are quite intriguing. Namely, they show
that when DMSO is coordinated to the iron center, the energy
difference between side-on and end-on peroxo structures is only
3.0 kcal mol !, strongly suggesting that the equilibrium between these
two structures can exist (Fig. 14). But even more interesting is an
observation that the end-on structure has iron(II)-superoxo character
different from the side-on structure with iron(III)-peroxo nature. This
now shed a new light on the Mdéssbauer spectrum of our iron(III)-
peroxo complex in DMSO, where we have observed both high-spin
Fe(IIl) (8 =0.41mms ', AEq=0.51mms™ ') and low-spin Fe(II)
(6 =0.36mms~ ', AEq=1.38mms ') (6I). Whether the observed
Fe(II) species is a rest of the starting low-spin [Fe'"Porph(DMSO),]
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DMSO-Fe''Por-0,%

0.0 kJ/mol 12.55 kJ/mol (3.0 kcal/mol)

Fic. 14. With DFT methods (BSLYP/LANL2DZp) calculated structures for
the side-on and end-on form of K[Fe™(Porph)(0%~)(DMSO)].

complex or it is the end-on iron(Il)-superoxide adduct postulated by
DFT calculations, remains to be revealed in future experiments. This
again shows that the nature of the Fe(II)-superoxide adduct cannot
be simply defined as an Fe(Ill)-peroxo species, and that it most
probably depend on the nature of the porphyrin ligand, solvents etc.
This also opens a question about the nature of the active species in,
for example, oxidative nucleophilic reactions: is it peroxo or superoxo
form which nucleophilically attacks an organic substrate? These are
challenging questions which motivate future investigations.

B.4. Conclusion

Our studies demonstrate some new aspects of the reactions between
superoxide and metalloporphyrins.

Firstly, superoxide can be reversibly bind to the metal center
forming quite stable M(III)-peroxo species, which consequently can
serve as a source of superoxide, releasing it to form an M(II) species
by fine tuning of the proton concentration. This type of superoxide
reactivity is a novelty of a general chemical, as well as biological
importance, since it shows that upon proton addition the M(III)-peroxo
species (known as the intermediates in various enzymatic processes)
does not necessarily dissociate to hydrogen peroxide and an Fe(III)
species (as in the case of the SOD active enzymatic and mimetic
systems) or undergo O-O bond cleavage to form a high-valent oxo-iron
species (as in the case of cytochrome P450) (Scheme 2). Whether this
type of reactivity is a result of the unique structural feature of our
Fe(III)-peroxo porphyrin (viz. the presence of the nearby K'-crown
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ether moiety), or it is a more general feature that could not be observed
before because of the much lower stability of the previously studied
Fe(III)-peroxo porphyrin complexes, remains to be seen.

Secondly, there is an indication that metal(III)-peroxo side-on com-
plexes are in general in equilibrium with corresponding metal(II)-
superoxo end-on species. The position of such equilibrium could
depend on various factors as structural and electronic properties
of the porphyrin ligand, coordination of an axial ligand trans to
peroxide/superoxide, solvent medium, temperature and involvement
of coordinated peroxide/superoxide in possible hydrogen bonding or
electrostatic interactions. These are interesting questions which
should be addressed in future studies.

IV. Summary

Here we presented two general aspects of the interactions between
superoxide and metal centers. One is the catalytic decomposition
of superoxide by non-heme metal centers (Scheme 9) and the role of
the ligand structure in it, and another is the reversible binding of
superoxide to the heme metal center and the nature of the product
metal(III)-peroxo species (Scheme 17). In both cases through the
same redox reaction steps a metal(III)-peroxo species is formed as
the intermediate (Scheme 9), in the catalytic cycle, or the product of
stoichiometric reaction (Scheme 17). The crucial difference is in the
protonation step. If the protonation of peroxo species is followed by
efficient release of hydrogen peroxide (and not O-O bond cleavage,

$ H,0,+ $ O, H*  end-on Fe™(superoxo)

}—w«

FeZ+

o

SCHEME 17.
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Scheme 2), catalytic cycle is closed. However, if the protonation is not
efficient, instead of catalytic disproportionation of superoxide a
metal(III)-peroxo species is generated as the reaction product. As a
novelty, we have shown that protonation of the Fe(IlI)-peroxo species
does not necessarily lead to dissociation of hydrogen peroxide and
formation of the Fe(III) complex (as in the case of the SOD active
enzymatic and mimetic systems) or O-O bond cleavage and formation
of a high-valent oxo-iron species (as in the case of cytochrome P450).
Namely, we have demonstrated that superoxide can react with a
metal center in a reversible manner forming quite stable M(III)-peroxo
species, which can release superoxide to form an M(II) species by fine
tuning of the proton concentration. This type of reactivity of the
Fe(III)-peroxo species and reversible binding of superoxide, could be
of significant biological importance since it could operate in a specific
biological environment as well. Additionally, the existence of Fe(II)-
superoxo species and its equilibrium with Fe(III)-peroxo form, which
we postulate, can certainly explain the reversible nature of superoxide
binding and may also be an explanation for some reaction mechanisms
in which M(III)-peroxo species are involved. Further investigations
should shed more light on these phenomena.
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I. The 2-His-1-Carboxylate Facial Triad’ in Non-Heme Iron Oxygenases

In the past decade there has been an enormous progress in the field
of non-heme iron oxygenases. Almost annually, new reviews are
published showing clearly an increasing interest in this field (1-18).
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The number of known or presumed mononuclear, non-heme iron
oxygenases and related enzymes continues to grow. This is due to
intensive biochemical research and especially based on sequence data
derived from genome research projects (I14). For several of these
enzymes structural data are available by now from protein crystal-
lography (12-14). In many of the iron oxygenases the iron is facially
bound by two histidines and one carboxylate donor, either glutamic
acid or aspartic acid. Thus, the term ‘2-His-1-carboxylate facial triad’
has been introduced by L. Que Jr. for this motif (19).

A. IsopeENICILLIN N SYNTHASE

Iron enzymes with such a 2-His-1-carboxylate facial triad are
thought to be as important as the group of heme proteins or enzymes
with iron—sulfur clusters. Site-directed mutagenesis proved that this
triad is essential for the reactivity of these enzymes (20). Furthermore,
the geometry of the metal-binding residues seems to be constant
through the catalytic cycle, as shown by pseudokinetic protein
crystallography (21-23). These studies were performed with the
enzyme isopenicillin N synthase (IPNS), a ferrous dependent oxyge-
nase with 2-His-1-carboxylate facial triad and the key enzyme in the
biosynthesis of penicillins (20-30). IPNS transforms the tripeptide
o-(L-a-aminoadipoyl)-L-cysteinyl-D-valine (ACV) in an oxidative cycli-
zation to isopenicillin N (IPN). Most of the penem and cephem
antibiotics are derived from this. For example, epimerization by other
enzymes transforms IPN to penicillin N, derivatization to penicillin G
and ring expansion to cephalosporins. IPNS requires Fe(II) and
consumes one equivalent of molecular oxygen as cosubstrate during
the reaction cycle. Both oxygen atoms are reduced to two molecules of
water during the reaction (Scheme 1).

Due to the importance of penicillins and cephalosporins, which
certainly saved the lives of hundreds of millions of people, especially
the mechanism of the penicillin biosynthesis was intensively investi-
gated (24). Although total syntheses of penicillins are known now for
more than 50 years, this reaction in which both rings of the penicillin
structure are formed in one step is still impossible to reproduce for

SH
M IPNS-Fe(1l) H3
6029 N\/\ 607 \>/
CO@
2 H,0
L-ai-aminoadipoyl-L-cysteinyl-D-valine 2 isopenicillin N (IPN)

(ACV)

ScHEME 1. Cyclisation of L-a-aminoadipoyl-L-cysteinyl-D-valine (ACV) to
isopenicillin N (IPN) by the enzyme isopenicillin N synthase (IPNS).
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synthetic chemists and is a special synthetic challenge in organic
synthesis. By now there is no penicillin synthesis known that is as
efficient as this unique biocatalytic reaction. Based on incubation
experiments with hundreds of derivatives of the natural substrates
ACV (24) including isotopic labeled ACV substrates (25) and with the
help of several protein X-ray structure determinations (21-23,26-29),
Sir J. E. Baldwin proposed the following mechanism for the penicillin
biosynthesis (Scheme 2) (23,28).

When the reaction starts, GIn330 of the C-terminus leaves its
octahedral position at the Fe(II) center, allowing the ACV substrate
to coordinate via the cysteine of the tripeptide as thiolate. The
hydrophobic D-valine of the tripeptide induces the release of one of the
two coordinated water molecules from Fe(II) and another coordination
site is now free for the cosubstrate Oy. When O, is bound, a superoxide
complex Fe(III)-O5 " is formed. H-abstraction from the SCH, group
and a single electron transfer (SET) then results in a hydroperoxide
complex Fe(II)-OOH with a coordinated thioaldehyde ligand. Due to
the a-effect and the proximity of the hydroperoxide ligand to the amide
proton of the ACV substrate a deprotonation and formation of an
amide anion should be possible. This N-nucleophile might then attack
the thiocarbonyl group of the thioaldehyde ligand and thus form the
B-lactam ring in a 4-exo-trig reaction. In this step a molecule of water
is released and a Fe(IV)—O0 species is formed, while the pB-lactam ring

Gln330 0 NIT-AA o NH-AA

j\ & H &
~ + 0, -H,O

H
N
N N0 +ACV, -H Ny 5 -H, H(\H
| ; 0, 8 00,
H,Oum, L His214 bl CH, 2 \ l
T UFeX -Gin330 I anHis214 CH, ’} WHis2 14

[
H,0" | Nasp216 Ot

CH I,
His270 10”7 | \ASP 216 CHy Ty 0/ ‘ Asp216
His270 J His270
o NH-AA
1L &
N\
6070\\\-\1\] H oy Xg

CH; Omy,, lx wWHis270
" Fe
CH, 10" T ~~Asp216

His214
Q

Q “
NH-AA NH-AA o NH-AA
H N H N W
1L
4 OZCHI"“K/ \‘&CH] -H,0 N\f‘

\ AN
S - 90, § e— eo0,cX § Ilzllkg)u\vs
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ScHEME 2. Bio-catalytic pathway of the IPNS according to Baldwin (28).
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is still coordinated as a thiolate. The Fe(IV)—O species accomplishes
now in a radical reaction the second ring closure reaction to the penem
product. A ferrous center is formed to which the IPN product
coordinates as a thioether ligand. Finally, the IPN product is released
and the catalytic cycle is closed.

Several steps in this mechanism are supported by protein structures
of IPNS. In 1997 P. L. Roach from the Baldwin group obtained a
molecular structure of IPNS with Fe(II) and a bound ACV substrate
(Fig. 3) by crystallization of IPNS under anaerobic conditions in a
glove box (29). The coordination site for O, was proven by exposing
these protein crystals to NO as an Oy analog (29). In pseudokinetic
protein crystallography experiments with the enzyme IPNS (21)
crystals of the IPNS:Fe(Il):substrate complex grown under anaerobic
conditions were pressurized with pure oxygen up to 40 bar to run the
IPN biosynthesis in a crystal. After a certain time the pressure was
released and the reaction was trapped by freezing the crystals on
liquid nitrogen. Pressurizing at 40 atmospheres for 320 min resulted
in a product structure IPNS:Fe(II):IPN (Fig. 1) (21).

All the pseudokinetic protein crystallographic experiments per-
formed so far with IPNS clearly show severe changes in the electron
density of the ACV substrate throughout the catalytic cycle but no
change of electron density at all was observed for the residues of the
2-His-1-carboxylate facial triad (21-23). This implies, but does
not unequivocally prove, a rather fixed geometry of the three iron-
binding residues during this catalytic cycle. This makes the 2-His-1-
carboxylate facial triad a rather promising candidate to be mimicked
by bioinorganic model complexes. This applies even more, since
several non-heme iron oxygenases exhibit the same motif.

,
t}«.

His214

A i:ﬁi. I:>

ACV

His:?%

L™

Fic. 1. Active site of isopenicillin N synthase (IPNS) derived from
Aspergillus nidulans: turn over of Fe(II) bound ACV substrate (PDB-Code:
1BKO) (29) in the crystal to Fe(II) bound IPN product (PDB-Code: 1QJE) (21).
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B. 2-Ox0GLUTARATE DEPENDENT FE(II) ENZYMES

Especially, the family of the 2-oxoglutarate (2-OG) (a-ketoglutarate)
dependent iron(II) enzymes forms the most prominent group in these
mononuclear non-heme iron oxygenases (I8). In many of these
enzymes the 2-His-1-carboxylate facial triad can be detected by simple
sequence alignment (26). Several protein structures of 2-OG depen-
dent iron(II) enzymes were solved in recent years, some of them
with very high resolution (I8). Thus, structural data are available
for deacetoxycephalosporin C synthase (DAOCS), clavaminic acid
synthase (CAS), carbapenem synthase (CarC), proline 3-hydroxylase
(P-3-H), human HIF inhibiting factor (FIH), taurine dioxygenase
(TauD) (Fig. 2) and the anthocyanidin synthase (ANS).

Most of the 2-OG dependent iron enzymes are hydroxylases. The
hydroxylation of a C-H bond is coupled to an oxidative decarboxylation
of the 2-OG to succinate and COs (8). One oxygen atom of O, forms the
hydroxyl group of the product (Scheme 3). The second oxygen atom
ends up in the succinate (8,18).

In 2-OG dependent enzymes ferrous iron is bound in the active site
by the 2-His-1-carboxylate facial triad. The carboxylate is either an
aspartic acid or a glutamic acid. In the beginning the slightly distorted

’\L'_A:a urine

His99

2-oxoglutarate "a\, Asp101
} /‘ = Fe -——‘-1/\
—

4

His255
L™

Fic. 2. Active site of taurine dioxygenase (TauD) with 2-oxoglutarate
bound to Fe(II) and a taurine substrate (PDB-Code: 1GY9) (31).

R-H or R-OH or
R-H,, Hy R +H,0
enzyme, Fe(II)
o +0, o
S © o
(6] O (6]
2-oxoglutarate succinate

(o-ketoglutarate)

ScHEME 3. Reaction of 2-oxoglutarate dependent iron enzymes (8).
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ScHEME 4. Mechanism of the 2-oxoglutarate dependent iron oxygenases (8).

octahedral coordination is completed by three water molecules (Fig. 2)
(8,18).

Then the cosubstrate 2-OG is bound by k? as a bidentate ligand with
the carboxylate donor and the keto group (8,18). The resulting 6C
octahedral geometry is still rather unreactive because of the remain-
ing water molecule (Scheme 4) (8). To start a reaction with O,
a substrate (e.g., taurine) is bound in the enzyme pocket but not
coordinated to Fe(II). The remaining water molecule leaves the
octahedral coordination site and a 5C center with almost square
pyramidal geometry is formed (8). Oy now binds at the free site and a
superoxide anion is obtained by electron transfer from Fe(II) to oxygen
(8,18). Due to a partially anionic character, this might attack the
keto group in a nucleophilic reaction (8) which has been activated by
the Lewis-acidic metal center. Then the peroxo-intermediate decays
by decarboxylation and heterolytic cleavage of one O-O-bond to the
Fe(IV)—O0 intermediate. Formation of CO, is most likely the first
irreversible reaction step that drives this reaction forward. The
Fe(IV)=0-intermediate then abstracts a H-atom from the substrate
and hydroxylates the substrate in the case of the hydroxylases in a
radical rebound mechanism (8).

In most protein structures that have been published so far, the 2-OG
cosubstrate is bound as a chelate ligand to Fe(II) with the 2-oxo group
trans to the aspartate (32). Until now in none of these has a geometry
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Prolyl 4-Hydroxylase

q( Fc(ll) q(

HOZC\/\H/COZH +0, HOZC\/\COZH +CO,
0

ScHEME 5. Reaction catalyzed by prolyl 4-hydroxylase.

Br

Lt HoONT
HOZCVN\[H]\OH HO,C N AN
0 O OH

Fic. 3. N-Oxalylglycine lead structure and a related inhibitor for prolyl-4
hydroxylase (36).

with the 2-oxo group trans to a histidine been observed. The activity of
DAOCS is limited to 2-OG and 2-oxoadipic acid as cosubstrate. But the
DAOCS mutant R258Q also works with other 2-oxocarboxylic acids
such as pyruvate or 2-oxo-3-methylbutyric acid (33). This shows that
the 2-oxo group of the cosubstrate is essential for the catalytic cycle.

Another important 2-OG dependent oxygenase in mammals is
prolyl-4 hydroxylase, which catalyzes the hydroxylation of the proline
residue in collagen (Scheme 5). This reaction is essential for the
structure of the collagen triple helices (9,34-36). An overproduction of
collagen is related to fibrotic diseases such as rheumatic arthritis.
Thus collagen prolyl-4 hydroxylase is a target for therapeutics (34,36).

Inhibitors for 2-OG dependent iron oxygenases thus have a huge
pharmaceutical potential as future drugs. In particular inhibitors for
prolyl 4-hydroxylase could help to control collagen production (34,36).
Such an inhibitor should mimic the k?0',0? chelate coordination of
2-0Gs but should not react with O,. N -Oxalylglycme (Fig. 3) is such an
inhibitor for prolyl 4-hydroxylase (IC5y = 3 uM) (34,36).

II. N,N,O-Ligands as Mimics for the ‘2-His-1-Carboxylate Facial Triad’
A. BiIs(PYRAZOL-1-YL)ACETIC ACIDS

In our quest to find suitable N,N,0-ligands as models for the active
sites of the facial 2-His-1-carboxylate triad in iron and zinc containing
enzymes, heteroscorpionate ligands like bis(3,5-dimethylpyrazol-
1-yDacetic acid Hbdmpza (3b) seem to be suitable as a mimic for the
2-His-1-carboxylate facial triad. In these ligands the two pyrazol-1-yl
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donors mimic the two histidines and the carboxylate donor stands for
aspartic acid or glutamic acid.

The first synthesis for such a bis(pyrazol-1-yl)acetate ligand was
described in 1999 by A. Otero and coworkers, who reported on several
group four and group five transition metal complexes bearing the
bis(3,5-dimethylpyrazol-1-yl)acetato (bdmpza) ligand. The multistep
synthesis was achieved via bis(3,5-dimethylpyrazol-1-yl)methane (2b),
which is available from 3,5-dimethylpyrazole and CH5Cl,. Deprotona-
tion at the bridging CH, group and subsequent reaction with CO,
resulted in a lithium bdmpza salt %[{Li(H2O)(bdmpza)}] (37). Since the
introduction of bis(pyrazol-1-yl)acetato ligand class to coordination
chemistry, a broad spectrum of transition and main group metal
complexes bearing these ligands has been investigated (37-69). Recent
reviews already cover some of these investigations (70,71).

In addition to Otero’s multistep ligand synthesis we found a simple
one-step synthesis for Hbdmpza (3b) starting from commercially
available reagents (Scheme 6) (41).

Treatment of dibromo or dichloroacetic acid with two equivalents of
3,5-dimethylpyrazole and excess of potassium hydroxide, potassium
carbonate and a small portion of TEBA phase-transfer catalyst gives
Hbdmpza (3b) in reasonable yield after acidification and extrac-
tion with diethylether. This synthesis can also be applied for the
unsubstituted pyrazole but not for sterically hindered pyrazoles (40).

It has to be emphasized that the resulting bis(pyrazol-1-yl)acetic
acid Hbpza (3a) (Fig. 4) would not be available via the Otero route,
since his synthesis is restricted to pyrazoles with substituents
in 5-position of the pyrazoles. Other bis(pyrazol-1-yl)methanes
would be deprotonated at the CHy bridge but also in position five
of the pyrazole, due to ortho metallation. For the sterically more
hindered bis(3,5-di-tert-butylpyrazole)acetic acid (3c) we followed
Otero’s synthetic pathway. In analogy to the synthesis of bis(3,
5-dimethylpyrazol-1-yl)methane (2b) (72) 3,5-tert-butylpyrazole
reacted with dichloromethane, base and phase-transfer catalyst to
bis(3,5-tert-butylpyrazol-1-yl)methane (bdtbpzm) (2¢) (41).

As in the synthesis of bdmpza by Otero et al., the scorpionate ligand
bis(3,5-di-tert-butylpyrazol-1-yl)acetate Hbdtbpza (3¢) can be synthe-
sized from bis(3,5-tert-butylpyrazol-1-yl)methane (bdtbpzm) (2¢) by

R 1. KOH, K,CO, R )CSZH R
Cl 0 HN\ TEBA, THF, A /N N\
c’  OH 2. HCI
R R R
R=H (1a) R =H (3a)
R = Me (1b) R = Me (3b)

ScHEME 6. Synthesis of bis(pyrazol-1-yl)acetic acid Hbpza (3a) and bis(3,5-
dimethylpyrazol-1-yl)acetic acid Hbdmpza (3b) from dichloroacetic acid.
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Fic. 4. Molecular structure of bis(pyrazol-1-yl)acetic acid Hbpza (3a) (40).

CH,Cl,,
KOH, 1. n-BuLi CO,H B
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tBu Bu tBu Bu 1Bu
2¢ 3¢

1c

ScHEME 7. Synthesis of bis(3,5-di-tert-butylpyrazol-1-yl)acetic acid Hbdtbpza
(Be) D).

deprotonation with n-butyllithium and subsequent addition of carbon
dioxide (Scheme 7) (41).

B. FErRrous COMPLEXES BEARING Bis(PYRAZOL-1-YL)ACETATO LIGANDS

To test the coordination properties of the bis(pyrazol-1-yl)acetate
ligands with respect to the bioinorganic model concept, we first tried
reactions of the bdmpza anion to form ferrous model complexes. In
a first attempt deprotonation of Hbdmpza and reaction with FeCl,
afforded the 2:1 bisligand complex [Fe(bdmpza)s] (4b) (41,49). The
double coordination of bdmpza to the metals demonstrates clearly that
the steric hindrance of Hbdmpza (3b) is too small. Even equimolar
amounts of Hbdmpza (3b), base and anhydrous FeCly yielded only
complexes with two heteroscorpionate ligands bound to the metal. The
target compound [Fe(bdmpza)Cl] could not be detected. The formation
of a small amount of this 1:1 complex should be detectable by MS by
the typical isotopic fingerprint of the chlorine atom. The infrared
spectra of [Fe(bdmpza),] (4b) shows an intense v,5(CO, ) absorption at
1659 cm ™! and medium intensity bands at 1558 cm ™! due to v(C=N).
The ferrous high-spin center in 4b causes a paramagnetic "H-NMR
spectrum with four single signals at 6(*H) = 1.2, 7.0, 14.4 and 55.7.
These resonances have been assigned to H* at the pyrazolyl groups,
the two methyl groups and the proton at the bridging carbon atom.
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Fic. 5. Molecular structures of (a) [Fe(bpza)s] (4a), (b) [Fe(bdmpza)s] (4b)
and (c) [Fe(bdtbpza);] (4c); thermal ellipsoids are depicted at the 50%
probability level (41,49).

Attempts to exchange one of the bdmpza ligands by a thiolate ligand
have not been successful. An X-ray structure determination of the
complex [Fe(bdmpza);] (4b) finally confirmed the deduced molecular
structure (Fig. 5).

The coordination sphere around the ferrous iron center is almost
octahedral with the heteroscorpionate ‘clamp’ causing a deviation of
4-6° from the ideal 90° angle. A comparison with very high-resolution
protein structures such as IPNS or CAS clearly shows a good
correspondence of structure 4b in distances and angles with the
active sites of the non-heme iron enzymes (Table I).
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TABLE I

ComPARISON OF THE FE-N AND FE-O DISTANCES IN THE AcCTIVE SITES oF IPNS, DAOCS AND
CAS witH [FE(BDMPZA)s] (4B)

IPNS (28,29) DAOCS (32) CAS (73) [Fe(bdmpza)s] (41)
d(Fe-N), A 2.19, 2.09 2.2 2.15, 2.14, 2.25 2.169(3)
d(Fe-N), A 2.20, 2.24 2.2 2.12, 2.12, 2.28 2.212(3)
d(Fe-0O), A 2.06, 2.09 2.2 2.06, 2.07, 2.16 2.080(3)
tBu tBu
/NN
Bu COH By =N-"" ONx
)\ 2KO1Bu, 2 FeCl2, - 5 al
i I?I 1}1 N CH;CN Bu ’i:e \I tBu
_—
=N Nx 22 KCI Bu C’]\/fe\ /Bu
Bu Bu =<~NO INES
1 g0
\ N\:;/N /
tBu tBu
3c 5

ScHEME 8. Synthesis of the ferrous [Fe(bdtbpza)Cll, (5) dimer (41,49).

This emphasizes that iron(II) complexes bearing more bulky
bis(pyrazol-1-yl)acetate ligands should be good structural models to
mimic mononuclear non-heme iron dependent enzymes.

Former studies of Moro-oka et al. with model complexes of the
trispyrazolylborate ligands Tp'®%** and Tp*™ have already shown,
that sterically more hindered pyrazoles can prevent the Tp ligands
from coordinating twice to the metal (74,75). Therefore, in our further
studies we tried to prevent double coordination by introducing
substituents R larger than the methyl group at the pyrazole rings.

As in the previous reaction with Hbdmpza (3b) the ligand Hbdtbpza
(8c) was treated with base and anhydrous FeCl,. Indeed, the
bdtbpza anion coordinates only once to iron(II), so that a species
‘[Fe(bdtbpza)Cll" could be isolated, characterized and tested for its
chemical reactivity (41,49). The complex displays a v,s(CO,) absorp-
tion around 1680 cm~!. {Fe(bdtbpza)ClT in contrast to [Fe(bdmpza)s]
(4b) is not stable under air and against moisture. It has to be
handled under an atmosphere of argon or nitrogen (49). Finally, an
X-ray structure determination reveals this species to be a dimer
[Fe(bdtbpza)Cll, (5) (Scheme 8) (Fig. 6) (49).

The geometry of the ferrous iron is trigonal bipyramidal. Thus, this
structure confirms the tendency of iron complexes to coordination
numbers higher than four. The two N-donors and one of the
carboxylates of 5 occupy the equatorial positions. In good agreement
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Fic. 6. Molecular structure of [Fe(bdtbpza)Cll, (5); therplal ellipsoids are
drawn at the 50% probability level. Selected distances (A) and angles (°):
Fe-N(11) 2.172(4), Fe-N(21) 2.196(4), Fe-0O(1) 2.393(4), Fe-O(1a) 2.046(3),
Fe-Cl1(1) 2.320(4), Fe-Cl(2) Fe-Cl(3), Fe-Fe 3.670(4), O(2)-C(2) 1.227(5), O(1)-
C(2) 1.307(5), C(1)-C(2) 1.559(5); N(11)-Fe-N(21) 90.94(16), O(1)-Fe-N(11)
78.44(12), O(1)-Fe-N(21) 80.40(17), O(1)-Fe-CI(1) 170.83(7), O(1la)-Fe-CI1(1)
103.94(16), N(21)-Fe-CI(1) 108.72(16), Fe-O(1)-Fe 111.28(17) (49).

with the Kepert model (76,77) this equatorial Fe-O distance_[2.046
(3)A] is much shorter than the axial Fe-O distance [2.393 (4) A]. The
equatorial Fe—O bond is formed by the syn lone pair of the oxygen atom
which is the most frequent binding lone pair in metal coordinating
carboxylate donors (78). This bridging p-acetato-x-O-binding modus
might explain the asymmetric carboxylate IR absorption v, =
1681cm ™!, which is 22cm™' higher than that of [Fe(bdmpza)s]
(Vas = 1659 cm ™) (41). The most striking feature of [Fe(bdtbpza)Cll,
(5) is the unusually long Fe-Fe distance of 3.670 (4) A, which is almost
unprecedented, apart from two other examples with similar long
Fe-Fe distances [3.724 (1) (79) and 3.645 (4) A (80)]. Thus, dimer 5
might be a relevant structural model for the active site of dinuclear
iron enzymes such as methane monooxygenase (MMO) or ribonucleo-
tide reductase (R2).
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The molecular structure of the species {Fe(bdtbpza)Cl]’ unambigu-
ously reveals it to be a ferrous dimer [Fe(bdtbpza)Cll, (5) (Fig. 6) with
bridging oxygen atoms and a trigonal bipyramidal geometry at the
iron atoms. Therefore, this dimer represents two unfavored tetra-
coordinated ‘[Fe(bdtbpza)Cll species, which are now stabilized by this
bridging oxygen and the formation of more favored penta-coordinated
iron centers. A penta- or hexa-coordinated monomeric complex
[Fe(bdtbpza)X(solv),] (n = 1,2) would mimic the 2-His-1-carboxylate
facial triad of non-heme iron dependent very closely. We therefore
focused on attempts to split this ferrous dimer in order to obtain
good structural models. Especially the coordination of thiolato or
2-oxocarboxylato ligands would be a challenge on the way to structural
models for the non-heme iron dependent oxygenases. Moro-oka et al.
have already shown, that the access of small molecules to the reactive
metal center can be affected a lot by the sterical properties e.g., of
a TpB%F* ligand (81). Thus, a model complex [Fe(Tp"P»*7)(0,CMe)]
showed almost no affinity to oxygen in contrast to the sterically less
hindered and more reactive complex [Fe'(Tp*™)(05,CMe)]. Since the
dimer [Fe(bdtbpza)Cll, (5) is rather air sensitive a good affinity to O,
an essential property for a possible functional ferrous model complex,
can be assumed. An advantage of the bis(pyrazol-1-yl)acetato ligands
might be the fact that the sterical hindrance of the metal ion by two
pyrazolyl donors and a carboxylate donor should be much smaller
than that by three pyrazolyl donors in a Tp ligand. Therefore, we
tested a reaction of the dimeric complex 5 with a 2-oxocarboxylate to
obtain a model for the active sites of 2-OG dependent iron oxygenases.
Such a complex would mimic the 5C octahedral reaction step of the
biocatalytic pathway, with k2 coordinated 2-OG cosubstrate but having
already released the water molecule and might thus be well suited to
activate oxygen as the enzyme does (Fig. 7).

Actually the reaction of the dimer [Fe(bdtbpza)Clls (5) with thallium
benzoylformate results in the purple benzoylformato complex
[Fe(bdtbpza)(O,CC(O)Ph)] (6). The purple color is caused by a visible
absorption at 544 nm (Fig. 8).

a) SOe b) tBu Bu
HZN/\/ 3 / NTITI N
His99 =NO” ON=
O—Fe''=Asp101 Bu Fé 1Bu
o) 0. \
>_/_§// His255 o/ Y
SJ6f o}
PH O

6

Fic. 7. (a) Active site of Taurine dioxygenase TauD after activation by the
taurine substrate and (b) a benzoylformato model [Fe(bdtbpza)(OoCC(O)Ph)] (6).
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Fic. 8. UV/Vis spectra of (A) [Fe(bdtbpza)(O,CC(O)Ph)] (6) (—) in Ny
atmosphere and (B) exposed to air for 6 min (- - -).

This absorption is characteristic for ferrous model complexes
bearing k20',0% bound 2-oxocarboxylato ligands and arises from a
metal to ligand charge transfer (MLCT) in the coordinated 2-oxo
group (81-88). Similar MLCT bands have been reported before for
related model complexes by Moro-oka et al. and Que Jr. et al. such as
the benzoylformato complexes [Fe(Tp E%F")(0,CC(0O)Ph)] (81,75),
[Fe(TpF™2)(0,CC(0)Ph)] (86,88) and [Fe(O;,CC(O)Ph)(TPA)] [TPA:
tris(2-pyridylmethyl)amine] (82-84). Such a MLCT at 530nm or
520nm in the presence of taurine has also been observed for 2-OG
dependent TauD, if ferrous iron and 2-OG are added to the enzyme
under anaerobic conditions (87).

The IR spectrum of compound 6 shows the bd¢bpza vasym(CO5 ) band
at 1674cm™. A shoulder at 1688cm™ and a band at 1632cm ™" have
been assigned to the v(C=—O0) and to the vasym(CO;) vibration of the
benzoylformato ligand. The phenyl v(C—C) absorption is observed at
1595 cm™. In acetonitrile colorless plate shaped crystals are formed
within some days at —30°C which unfortunately were not suitable for
an X-ray structure determination due to crystal solvent and the plate
form. The lack of the purple color in the crystals indicates a loss of the
k20",0? coordination of the benzoylformato ligands. This might be the
result of a change to a k?’0,0" coordination, as it has been observed
before by Y. Moro-oka et al. for [Fe(Tp’f'Bu’lJP )(0,CC(0O)Ph)] (81,75).
Another explanation might be the formation of a dimeric species
[Fe(bdtbpza)(O2CC(O)Ph)l, similar to the dimer [Fe(bdtbpza)Clls (5)
with «'O'-coordination of the benzoylformato ligand. This could
explain a mass peak at 1091 (FAB-MS) which fits to [Feo(bdtbpza),
(05CC(O)Ph)]" and thus backs a dimer [Fe(bdtbpza)(O,CC(O)Ph)],.
The compound 6 is extremely air sensitive. Once exposed to air a
solution in CH,Cl; loses its color within a few minutes (Fig. 8). This
reactivity is much higher compared to other functional models, which
usually react with Oy within one hour (82-84,86,88). So far only
the benzoylformato complex [Fe(Tp™°2)(0,CC(O)Ph)(CH3;CN)] by J. S.
Valentine et al. is of comparable reactivity (85).
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ScHEME 9. Synthesis of ferrous bisligand complexes [Fe(bpza),] (4a) and
[Fe(bdmpza)s] (4b) (49).

To detect any functional activity of complex 6 with O,, the air-
exposed solution was acidified and analyzed by GC. Unfortunately, we
have not been able to detect any benzoic acid until now, which should
have been formed from benzoylformic acid and Os in analogy to the
catalytic cycle of the 2-OG dependent iron oxygenases.

As mentioned above, the sterically less hindered bis(3,5-dimethyl-
pyrazol-1-yl)acetic acid 3b forms with FeCly in a similar reaction a 2:1
complex [Fe(bdmpza)s] (4b) (41). We found a similar behavior for the
even less hindered Hbpza (3a). The potassium salt of 3a reacts with
FeCl; to a bisligand complex [Fe(bpza)s] (4a) (Scheme 9, Fig. 5b).

The bpza ligand in 4a coordinates with the anti lone pair of the
carboxylate donor to the ferrous center. Thus, the asymmetric
carboxylate IR absorption (v,s= 1653cm™!) appears at even lower
wavenumbers compared to that of 4b.

In order to assign more IR signals of 4a, ab initio calculations on
Hbdmpza (3b) and 4a were performed. It is well known for the chosen
HF/6-31G™ basis set that calculated harmonical vibrational frequen-
cies are typically overestimated compared to experimental data. These
errors arise from the neglecting anharmonicity effects, incomplete
incorporation of electron correlation and the use of finite basis sets in
the theoretical treatment (89). In order to achieve a correlation with
observed spectra a scaling factor (approximately 0.84-0.90) has to be
applied (90). The calculations were calibrated on the asymmetrlc
carboxylate vaeym at 1653cm . We were especially interested in
the symmetric carboxylate Vibratlon Veym. Pursuant to literature the
difference A(Vasym—Vsym) for a unidentate carboxylate group should
be >200cm™' (91). Therefore, for several related transition metal
bis(pyrazol-1-yl)acetato and b1s(3 5-dimethylpyrazol-1-yl)acetato com-
plexes absorptions around 1460 cm™! were assigned to Vgym (37-39).
Surprisingly, according to our calculations, this absorption at 1453 cm™*
belongs to a C<— N vibration as we could confirm by an IR of
3,5-dimethylpyrazol-1-ylmethane (1451 cm™'). Instead, the symmetric
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carboxylate vibration veyn, shows up at 1350 em ™!, according to the
calculations. This is supported by the complex [Cu(bdmpza)s],
for which Reedijk and coworkers assigned vy, unambiguously to
this region of the spectrum (52). These considerations imply a
A(Vagym — Vsym) around 300 cm ~1 for the group of unidentate bis(pyr-
azol-1-yl)acetato ligands.

The 4a related purple complex {Fe[HB(pz)slo} has a low-spin t2g
conﬁguratlon at ambient temperature but exhibits a spin crossover
to a tzgeg high-spin state and a color change from purple to white at
393K (92). On the other hand, {Fe[HB(3,5-Meypz)s3ls} is at ambient
temperature a colorless high—spin complex (92). Upon cooling down
to below 200K it changes gradually to a low-spin state (92). The long
Fe-N distances in the molecular structure of 4a [2.2054 (17)A and
2.1542 (18)A] and the lack of color indicate that 4a is a high-spin
ferrous complex at ambient temperature. The SQUID data indicate
that 4a as well as 4b are high-spin complexes in the temperature
range from 5 to 350K. Both samples show Curie law behavior
(tefr = 5.12 up). Therefore, a spin crossover upon cooling can be
excluded so far. Although bdtbpza is a bulky ligand, a 2:1 bisligand
complex [Fe(bdtbpza)s] (4e) was also obtained by adding Fe[BF,4], x
6 Hy0 to Klbdtbpzal. Due to the bulky ligand the Fe-N distances in
the molecular structure of the colorless complex 4c¢ [2.3400 (17) A and
2.353 (2)A] are much longer than those of 4a and 4b [4b: 2.169
(3)A and 2.212 (3)A] (Fig. 5c) (41). This causes a weak ligand field
and makes of course a crossover to a low-spin state very unlikely.
All three [FeLy] complexes are stable under aerobic conditions even at
T > 200°C.

C. Ferric CoMPLEXES BEARING Bis(PYRAZOL-1-YL)ACETATO LIGANDS

Subsequently, we focused on iron(III) complexes. Reaction of the
ferric precursor [NEt,]o[ClsFeOFeCls] (93) with Hbpza (3a) or
Hbdmpza (3b) yielded two equivalents of [NEt ][Fe(bpza)Cls] (3a)
and [NEt4l[Fe(bdmpza)Cls] (8b) by the loss of one equivalent of water
(Scheme 10). The structure of 4b is depicted in Fig. 9.

R O,H NEt4
JNN .T
2 ¢ | O N\
R
-H 0
[NEt,],[Cl;FcOFeCl;] : Cl/Cl\
3a (R =H), 3b (R = Me) 7a (R = H), 7b (R = Me)

ScHEME 10. Synthesis of the two complex salts [NEt,l[Fe(bpza)Cls] (7a)
and [NEt4|[Fe(bdmpza)Cls] (7b) starting from [NEt,]5[ClsFeOFeCls] (49).
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02

Fi1c. 9. Molecular structure of the anion [Fe(bdmpza)Cls]™ of 7b; NEt]
cation omitted for better view; thermal ellipsoids are drawn at the 50%
probability level (49).

The synthesis of similar complexes [NEt,][FeLCls] [L. = HB(pz)3; and
HB(3,5-Mespz)s] from [NEt,]o[ClsFeOFeCls] and KIHB(pz);] or KIHB
(3,5-Megpz)3] was reported earlier (94). The Fe—Cl distances [2.326 (4),
2.334 (3) and 2.338 (3)A] correspond well with those reported for
[NEt4l[Fe(HB(pz)3)Cls] [2.335 (2), 2.325 (2) and 2.291 (2) A] (94). The
IR signals of 7b were assigned by performing ab initio calculations
on 7b as described earlier. Again the symmetric carboxylate absorp-
tion veym (CO5) (1894em™") is found at rather low energy giving a
difference A(Vagym — Vsym) of ~260 cm L.

7a as well as 7b show Curie law behavior with p.g of 5.85 ug (7a) and
Uerr of 5.68 ug (7b). These values are in good agreement with tggeg
high-spin iron(III). No side reactions to ferric 2:1 complexes have
been observed so far, as was reported by Kim et al. for [NEt,]
[Fe(HB(pz)3)Cls] (95). The formation of [NEt][Fe(bdtbpza)Cls] in a
reaction of the sterically hindered HbdtbpzaH (3c) with [NEt4l,
[ClsFeOFeCls] was not successful. In future experiments a reduction
of these ferric complexes 7a and 7b to ferrous complexes should be
possible, since the related [NEt,][Fe(Tp)Cls] were reduced by various
methods (94). Thus the ferric complexes 7a and 7b might be useful
precursors on the way to model complexes with natural substrates.
In analogy to the synthesis of the complexes 7a and 7b the homochiral
ligand Hbpa®®®™ (8) was reacted with [NEt,]5[ClsFeOFeCls].

The synthesis of the enantiopure ligand Hbpa®®®™ (8) will be
described later in this review (48). The molecular structure, derived
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Fic. 10. Molecular structure of the complex [Fe(bpa?*®™)(Cl)o(pz<a™H)] (9);
thermal ellipsoids are drawn at the 50% probability.

from crystals that have been obtained from an acetonitrile solution,
does not show the expected product [NEt,][Fe(bpa*®®™)Cls], but a
neutral complex [Fe(bpa®™)(Cl)o(pz<®™H)] (9) (Fig. 10, CCDC-232645).
Obviously, one chlorido ligand was exchanged by a camphorpyrazole
pz®®™H (10) with loss of [NEt,]CI.

Almost all distances between iron and the ligand are slightly shorter
compared to those in the above described complex [NEt,][Fe(bdmpza)
Cls] (7b), due to the missing methyl substituents at position three of
the pyrazolyl donors. Only the distance Fe-O is with 2.088 (7) A bridge
between the proton at N52 of the additional camphorpyrazolyl ligand
and the carboxylate donor (d(O1-N51): 2.851 (9)A). The additional
camphorpyrazol pz®®™H (10) probably derives from traces in the ligand
Hbpa*®™ (8) or from a slight degradation of the ligand Hbpa*®™ (8).
Nevertheless, this result clearly shows, that substitution reactions
are possible with complexes of the type [NEt ][Fe(L)Cls] (L = bpza,
bdmpza, bpa***™) and that this is a suitable pathway to new structural
model complexes.

Il.  Structural Zinc Models
A. Tur ‘2-His-1-CARBOXYLATE MOTIF’ IN ZINCINS AND CARBOXYPEPTIDASES

In many zinc enzymes, the metal center is bound by two histidines
and one aspartic or glutamic acid, which is rather similar to many
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mononuclear iron oxygenases. The 2-His-1-carboxylate facial triad is
thus also a recurring motif for the zinc enzymes due to the broad
spectrum of coordination numbers and geometries of the active sites of
zinc enzymes. Some zinc peptidases are almost identical in their
geometry to the iron oxygenases discussed earlier. As an example,
cutouts of the active sites from Phenylalanine hydroxylase (PheOH)
and from Thermolysin, a zinc peptidase out of the gluzincin class, are
depicted (Fig. 11). It has been suggested that this similarity might
be caused by a common purpose of their ancestor enzymes in the dawn
of life (96). Before stromatolites during the Proterozoic Era evolved
photosynthesis, that set free tremendous amounts of oxygen, iron(II)
in enzymes could have been important as Lewis acid for the
polarization of water, as zinc(Il) is now in zinc peptidases. There is
about 1000 times more iron (6.2%) in the earth’s crust than zinc
(76 ppm). Thus, it is quite plausible that billions of years ago iron(II)
might have had the same function in metallopeptidases as zinc(II)
does today.

Then later in an aerobic world with mainly iron(III) both, zinc
peptidases and iron oxygenases, evolved from these ancestors.
Today nature mainly uses zinc centers in metalloenzymes for the
hydrolyses of peptide bonds (99,100). In the commonly accepted
mechanism for zinc peptidases, zinc(Il) has two tasks: It polarizes
the carbonyl functionality of the peptide bond that is going to be
cleaved and it supports the deprotonation of the coordinated water
nucleophile.

a) b) t?_.,s
‘) His145)
£ o

3 Histaz_J @
2.4
0} His290 /I Q § Glu166 “x’
0’*{. ‘\G'“33° ‘:::Lsfi o ® 1 Tyr157 = ) Glu143
* P
Tya - T‘\&

Hzo°

- -"'\»/‘ a4
¢ HP ‘ Glu28s 7

Fic. 11. (a) Active site of phenylalanine hydroxylase PheOH (PDB-Code:
1DMW) (97) and (b) active site Zentrum of thermolysin (THL) (PDB-Code:
1THL) (98).
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B. CLASSIFICATION

One straightforward classification of zinc peptidases is based on
the metal binding or catalytic relevant amino acids. Thus, many zinc
peptidases exhibit a conserved sequence segment HExxH, with two
zinc-binding histidines and a glutamic acid, which plays an essential
role for the catalytic activity (99,100). This glutamic acid accepts one
proton from a zinc(II)-bound water molecule and transfers it to the
NH group of the amide functionality that is going to be cleaved. Zinc
peptidases with such a HExxH sequence feature are called zincins.
The zincins are distinguished further into the three subdivisions:
metzincins, gluzincins or aspzincins (Fig. 12) depending on the third
zinc-binding amino acid. Depending on the subdivision this third
residue is a histidine (metzincins), a glutamic acid (gluzincins) or an
aspartic acid (aspzincins). Of these the metzincins and gluzincins are
the major ones. Beside the different groups of zincins there are also
zinc peptidases without a HExxH motif. The most important group
consists of the carboxypeptidases. They contain a HxxE motif, with a
histidine and a glutamic acid binding zinc(II).

C. GLUZINCINS

We will now discuss in more detail the gluzincins according to
the structures of the important examplary members such as the
angiotensin converting enzyme (ACE) and the lethal factor of anthrax
(LF). Many enzymes relevant for therapeutic or pathogen reasons
are gluzincins, for instance, the ACE. ACE inhibitors have been
used for almost 30 years as drugs for the treatment of hypertension.
ACE cleaves the C-terminal dipeptide His-Leu from the decapeptide
angiotensin I. The resulting octapeptide angiotensin II causes an
increase in the blood pressure. Moreover, ACE catalyzes the

mononuclear zinc peptidases/proteases

Zincins: HExxH motif HxxEH motif HxxE motif
Metzincins Gluzincins Aspzincins Invertzincins Carboxy-
peptidases
HExxHxxGxxH/D HExxH HExxH HxxEH + E HxxE + H
Met-turn NExxSD GTxDxxYG

Fic. 12. Classification of mononuclear zinc peptidases (100).
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degradation of the nonapeptide bradykinin, a vasodilator substance,
thus affecting a further rise of the blood pressure.

Captopril (Capoten™), Enalapril and Lisinopril (Fig. 13) are
examples of ACE inhibitors that are rather successful as pharmaceu-
tical drugs against hypertension. In most cases these inhibitors are
bound via zinc binding groups (ZBGs) such as thiolates, carboxylates
or hydroxamates to the zinc(II) center of the active site.

Very recently the protein structures of ACE with the bound
inhibitors Lisinopril (Fig. 4) and Captopril were published (101,102).
Also the protein structure of the LF from Bacillus anthracis
(PDB-Code: 1J7N) caused a sensation, which is now available to
the public (Fig. 14b) (103). LF is part of the toxic exotoxin complex
composed of three distinct proteins (protective antigen PA, the lethal
factor LF and the edema factor EF), and is thought to be the most toxic

(a) (b)

6 COH

Fic. 13. The ACE inhibitors (a) Captopril and (b) Lisinopril.
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Fic. 14. Active site (a) of the angiotensin converting enzyme (ACE) with
Lisinopril inhibitor bound to zinc(II) (PDB-Code: 1086) (101), (b) of the lethal
factor of Bacillus anthracis (PDB-Code: 1J7N) (103).
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component of these three proteins. LF is a highly specific metallopro-
tease that cleaves members of the mitogen-activated protein kinase
kinase (MAPKK) family especially in macrophage cell lines. A com-
parison of the ACE structure with that of LF (Fig. 14) shows a rather
striking similarity between both metalloproteases. During the ‘anthrax
letter’ assaults in 2001, G. Weissmann suggested the use of ACE
inhibitors or LTA4-hydrolase inhibitors such as captopril or bestatin to
assist in the ciprofloxacin (Cipro) treatment of anthrax victims (104).

D. Zinc MobpeL CoMPLEXES BEARING Bis(PYRAZOL-1-YL)ACETATO LIGANDS

Model complexes for zincins have been investigated for many years
by various groups. Especially the extensive studies by H. Vahrenkamp,
G. Parkin, C. J. Carrano and recently S. Cohen have to be mentioned in
this respect. A recent and very comprehensive review by Parkin covers
almost all publications in this field (105). Most of these studies focused
either on metzincin models or did not model the 2-His-1-carboxylate
motif with a proper carboxylate based N,N,O-ligand. Therefore, there
are only few examples of N,N,O-tripod ligands that mimic this motif.
Carrano and coworkers used the scorpionate ligand (3-tert-butyl-
2-hydroxy-5-methylphenyl)-bis(3,5-dimethylpyrazol-1-yl)methane to
generate model complexes of zinc enzymes (106). Instead of a
carboxylate O-donor, this ligand contained a phenolate O-donor. By
insertion of formaldehyde or carbon dioxide into a B-H bond of zinc
bis(pyrazol-1-yl)hydroborate complexes Parkin et al. accessed also
N,N,0 model complexes such as [Zn{k®>-(HCOy)Bp"B“*1}Cl] (107).

Thus, we decided to investigate the coordination properties of
bis(pyrazol-1-yl)acetic acids towards the biologically relevant zinc(II).
As expected from the formation of [Fe(bdmpza);] (4b) we described
earlier, a reaction of the sterically less hindered Hbdmpza ligand (3b)
with base and ZnCly, afforded a zinc complex [Zn(bdmpza),] (11) with
two heteroscorpionate ligands bound to zinc(II). Again the target
compound [(bdmpza)ZnCl] could not be detected via MS or NMR.
[Zn(bdmpza)s] (11) is isostructural to [Fe(bdmpza)s] (4b) (Fig. 5a) and
thus the IR spectra are almost identical.

For the four spectroscopically equivalent pyrazolyl donors only
one set of signals is detected in the 'H and *C NMR spectra of
[Zn(bdmpza)s] (11).

By using the new ligand Hbd¢bpza (3¢) we tried to prevent bisligand
2:1 complex formation. Deprotonation of the sterically more hindered
Hbdtbpza (3¢c) and subsequent reaction with ZnCly resulted in a 1:1
complex [Zn(bdtbpza)Cl] (12) which displayed a v,s(CO;) IR absorp-
tion at 1680 cm ™! (Scheme 11).

The structure of the complex [Zn(bdtbpza)Cl] (12) is confirmed by
X-ray crystallography (Fig. 15). Compared to the structures of the
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ScHEME 11. Synthesis of the zinc chlorido complex [Zn(bdtbpza)Cl] (12) (41).

Fic. 15. Molecular structure of [Zn(bdtbpza)Cl] (12); thermal ellipsoids
are drawn at the 50% probability level (41).

bisligand complex 11 the angle O-Zn-N in 12 is widened by 8-9°. The
distance Zn-Cl and the angles O-Zn-N and N-Zn-N are in good
agreement with those of the structure of [Zn{k*-(HCOs)Bp'B“*1}Cl]
previously published by Parkin (107).

The tetrahedral complex geometry is distorted. The zinc atom sticks
out of the N(51)-N(61)-CI(1) plane by only 0.45A. The Zn-O distance
[1.990 (2)A] is significantly shorter compared to [Zn{k®-(HCO,)
Bp'B%P1)C1] [2.065 (4) Al, due to a real carboxylato donor instead of
a —-O-CH=—O0 donor.

The goal of the experiments we report was to create new structural
model complexes for gluzincins or carboxypeptidases. With [Zn
(bdtbpza)Cl] (12) for the first time a tetrahedral zinc complex with
a monoanionic N,N,O-tridentate using a carboxylate O-donor was
synthesized (41). A comparison of the molecular structure of 12 with
the coordination environment of the enzymes indicates its significance
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as a structural model for these active sites. To date [Zn(bdtbpza)Cl]
(12) might be among the best structural analogues for the gluzincin
enzymes such as ACE, LF or thermolysin.

In future biomimetic studies the quest for new possible ZBGs
suitable for peptidase inhibitors is a challenging project. Binding
studies with zinc model complexes should be rather helpful in finding
such new ZBGs, since the coordination of the test compounds is
not affected by a binding into the enzyme pocket. Thus, the pure
coordination properties of the ZBGs might be deduced from these
studies. Recent work by S. Cohen and coworkers focuses on the
exploration of new ZBGs for matrix metalloproteinases (MMPs) by
using zinc Tp complexes (108-110). Similar studies should now be
possible for the gluzincins by using zinc model complexes bearing the
bdtbpza ligand. As mentioned earlier thiolato, carboxylato and
hydroxamato functionalities are typical ZBGs for ACE inhibitors.
Thus we tested the reactivity of [Zn(bdtbpza)Cl] (12) towards exchange
of the chlorido ligand by a thiolato ligand. [Zn(bdtbpza)Cl] (12) was
treated with benzyl mercaptan and base to yield the benzylthiolato
complex [Zn(bdtbpza)SCHoPh] (13) (Scheme 12).

The reaction is quantitative but the workup proved to be difficult
due to an excess of thiol. The spectroscopic properties of the thiolato
complex 13 are almost identical to the chlorido complex 12 apart from
additional 'H- and 'C-NMR signals of the benzylthiolato ligand.
Partlcularly characteristic for this thiolato ligand is a single resonance
at 6(*H) = 3.93 which is assigned to the benzyl CH, group. The
vas(CO2 ) absorption appears at 1677 cm ™. Over the years monomethyl
zinc complexes, such as Tp zinc methyl complexes have become very
common precursors in the synthesis of zinc model complexes. Usually
they react with protic ligands (e.g., thiols, carboxylic acids etc.) to
release CH4 in a very pure reaction. Former work by Vahrenkamp
et al. (111) and Parkin et al. (112) have already shown that four-
coordinated hydrotris(pyrazol-1-yl)borato zinc alkyl complexes can be
obtained by metathesis of ZnRy, (R—CHj3, CH>,CHj3) with potassium or
thallium salts of sterically demanding hydrotris(pyrazol-1-yl)borate
ligands. Later Carrano and coworkers obtained monomethyl zinc

/ NTN N\ HSCH,Ph, KOrBu / N TN N

c1 SCHzPh
12 13

ScHEME 12. Synthesis of the thiolato complex [Zn(bdtbpza)(SCH;Ph)]
(13) (4D).
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ScHEME 13. Synthesis of alkyl zinc complexes with bis(pyrazol-1-yl)
acetato ligands (47).

complexes bearing the (3-tert-butyl-2-hydroxy-5-methylphenyl)-
bis(3,5-dimethylpyrazol-1-yl)methane scorpionate ligand just by react-
ing it with Zn(CHj)s (106). We found that with sterically demanding
bis(pyrazol-1-yl)acetic acids monomeric four-coordinated bis(pyrazol-
1-yDacetato zinc alkyl complexes are obtained in a similar way.
Reaction of bis(3,5-di-tert-butylpyrazol-1-yl)acetic acid (3¢) with dialkyl
zinc ZnRy, (R—CHj;, CH;CHj3) generates zinc alkyl complexes [Zn
(bdtbpza)(CHj3)] (14a) and [Zn(bdtbpza)(CH,CH3)] (14b) (Scheme 13) by
elimination of alkanes (47).

Since bis(pyrazol-1-yl)acetic acid and not an alkali carboxylate
ligand salt was used for these syntheses, the workup is simple and zinc
alkyl complexes are obtained in high yield and purity. [Zn(bdtbpza)
(CHs5)] (14a) is characterized by resonances at 6 =—0.35ppm (‘H
NMR) and 6 = -10.1 ppm (**C NMR), which are assigned to the Zn-Me
group. For the Zn-Et group of [Zn(bdtbpza)(CH;CH3)] (14b) signals
are observed in the 'H NMR spectra at 6 = 0.52 ppm [q, *J(H,H) =
8.0 Hz, CH,] and 1.29 ppm [t, >3J(H,H) = 8.0 Hz, CH3]. In the *C NMR
spectrum the ethyl group was detected at 6 = 3.3ppm (CH,) and
11.9 ppm (CHjy). The remaining resonances have been assigned to the
C, symmetric bis(3,5-di-tert-butylpyrazol-1-yl)acetato zinc fragment.

One purpose of our work is to mimic the chiral environment of the
enzymes. Therefore, we thought it a reasonable goal to supply chiral
models for the active sites of metalloenzymes. This was achieved
before by Alsfasser et al. (113) or Vahrenkamp et al. (114) via amino
acids that have been incorporated into the ligand systems. Modifica-
tion of Tp ligands by chiral pyrazoles derived from the chiral pool is
another way to chiral N,N,N tripod ligands and has been achieved
before by W. B. Tolman and coworkers (115).! Thus, first we focused
on the synthesis of a racemic mixture of a chiral N,N,O scorpionate

'Due to otherwise extraordinary long abbreviations for compound 3d, its precursor 2d, and the
ligands 8 and 25 the abbreviation system for Tp ligands introduced by S. Trofimenko was
transferred to this problem. This resulted in the abbreviations bpm’B"Me: (2d), Hbpa?BuzMe:
(3d), Hbpa®®™ (8) and Hbpa’™"" (25).
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ScHEME 14. Synthesis of racemic (3,5-di-tert-butylpyrazol-1-yl1)(3',5'-di-
methylpyrazol-1-yl)acetic acid (3d) (47).

ligand. The wunsymmetrical 3,5-di-tert-butyl-1-[(3,5-dimethyl-1H-
pyrazol-1-yl)methyl]-1H-pyrazole (bpm’B">Me2) (2d) served as starting
material (116). This precursor is either obtained by a phase-transfer
catalyzed reaction of 1-chloromethyl-3,5-dimethylpyrazole hydrochlor-
ide with 3,5-di-tert-butylpyrazole (1c¢) or in a one-pot, phase-transfer
catalyzed reaction of 3,5-dimethylpyrazole (1b) with 3,5-di-tert-
butylpyrazole (1¢), dichloromethane and base (Scheme 14).

Deprotonation of a methylene group in 2d followed by reaction
with carbon dioxide and acidic workup yielded a racemic mixture
of (8,5-di-tert-butylpyrazol-1-y1)(3',5'-dimethylpyrazol-1-yl)acetic acid
(Hbpa’Bu>Mez) (3d) (Scheme 14). Reaction of 3d with base and
anhydrous ZnCl, yielded [Zn(bpa’B">Me)C1] that crystallized as a
cross-linked dimer [(bpa’B">Me2)ZnCl], (16) (Scheme 15, Fig. 16).

The reaction of (3,5-di-tert-butylpyrazol-1-y1)(3',5'-dimethylpyrazol-
1-yDacetic acid Hbpa’B'>Me: (8d) with dimethyl zinc resulted in
the chiral zinc methyl complex [Zn(bpat'B“Z’Mez)(CHg)] (15) (Fig. 17) as
racemic mixture (47).

The structure of the methyl complex 15 represents one of the rare
examples of monomeric four-coordinated zinc alkyl complexes and is
the first one with a carboxylate O-donor ligand. The resonances
assigned to the Zn—Me group are observed at 6 = —0.42 ppm (*H NMR)
and 6 = -14.1 ppm (**C NMR). The Zn-CH; bond length in complex 15
[1.962 (8) A] is almost identical to that in [ZnTp™®(CHs)] [1.981 (8) A]
(112). The molecular structure clearly shows that the methyl group
is trying to avoid the bulky tert-butyl group. This observation is
supported by two different angles C(3)-Zn-N(11) [119.8(3)°] and
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Fic. 16. Molecular structure of [Zn(bpat'Bu“"MeZ)Cl]z (16); thermal ellip-
soids are drawn at the 50% probability level (47).

C(3)-Zn-N(21) [133.1(3)°] in the molecular structure of 15 and implies
a possible stereo-selective induction for future alkyl transfer reactions.

The reactivity of the methyl complexes 14a and 15 with carboxylic
acid was examined to provide carboxylato complexes as useful
precursors for enzyme models. For example, a slight excess of acetic
acid does cleave the Zn—-CHj3; bond by elimination of methane and
yields [Zn(bdtbpza)O5CCHs] (17) (Scheme 16) and [Zn(bpa’BuzMe:)
02,CCHs] (18).

Thus, the reactivity of the methyl complexes 14a and 15 is rather
similar to [ZnTp™(CHs)] and [ZnTp"B%(CH;)] (111,112). Most of the
NMR signals of the acetato complex 17 are broad compared to those
of [Zn(bd¢bpza)Cl]. These broad resonances suggest a k'/x? equilibrium
of the carboxylato ligand. Two additional IR signals at 1633 cm™! and
1602 cm ™! are assigned to Vas(COy) of the n' and n? bound acetato
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Fic. 17. Molecular structure of [Zn(bpa’B"Me)(CH;)] (15); thermal
ellipsoids are drawn at the 50% probability level (47).

ligands. The IR signals at 1681cm ™' and 1467 cm ™' are assigned to
vas(COy ) and v,as(COy) of the bdtbpza ligand and prove the monomeric
structure of 17 since [Zn(bd¢bpza)Cl] exhibits a similar v,s(COy) at
1681cm™' (41). The difference Av,. s indicates the binding mode
of the carboxylate ligand. Values of Av,s_ > 200cm " are typical for a
unidentate binding mode of acetates, which is in good agreement
with the Av,,_ values of the bis(pyrazol-1-yl)acetato ligands in the
complexes 17 and 18 (91).

The NMR spectra of carboxylato complexes [Zn(bpa’B"»Me2)0,CCH;]
(18) are similar to those of 17 although two sets of signals for the two
different pyrazolyl groups are visible. Most of the NMR signals of 18
are even broader than those of 17 again indicating a k'/k? equilibrium
of the carboxylato ligands. Various thiolato and hydroxamato com-
plexes can also be prepared by reactions of [Zn(bpa’B"»Me2)(CH;)]
(14a) and [Zn(bpa’BU>Me2)(CH;)] (15) with thiols or hydroxamic acids
(Scheme 16). These hydroxamato and thiolato complexes 19, 20a and
20b represent good structural models for the binding of typical zinc
protease inhibitors to the zinc center, since the thiol, carboxylic acid
and hydroxamic acid functionalities are the common ZBGs in such
inhibitors. Often these complexes exhibit a k'/x? equilibrium similar
to those of the carboxylato complexes. Nevertheless, these complexes
might be suitable to test the binding properties of new ZBGs
relevant to future gluzincin inhibitors. Recently C. J. Carrano and
coworkers reported on such zinc models bearing ZBGs based on the
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ScHEME 16. Synthesis of zinc carboxylato, thiolato and hydroxamato
complexes.

bis(3-tert-butyl-5-methylpyrazol-1-yl)acetic acid and its zinc methyl
complex (50,51,59,61,69).

IV. Homochiral Bis(pyrazol-1-yl)acetato Ligands

Modification of Tp ligands by chiral pyrazoles derived from the
chiral pool is another way to chiral N,N,N tripod ligands and has been
achieved before by Tolman and coworkers (115).

After investigating the chiral but racemic (3,5-di-tert-butylpyrazol-1-yl)
(3',5-dimethylpyrazol-1-ylacetic acid ligand (Hbpa'2"M2) (3d) we then
focused on the design of enantiopure ligands. For asymmetric
induction two problems have to be solved for such homochiral ligands —
(a) enantiomeric purity and (b) stable configuration of the stereogenic
centers. Separation of the two enantiomers from a racemic mixture
often is an elaborate, low-yielding process and affords a validation of
the enantiomeric purity. The problem is converted into a separation
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task of diastereomers, if one of the donor groups is chiral and
enantiopure and/or derived from the chiral pool. This problem
simplifies a lot, when C3 symmetric ligands are constructed from
three identical, chiral donor groups (117). Chiral pool derived ligands
based on this concept such as [OP(pz®®™);] or [BH(pz™™'");]~ are well
known examples (118). But due to the extreme steric hindrance by the
three chiral donor groups the application of these ligands is limited
especially in octahedral complexes. In our quest for new chiral ligands,
we therefore developed a rather simple concept based on prochirality,
that allows us to synthesize enantiopure facially binding tripod
ligands from Cy symmetric precursors without any additional separa-
tion of enantiomers or diastereomers (48,55).

Cs symmetry is a common feature in chiral bidentate ligands (119).
If two identical enantiopure donor groups Y* are connected by a
tetrahedral bridging atom, any additional group Z at this atom will
cause no additional stereo center but a prochiral center (Fig. 18a)
(120). (S,S)- and (R,R)-Trihydroxyglutaric acid are textbook examples
for such compounds (720). Inversion of configuration at C3 in
(S,S)-trihydroxyglutaric acid (Fig. 18b) yields the identical compound.

A homochiral tripod ligand thus can be obtained from a C,
symmetric precursor without additional separation of enantiomers or
diastereomers. As an example for this concept we chose bis(camphor-
pyrazol-1-yl)methane as starting material to afford an enantiopure but
Co symmetric bidentate ligand which is obtained in three steps from
(+)-camphor (Scheme 17).

As reported by Steel et al. three structural isomers of bis(camphor-
pyrazol-1-yl)methane (21a, 21b and 21c¢) are formed by coupling of
camphorpyrazole 10 [i.e., (4S,7R)-7,8,8-trimethyl-4,5,6,7-tetrahydro-
4,7-methano-1(2)H-indazole] with CH,Cl, (121). Isomer 21¢ can be
separated from the other two structural isomers by crystallization or
column chomatography. Deprotonation at the bridging carbon atom,
subsequent reaction with carbon dioxide and acidic workup yields the
enantiopure bis(camphorpyrazol-1-yl)acetic acid Hbpa**®™ (8) (Scheme
17, Fig. 19) (116). Due to missing substituents at the pyrazolyl carbon
C5 and a hence likely ortho metallation, isomers 21a and 21b are not
suited for his reaction (72).

As mentioned earlier, the ligand Hbpa®™ (8) reacts with [NEt,],
[ClsFeOFeCl;] to form a homochiral ferric complex [Fe(bpa*®™)(Cl),

CO,H COH

v y* HO=T=H HO~T=H
H—|—z _ z-|—H HEOH _ HOEH
Y* Y* H=1=0OH H=1=0OH
CO,H CO,H

(a) (b)
Fic. 18. Prochiral center of (S,S)-trihydroxyglutaric acid (120).
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ScHEME 17. Synthesis and coordination of bis(camphorpyrazol-1-yl) acetic

acid (48).

Fic. 19. Molecular structure of Hbpa®®®™ (8); thermal ellipsoids at 50%

probability level (48).
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ScuEME 18. Synthesis of [Ru(bpa*™°™*")C1(PPhs),] (26), [Mn(bpa*™eth)
(CO)5] (27) and [Re(bpa*™°th)y(CO);] (28) (55).

(pzcamH)] (9) (Fig. 10). A reaction of the potassium carboxylate
K[bpa*®™] with [RuCly(PPhs);] yields [Ru(bpa*®™)CL(PPhs);] (22)
(Scheme 17). The formation of the ruthenium complexes [Ru(bpza)
Cl(PPh3)s] (23) and [Ru(bdmpza)Cl(PPhs)s] (24) takes place in a
similar reaction, as reported before (44).

According to cross coupling observations in the COSY spectrum a
geometry with one of the PPhj ligands trans to the carboxylate group
and the other trans to the camphorpyrazolyl group is deduced for
complex 22. Although the camphorpyrazole donors are far from the
ruthenium center, this chiral information is passed onto the PPhg
ligands and hence amplified. This is not the case for an analogous
bis(menthylpyrazol-1-yl)acetic acid ll}gand Hbpa*™ent (25) (Scheme 18)
(55). Here the reaction of K[bpa*™*™"] with [RuCly(PPhs)s] results in a
ruthenium(II) complex [Ru(bpa®*™™™)C1(PPhs).] (26) (Scheme 10) in
which both PPhjs are placed trans to the pyrazole donors (55). A similar
reaction with [MnBr(CO)s;] and [ReBr(CO)s] gives the tricarbonyl
complexes [Mn(bpa®™*™")(CO)3] (27) and [Re(bpa®™™™)(CO)s] (28)
respectively (55).

V. Bis(pyrazol-1-yl)acetato Ligands in Coordination Chemistry and
Organometallics

These examples show clearly that bis(pyrazol-1-yl)acetato ligands
are well suited for various aspects of coordination chemistry and
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organometallics. This allows a comparison of these ligands with other
common ligands. So far to our experience these ligands are as versatile
to coordination chemistry, bioinorganic chemistry and organometallics
as the well-established ligands Cp, Cp*, Tp and Tp™® (Fig. 20). Some
exemplary examples for this analogy will be presented below.

A. CarBoNYL COMPLEXES BEARING BIS(PYRAZOL-1-YL)ACETATO LIGANDS

The reaction with [MnBr(CO)s] and [ReBr(CO)s5] is successful with
all kinds of bis(pyrazol-1-yl)acetates provided that they are not too
bulky (40,55). [Mn(bdmpza)(CO)s3] (29b), [Re(bpza)(CO)s] (30a) and
[Re(bdmpza)(CO)3] (30b) have been characterized by X-ray structure
determination (Fig. 21) (40). The progress of the product formation is
usually monitored by the three carbonyl IR signals (A’, A” and A’) of
the resulting piano stool type complexes. From a comparison of the
IR-spectroscopic data and single-crystal X-ray analyses of 29b-30b
with the data of related cyclopentadienyl or Tp complexes one can
deduce that for group VII metal carbonyls bpza and bdmpza are
less electron donating than Tp, Tp™®:, Cp* and even Cp. In the case
of [Re(bdmpza)(CO)3] (830b) a CO versus NO' exchange yielded

R I};R R R R
R R BN
N4 N
I, COVD A
R l R /NN/N\ /N’ ;)‘N\
\ A AN
N Nk M
L i L L 3 L LI: L
Cp:R=H Tp:R=H bpza:R=H
Cp*: R =Me TpMezz R=Me bdmpza: R = Me

Fic. 20. Analogy between Cp, Cp*, Tp, Tp3', bpza and bdmpza.

Fic. 21. Molecular structures (a) of [Mn(bdmpza)(CO)3z] (29b) and (b) of
[Re(bdmpza)(0)s] (32b); thermal ellipsoids are drawn at the 50% probability
level (40,43).
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[Re(bdmpza)(CO)o(NO)IBF, (31), showing a reactivity similar to
[CpRe(CO)3] (40).

B. RuEeNTUM TrRiox0 COMPLEXES BEARING BIS(PYRAZOL-1-YL)ACETATO
LicaNDS

For many years rhenium tricarbonyl complexes [LRe(CO)3] have
been used as starting materials in the synthesis of trioxorhenium
complexes [LReO3s] by oxidation of the carbonyl ligands (122-124).
Other synthetic pathways start from Re,O7 e.g., for complexes bearing
the Cp or Tp ligand (125-131). The pyrazolylborato complex [TpReOs3]
in particular stimulated our interest, raising the question whether
the bis(pyrazol-1-yl)acetato ligand might also be a good tripod ligand
for trioxorhenium complexes (132,133). The reaction of Re;O; with
anionic ligands often is low yielding due to the loss of one equivalent
of ReOyz. This problem can be solved by using mixed anhydrides
[ReO3(0OC(O)R)] that are formed from Re,O; and organic anhydrides
(RCO)20 (134). Inspired by this, we investigated the reaction of
bis(pyrazol-1-ylacetic acid (3a) and bis(3,5-dimethylpyrazol-1-yl)
acetic acid (3b) with perrhenic acid (Scheme 19).

We found that the formation of tripodal trioxorhenium bis(pyrazol-
1-yl)acetato complexes [Re(bpza)Os] (32a) and [Re(bdmpza)Os] (32b) is
favored enough to be generated by the reaction of perrhenic acid and
bis(pyrazol-1-yl)acetic acids with loss of a water molecule (Fig. 21b) (43).
Since perrhenic acid can be handled much more easily than Re;O~, this
method provides a very simple access to trioxorhenium complexes of the
form [ReLLO3]. The IR spectra (KBr pellet) exhibit several bands that
have been assigned to v(Re=0): 944 (w), 922 (s-br)em ! for 32a and
945(m), 925 (s), 913(s)cm ™' for 32b (43). These bands agree well with
those in [Re{HB(pz)5}05]: 944(m), 924(s), 911(s) and 894(m) cm ™! (132).

C. RurHENIUM CUMULENYLIDENE COMPLEXES BEARING
Bis(PYRAZOL-1-YL)ACETATO LIGANDS

Another example for the Tp versus bdmpza analogy is the synthesis
of various bdmpza ruthenium cumulenylidene complexes. The
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N
CO,H g 0 %: | o/=r N:\>
— ) O.N\
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yoNT Ny HIROJ g ﬁé R
AN NS -H,0 NS

R R o]
3a (R =H), 32a (R =H),
3b (R = Me) 32b (R = Me)

ScHEME 19. Formation of [Re(bpza)Os] (32a) and [Re(bdmpza)Os] (32b) (43).
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hydrotris(pyrazol-1-yl)borate HB(pz)3 (Tp) chemistry of ruthenium(II)
has received considerable attention during the past decade
(135-139). Several metallacumulenylidene ruthenium complexes
(140) bearing tridentate Tp or Tp-related ligands have been reported
(141-147). The focus of these studies has been their catalytic activity
in Ring Closing Metathesis (RCM) or Ring Opening Metathesis
Polymerization (ROMP) (148-151).

The ruthenium complex [Ru(bdmpza)Cl(PPhs)s] (24), which was
mentioned earlier, easily releases one of the two phosphine
ligands and allows the substitution not only of a chlorido but also
of a triphenylphosphine ligand by k®-coordinating carboxylato or
2-oxocarboxylato ligands, as it will be discussed later on (58). In our
effort to exploit the analogy between bis(pyrazol-1-yl)acetato and
hydrotris(pyrazol-1-yl)borate (Tp) ligands, we thus focused on the
synthesis of neutral ruthenium complexes [Ru(bdmpza)(Cl)(L)(PPhs)]
(L = carbene-, vinylidene- and allenylidene).

Three different structural isomers are conceivable for these
complexes [Ru(bdmpza)(CI)(L)(PPhs)], which are (A) ligand L
(L=C(OR)R, C—CHR, CO, C—C—CRy) trans to pyrazole and
phosphine trans to pyrazole, (B) ligand L trans to carboxylate
and phosphine ¢rans to pyrazole and (C) ligand L trans to pyrazole
and phosphine trans to carboxylate (Fig. 22).

Due to the frans influence of the pyrazole acceptor ligands a
coordination of the phosphine donor #rans to the carboxylate (isomer
C) is very unlikely. The remaining isomers A and B are both racemic
mixtures of two enantiomers with two different sets of NMR signals
for the two pyrazolyl groups.

C.1. Synthesis of vinylidene complexes [Ru(bdmpza)Cl(—C—CHR)(PPh3s)]
(R = Ph, Tol, Pr, Bu) (33a—d)

The steric hindrance associated with the bis(3,5-dimethylpyrazol-1-
yDacetato ligand labilizes one of the PPhs ligands in 24. Due to this
labilization the reaction of [Ru(bdmpza)Cl(PPhs)s] (33a) with two
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Fic. 22. Structural isomers of ruthenium complexes [Ru(bdmpza)(Cl)(L)
(PPhs)].
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ScHEME 20. Syntheses of the ruthenium vinylidene complexes 33a-d (67).

equivalents of phenylacetylene afforded the vinylidene complex
[Ru(bdmpza)Cl(—C—CHPh)(PPh3)] (33a) within a few hours
(Scheme 20).

[Ru(bdmpza)Cl(—C—CHTol)(PPh3)] (33b) can be prepared in the
same way by reaction of 33a with para-tolylacetylene (Scheme 20).
The formation of the vinylidene complexes 33a and 33b proceeds
much faster compared to the corresponding Tp and Cp* complexes
[RuCl{x®-HB(pz)3}(—C—CHPh)(PPh3)] and [Ru(n’-CsMes)Cl(—C—
CHPh)(PPh3)] (138,152). The progress of the reaction can be monitored
by IR spectroscopy of the THF reaction mixture, since the asymmetric
carboxylate vibration of the tripodal bdmpza ligand shifts from
1672cm™ for 24 to 1678cm™ for the product 33a. The vinylidene
complexes show the typical B-H NMR resonance of the vinylidene
ligand at 4.93 ppm (33a), splitted by a coupling *Jyp of 4.9 Hz. ROESY
experiments indicate a coordination of the vinylidene ligand #rans to
a pyrazolyl ring of the bdmpza ligand and thus a type A isomer
(see Fig. 22). The *C{*H} NMR resonances of the B-carbons (33a:
113.1 ppm, 33b: 115.1 ppm) are assigned by HMQC experiments and
exhibit no Jep coupling. However, the "*C{'"H} NMR resonances of the
a-C are found at 369.3 (33a) and 364.2 ppm (33b) with 2J¢p couplings
of 24.0 (33a) or 24.4 Hz (33b), respectively. These values are in good
agreement with those of the vinylidene complex [RuCl{x®*-HB(pz)s}
(=C=CHTol)(PPhj)] [**C{*H} NMR: 370 (d, ?Jcp = 19.4Hz, C,), 112
(Cp) ppm] as reported by A. F. Hill et al. (138).

Beside the spectroscopic evidence, the type A configuration is
confirmed also by an X-ray structure determination of the vinylidene
complex [Ru(bdmpza)Cl(=C=—=CHTol)(PPhs)] (33b) (Fig. 23).

Beside the aromatic vinylidene complexes also alkyl vinylidene
complexes [Ru(bdmpza)Cl(—C—CHPr)(PPhs)] (83¢c) and [Ru(bdmpza)
Cl(=C=—CHBu)(PPh3)] (33d) have been synthesized (Scheme 20),
following the same procedure as earlier by using 1-pentyne or
1-hexyne. IR and NMR spectroscopic data of 33c and 33d are similar
to those of 33a and 33b. Again only one major isomer was isolated
in the case of [Ru(bdmpza)Cl(—C—CHPr)(PPh3)] (833c), though the
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Fic. 23. Molecular structure of [Ru(bdmpza)Cl(— C—=—CHTol)(PPhjs)]
(33b) with thermal ellipsoids drawn at the 50% probability level. Most
hydrogen atoms and solvent molecules are omitted for clarity (67).

reaction mixture showed both isomers. For [Ru(bdmpza)Cl(—C—
CHBu)(PPhjy)] (33d) a 1:1 ratio of isomers was found in the isolated
product. An explanation might be the different solubility of complex
33d compared to 33a—c. In case of the complexes 33a—c the reaction
equilibrium seems to be shifted to the less soluble and thus
precipitating isomer.

During several attempts to crystallize the vinylidene complexes
33a-d the formation of a carbonyl complex [Ru(bdmpza)CI(CO)(PPhy)]
(84) was observed. This carbonyl complex [Ru(bdmpza)Cl(CO)(PPhjs)]
(34) can also be obtained in a direct synthesis by replacing a PPhg
ligand of [Ru(bdmpza)Cl(PPhs)s] (24) for CO (Scheme 21, Fig. 24).
An IR signal at 1969cm ™' [CH,Cl,] and a doublet in the “C{*H}
NMR spectrum at 202.6 ppm (?Jcp = 19.8 Hz) were assigned to the
carbonyl ligand. A degradation of ruthenium vinylidene complexes
to form ruthenium carbonyl complexes have been reported by
various authors before and was explained either by a reaction with
dioxygen (139,153,154) or with HyO (155-157). To distinguish
between these two pathways, water was added to a sample of
[Ru(bdmpza)Cl(—C—CHPh)(PPh3)] (33a). The reaction mixture
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ScHEME 21. Formation of a ruthenium carbonyl complex 34 (67).

Fic. 24. Molecular structure of [Ru(bdmpza)Cl(CO)(PPhs)] (34) with
thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms and
solvent molecules are omitted for clarity (67).

showed no formation of 34 within 24h under anaerobic conditions.
Once exposed to air, formation of the carbonyl complex [Ru(bdmpza)
CI(CO)(PPhj3)] (34) was observed within three hours.

The oxidative cleavage of the C—C bond (Scheme 21) is also
supported by the observation of benzaldehyde in the 'H NMR of the
reaction mixture.

C.2. Synthesis of cyclic Fischer carbene complexes
1

[Ru(bdmpza)Cl(=C(CHy),+s0)(PPhs)] (n =1, 2) (35a,b)

The formation of cyclic Fischer carbene complexes by ruthenium-
mediated activation of 3-butyn-1-ol and 4-pentyn-1-ol has been
reported before (147,155,158-164). Correspondingly, a reaction of
[Ru(bdmpza)CIl(PPhs),] (24) with these terminal alkynols results
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ScHEME 22. Syntheses of the ruthenium carbene complexes 35a and 35b
(67).

in the formation of the cyclic, heteroatom stabilized Fischer carbene

1
complexes [Ru(bdmpza)Cl(=C(CH,),.,0)(PPhy)] (n =1, 2) (35a, b)
(Scheme 22).

Obviously, the first intermediates in the syntheses with terminal
alkynols are the vinylidene complexes [Ru(bdmpza)Cl(—=C—
CH(CHsy),,.1OH)(PPh3)] (n =1, 2), which then react further via an
intramolecular addition of the alcohol functionality to the a-carbon
(Scheme 22), although in none of our experiments we were able to
observe or isolate any intermediate vinylidene complexes. The
subsequent intramolecular ring closure provides the cyclic carbene
complexes with a five-membered ring in case of the reaction with but-
3-yn-1-0l and with a six-membered ring in case of pent-4-yn-1-ol.
For both products type A and type B isomers 35a-1/35a-II and 35b-I/
35b-II are observed (Scheme 22, Fig. 22). The molecular structure
shows a type A isomer 35b-I with the carbene ligand and the
triphenylphosphine ligand in the two ¢trans positions to the pyrazoles
and was obtained from an X-ray structure determination (Fig. 25).

The pentacyclic oxycarbene ligands of both isomers of 35a are
evidenced in the *C{*H} NMR spectra by the resonances at 311.9
(®Jcp = 16.6 Hz) (35a-I, isomer A) and 311.1 (3Jep = 14.3Hz) ppm
(85a-I1, isomer B) for the carbene carbon atoms. Also the *C{*H} NMR
data of 35b are consistent with a hexacyclic oxycarbene ligand with
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1
Fic. 25.  Molecular structure of [Ru(bdmpza)Cl(=C(CH,),0)(PPhy)] (35b-I)
with thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms

are omitted for clarity (67).

resonances at 315.7 (35b-I) (d, 2Jcp = 16.1Hz) and 314.5 (35b-II)
(2Jcp not resolved) ppm.

C.3. Synthesis of allenylidene complexes [Ru(bdmpza)Cl(—C—C—CRy)
(PPh3y)] (R=—Ph, Tol) (36a,b)

The preparation of allenylidene complexes was achieved by using an
excess of propargylic alcohol as terminal alkyne according to the
method of Selegue (141). A similar reaction of [RuCl{k3-HB(pz)s}
(PPhs)s] with HC = C-CPhyOH has been reported previously by Hill
and coworkers (138,143). The formation of the allenylidene complexes
[Ru(bdmpza)Cl(—C—C—CR,)(PPh3)] (R =Ph, Tol) (36a, b) via
the intermediate vinylidene complexes [Ru(bdmpza)Cl(—C—
CH-CR2OH)(PPh3)] is slow (Scheme 23) and usually takes more
than 24 h at ambient temperature. Again no vinylidene intermediates
were isolated, but a B-H NMR signal at 4.71ppm (*Jup = 4.9Hz)
supports a vinylidene formation during the reaction in case of
HC = C-CPh,OH.
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ScHEME 23. Formation of ruthenium allenylidene complexes [Ru(bdmpza)
(CD)(= C=C=CR,)(PPh3)] (86a-1/36a-II: R = Ph, 36b-1/36b-II: R = Tol) (67).

The allenylidene complex formation is indicated by a color change
from yellow to purple and can be monitored by the disappearance of
the vinylidene p-H 'H NMR resonance. The reaction is completed by
heating under reflux for some hours. The neutral allenylidene
complexes are rather stable towards oxygen and water. According
to the 'H, *C{!H} and *'P{*H} NMR spectra, two isomers of the
allenylidene complexes [Ru(bdmpza)(Cl)(—C—C—CRy)(PPh3)] (36a-
1I/36a-II: R—Ph, 36b-1/36b-II: R = Tol) are formed, of which in each
case one is violet and the other red. These quite intense colors
[Amax = 520 (36a-I), 495 (36a-II), 533 (36b-I) and 507 (36b-II) nm]
have been assigned to MLCT absorptions. Column chromatography
under aerobic conditions allows a separation of the isomers of which
two-dimensional NMR studies indicate that the violet isomers 36a-I,
36b-I are of type A with the allenylidene ligand in {rans position to a
pyrazole donor and the red isomers 36a-II, 36b-II are of type B with a
coordination of the allenylidene ligand ¢rans to the carboxylate donor.
The ratio of the isomers varies a lot depending on reaction time
and temperature. The *C{!H} NMR signals of the allenylidene
ligands have been assigned to 142.1 (C,), 227.4 (Cp) and 305.5
(C,, 2Jcp =26.4Hz) ppm for the violet isomer 36a-I and to 142.5
(C,), 220.0 (Cp) and 299.0 (C,, 2Jep = 26.1Hz) ppm for the violet
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isomer 36b-I. The red type B isomers show *C{*H} NMR allenylidene
ligand signals at 149.2 (C,), 239.7 (Cp) and 314.7 (C,
2Jep = 19.1 Hz) ppm (36a-II) and at 150.0 (C,), 232.8 (Cp) and 311.0
(C,, 2Jcp = 18.8 Hz) ppm (36b-II), respectively. A rearrangement of
the allenylidene complex to an indenylidene complex was excluded by
two-dimensional NMR techniques (ROESY). Such a rearrangement
has been reported recently in the attempt to obtain the related
allenylidene complex [Ru(Cl)o(PPhs)o(—C—C—CPh,)] (165,166). The
structural proposals for the allenylidene complexes [Ru(bdmpza)(Cl)
(=C=C=CPhy)(PPh3)] (36a-1/36a-II) are confirmed by two X-ray
crystal structural analyses (Figs. 26 and 27).

Finally, we investigated the catalytic activities of the vinylidene
complexes 33a—-d and the allenylidene complexes 36a and 36b for
RCM reactions. Unfortunately, none of the complexes showed any
activity for RCM of diethyl diallylmalonate. Neither the addition of the
phosphine scavenger CuCl nor heat induces any metathesis activity by
these compounds. Nevertheless, our results indicate that a fruitful
chemistry is accessible from the complex [Ru(bdmpza)Cl(PPhs),] (24)
often with parallels to the chemistry of [Ru(n®-C5Hs)Cl(PPhs)s] and
especially [RuCl{k®-HB(pz)3}(PPh;3);]. Three advantages should be
noted in favor of the bdmpza ligand versus the {kx>-HB(pz)s} or Cp
ligands. First, the conditions under which 24 performs a ligand

Fic. 26. Molecular structure of [Ru(bdmpza)Cl(— C—C—CPhy)(PPhj3)]
(86a-I) with thermal ellipsoids drawn at the 50% probability level. Hydrogen
atoms and solvent molecules are omitted for clarity (67).
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Fic. 27. Molecular structure of [Ru(bdmpza)Cl(— C—C— CPhy)(PPhj3)]
(36a-II) with thermal ellipsoids drawn at the 50% probability level. Hydrogen
atoms and solvent molecules are omitted for clarity (67).

exchange are a lot milder than for [Ru(n®-CsH;5)C1(PPhjs)s] or [RuCl
{3-HB(pz)3}(PPhs),]. Second, the bdmpza ligand itself is not affected
by hydrolytic cleavage, so that many of the cumulenylidene complexes
are extraordinary robust and can be handled under aerobic and/or
humid conditions. Third, the facial binding N,N,O-ligand causes a
differentiation of the opposite coordination sites regarding their
n-basic nature. This allows the formation and separation of structural
isomers with different chemical and physical properties.

D. RurHENIUM CARBOXYLATO COMPLEXES BEARING
Bi1s(pPYRAZOL-1-YL)ACETATO LIGANDS

As already mentioned earlier, the ruthenium complex [Ru(bdmpza)
Cl(PPhj3)s] (24) easily releases one of the two phosphine ligands and
allows the substitution not only of a chlorido but also of a
triphenylphosphine ligand for «?-coordinating carboxylato or
2-oxocarboxylato ligands (58). The purpose of these studies was to
find structural ruthenium models for the active site of 2-OG dependent
iron enzymes, since ruthenium(II) complexes are low spin and thus
suitable for NMR characterization, whereas ferrous iron complexes
with N,N,O-ligands are often difficult to investigate, due to their
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ScHEME 24. Formation of ruthenium(II) carboxylato and 2-oxocarboxylato
complexes (58).

paramagnetic high-spin constitution. For example, does the com-
plex [Ru(bdmpza)Cl(PPhs),] (24) react with thallium carboxylates
TI[O;CR] (R =Me, Ph) and forms «20',0%-carboxylato complexes
[Ru(bdmpza)(O2CR)(PPhy)] (837a, b) (Scheme 24).

The thallium benzoate and thallium 2-oxocarboxylates are available
via the reaction of thallium acetate with benzoic acid or the
2-oxocarboxylic acids, due to the lower pK, values of these acids
(benzoic acid: 4.22, benzoylformic acid: 1.2, 2-oxoglutaric acid:
2.31/5.14, pyruvic acid: 2.49) compared to acetic acid (4.76) (167). The
free acetic acid is distilled off with water as an azeotrope and the
thallium carboxylates are obtained in high purity.

The resulting carboxylato complexes [Ru(bdmpza)(O;CR)(PPhs)]
(87a, b) exhibit a chiral geometry with a PPhs trans to one of the
pyrazolyl groups. A single 3'P NMR signal for each of the two
complexes at 62.0 ppm (37a) and 60.2 ppm (37b) and the carboxylato
13C NMR signals at 189.0 (37a) and 183.8 (37b) ppm correspond
well with those of [Ru(Tp)(n>-O2CCHPhy)(PPhy)] [*'P: 63.7 ppm,
13C(CO; ): 186.97 ppm] (168). Adding three equivalents of water to a
NMR sample of 37a caused an additional set of signals beside those of
37a, which, due to a high field shift of the acetate '*C NMR signal
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Fic. 28. Molecular structure of [Ru(bdmpza)(H,0)(O,CCHj3)(PPhjs)]
(87a x Hy0); thermal ellipsoids are drawn at the 50% probability level (58).

(CO5: 187.4ppm), we explain by the formation of an adduct
37a x H,O. An X-ray structure determination of 37a confirms this
water adduct of 37a x H,O with H50 coordinated to ruthenium(II) and
a kO-acetato ligand (Fig. 28).

The presence of water in the crystals can be explained by humid
crystalization conditions and is proven by elemental analysis. The
water adduct formation shows, that k?0',0"-carboxylato ligands are
hemilabile, chelating ligands, which can be easily displaced from one
coordination site by a solvent. Thus, the carboxylato complexes 37a
and 37b are equivalent to 16 VE fragments stabilized by the
hemilabile carboxylato complexes.

E. RutHENIUM 2-OX0CARBOXYLATO COMPLEXES BEARING
Bi1s(PYRAZOL-1-YL)ACETATO LIGANDS

Reaction of [Ru(bdmpza)Cl(PPhs),;] (24) with thallium 2-oxocarbox-
ylates TI[O,CC(O)R] (R =Ph, CH,CH,CO,H) yields «20',0%2-
oxo-carboxylato complexes (Scheme 24). Single *'P NMR signals at
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57.9 (38a) and 58.2 ppm (38b) prove the loss of one PPhs ligand. The
chiral complexes exhibit one (38a) and two (38b) additional CO,
signals in the *C NMR spectra as well as signals of the 2-oxo groups
(38a: 202.8 ppm, 38b: 215.5ppm). Due to the chirality in 38b, an
ABXY system in the "H NMR spectrum can be assigned to CHy,CH,, of
the 2-OG. The X-ray structure determination of 38a establishes the
chelate binding of the benzoylformate (Fig. 29).

The most striking feature in this molecular structure is the
geometry with the 2-oxo group in t{rans position to the carboxylate
donor of the bdmpza ligand. This structure corresponds well with the
binding of the 2-OG in the active site of 2-OG dependent enzymes
where the 2-oxo group is found in {rans position to the iron-binding
aspartate (Fig. 29). Complexes 38a and 38b can also be obtained in
high yield and high purity by reacting benzoylformic acid and
2-oxoglutaric acid with the carboxylato complexes 37a or 37b. This
exchange of a carboxylato ligand by a 2-oxocarboxylato ligand is alike
the regeneration step of the biocatalytic pathway postulated for the
2-0OG dependent enzymes. In the 2-OG dependent enzymes an iron(II)

Fic. 29. Molecular structure of [Ru(bdmpza)(O,CC(O)Ph)(PPh3)] (38a);
thermal ellipsoids are drawn at the 50% probability level (568).
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bound succinate is replaced by 2-OG to recharge the active site of the
enzyme with the 2-OG cosubstrate (31).

In a combination of the two reactions, addition of thallium acetate
and a 2-oxocarboxylic acid to the chlorido complex 24 affords the
ruthenium(II) 2-oxocarboxylato complexes [Ru(bdmpza)(O,CC(O)R)
(PPhs)] (38a: R =Ph, 38b: R = CH,CH,CO,H, 38c: R = Me, 38d:
R =Et) in a one-pot synthesis. The NMR spectra of the resulting
pyruvato and 2-oxobutyrato complexes 38c and 38d agree well with
the other 2-oxocarboxylato complexes 38a and 38b with *C NMR
signals at 215.8 (38c¢) and 217.9ppm (38d) assigned to the 2-oxo
carbonyl groups. Again the complexes are chiral. Thus 38d presents
an ABX; system in the 'H NMR spectrum that can be assigned to the
CHyCHj; group. The binding of the 2-oxocarboxylato ligands is clearly
indicated by a purple (38a) or brownish-red (38b-38d) color that has
been attributed to a MLCT from the metal center to the coordinated
2-oxo group as we could verify by extended Hiickel and DFT
calculations. The HOMO is clearly localized at the ruthenium(II)
metal center in 38a as well as in 38c. The LUMOs in 38a and 38c are
localized at the 2-oxocarboxylato ligands. They are composed of p,
density on the 2-oxo group with some conjugation to the carboxylate
p,. This is in good agreement to the n* LUMO of a coordinated
pyruvate which was reported earlier by Solomon (169). In 38a the
LUMO is also delocalized into the aromatic substituent. The missing
delocalization into an aromatic system can explain the hypsochromic
shift of the longest wavelength absorption of 38c. Although the
ruthenium(II) complexes 38a and 38c have a low-spin tgg configura-
tion they exhibit a HOMO-LUMO gap which is by chance almost
identical in size to that of the t‘ﬁgeg iron centers of the enzymes.

An acetonitrile solution of the benzoylformate complex 38a changes
its color from purple to yellow upon heating, due to the formation of an
adduct [Ru(bdmpza)(OoCC(O)Ph)(NCCH3)(PPh3)] (39). A similar
behavior was observed before for iron 2-oxocarboxylato complexes
(75,82-84).

Although the benzoylformate complex 38a seems to be rather stable
an aerobic solution of 38a in 1,2-dichloroethane decomposed within
two weeks forming red crystals of the ruthenium(III) complex
[Ru(bdmpza)Cly(PPhjs)] (40) (Fig. 30), which were also obtained in a
direct synthesis with RuCl; x H,O, PPh; and Hbdmpza (44).

Our future work will focus on the coordination of typical inhibitors
of 2-OG dependent iron enzymes. First ruthenium complexes bearing
N-oxalylglycine or triketone ligands have already been synthesized.

VI. 3,3-Bis(1-methylimidazol-2-yl)propionic Acid as N,N,O-Ligand

Inspired by the 2-His-1-carboxylate facial triad our interest focused
on the development of a new facially coordinating tripod ligand which
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Fic. 30. Molecular structure of [Ru(bdmpza)(Cl)o(PPhs)] (40); thermal
ellipsoids are drawn at the 50% probability level (44).

resembles the electronic properties of this binding motif more closely
than bis(pyrazol-1-yl)acetato ligands. DFT calculations indicate that
both 1-methylimidazol-2-yl and pyrazol-1-yl ligands possess, similar
to histidine, o-donor, n-donor and m-acceptor properties. 3,3-bis(1-
methylimidazol-2-yl)propionato ligand would probably resemble the
overall binding properties of histidine in the 2-His-1-carboxylate facial
triad closer than a bis(pyrazol-1-yl)acetato ligand. So far research has
focused on 3,3-bis(imidazol-2-yl)propionic acid (Hbip) and derivatives
of it (170-172). For a direct comparison with bis(pyrazol-1-yl)acetic
acids (Hbdmpza, Hbpza) it would have been desirable to synthesize
3,3-bis(1-methylimidazol-2-yl)acetic acid. However, it decarboxylates
rather easily and is thus not suited for coordination chemistry.
Therefore, we concentrated on the synthesis of the much more stable
3,3-bis(1-methylimidazol-2-yl)propionic acid ligand, which was synthe-
sized in two steps starting from bis(1-methylimidazol-2-yl)methane
(Scheme 25), following the preparation of 4,4-dimethyl-1,1-
bis(1-methylimidazol-2-yl)pentan-3-one (173).

Deprotonation of 3,3-bis(1-methylimidazol-2-yl)methane (41) with
nBuli at the bridging carbon atom and subsequent reaction with
methyl bromoacetate gives methyl 3,3-bis(1-methylimidazol-2-yl)
propionate bmipme (42) in high yields. Saponification of bmipme with
aqueous NaOH gives bis-3,3-(1-methylimidazol-2-yl)propionate (bmip)
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ScHEME 26. Synthesis of the complexes [M(bmip)(CO)s] (M = Mn, Re) (45,
46) (174).

in quantitative yield. The ligand was isolated either as its sodium salt
Nal[bmip] (43) or as a hydrochloride Hbmip-2HC] (44). Since the
binding properties of bml\ilp and other known tripod ligands such as
bpza, bdmpza, Tp and Tpz © are best compared by IR spectroscopy and
the molecular structures, we prepared manganese and rhenium
tricarbonyl complexes of bmip. Complexes were synthesized and
purified similar to [M(bpza)(CO)s] and [M(bdmpza)(CO)s], starting
from 43 and the pentacarbonyl complexes [MnBr(CO)s] and
[ReBr(CO)s] (Scheme 26) (174). The progress of the reactions was
monitored by IR spectroscopy. The resulting tricarbonyl complexes
[Mn(bmip)(CO)3] (45) and [Re(bmip)(CO)3;] (46) are soluble in
methanol, but not in THF and rather stable as solids under aerobic
conditions. The 3*C NMR spectra of both complexes exhibit two signals
for the carbonyl ligands at a ratio of 2:1 (45: 6 = 197.8 and 198.0 ppm,
46: 0 = 220.7 and 225.3 ppm) and resonances at 171.3 ppm (45) and
172.9 ppm (46) respectively, assigned to the carboxylate donor.

The molecular structures of both complexes [Mn(bmip)(CO)3] (45)
and [Re(bmip)(CO)3] (46) were revealed by single-crystal X-ray
determination (Figs. 31a and 31b).
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Fic. 31. Molecular structure of (a) [Mn(bmip)(CO)s] (45) and (b) of
[Re(bmip)(CO)3] (46); thermal ellipsoids are drawn at a 50% probability level
(174).

The metal-carbonyl distances are in good agreement with those of
[Mn(bdmpza)(CO)s], [Re(bdmpza)(CO)3] and [Re(bpza)(CO)s]. In both
complexes 45 and 46 the metal-carbonyl distances M-C(31) and
M-C(51) are longer than the metal-carbonyl distance M—C(41) trans to
the carboxylate group, due to the ¢trans influence of the two imidazolyl
7 acceptor groups onto the trans metal-carbonyl bonds. The IR spectra
of 45 and 46 are those of ‘piano stool’ complexes with three strong A’,
A” and A’ carbonyl signals. As expected, the manganese CO signals
(2027, 1922 and 1895 cm™!) are found at slightly higher wavenumbers
than those of the rhenium complex (2018, 1898 and 1867 cm™1).
These values are lower compared to those of the corresponding
bis(pyrazol-1-yl)acetato complexes (40) and suggest that pyrazol-1-yl
and 1-methylimidazol-2-yl groups may have almost the same donor
strength, but that the 1-methylimidazol-2-yl group is a weaker =«
acceptor. This observation is in good agreement with our DFT
calculations. In conclusion, it can be said that bmip and similar
ligands might be versatile ligands in different fields of coordination
and bioinorganic chemistry. They may be applied in the synthesis of
structural and possibly functional iron and zinc model complexes for
enzymes mimicing the 2-Histidine-1-carboxylate motif. It has to be
mentioned, that parallel to our work, this ligand has been investigated
in the van Koten group (175). Very recently van Koten, Klein Gebbink
and coworkers reported on sterically demanding analogous of bmip
and ferric and ferrous model complexes thereof (176). Furthermore,
the complexes 45 and 46 suggest, that bmip might be a suitable ligand
in future rhenium and technetium complexes for radiopharmaceutical
applications (177-179).
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VII. Immobilization of N,N,O Complexes

Bioinorganic models for metalloenzymes are investigated for more
than 20 years. Despite this long history and thousands of structural
models, the amount of functional models especially in the field of
oxygenases is rather disappointing. It has become obvious, that
various problems are responsible for this: First of all often rather
small sterically less hindered organic molecules are used to mimic the
metal environment of the active site. These ligands tend to coordinate
twice to metal ions and form 2:1 bisligand complexes which are
often a dead end in reactivity. The complexes [Fe(bpza)s] (4a) and
[Fe(bdmpza),] (4b) which were discussed earlier are typical examples
for this bisligand complex formation. A second problem occurs once the
formation of an oxygenase model was successful. After activation of Oo
or H,O5 highly reactive intermediates such as Fe(IV)—O species are
formed which can react instantaneously under autoxidation with
another model complex which is still ferrous. This usually causes the
formation of a dinuclear ferric p-oxo species as a themodynamic dead
end. Very recently we observed an example for such an autoxidation
and p-oxo complex formation for our ruthenium model complexes.
Although the acetato complex [Ru(bdmpza)(O,CCHj3)(PPhs)] (37a)
seems to be rather stable under aerobic conditions due to its low-spin
state, it decomposes within weeks in acetone and forms a p-oxo dimer
[Rus(bdmpza)s(p-O)(u-OoCR)s] (47) (Fig. 32). The two ruthenium(III)
centers in 47 are antiferromagnetically coupled, so that [Rus(bdmpza),
(L-0)(u-O2CR)2] (47) is a diamagnetic compound, suitable for NMR
analyses. Due to the simple 'H and '>C NMR spectra with one set of

Fic. 32. Molecular structure of (a) 2,2-bis(3,5-dimethylpyrazol-1-yl)pent-4-
enoic acid (48) and (b) of 2,2-bis(3,5-dimethylpyrazol-1-yl)-3-acetatopropionic
acid (50); thermal ellipsoids are drawn at the 50% probability level (68).
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signals for an acetate and a bdmpza ligand we deduced a Cs symmetric
structure of the complex.

To overcome these problems of bisligand complex formation and
autooxidation often sterically more bulky ligands are applied in these
models. The bdtbpza ligand which was discussed earlier is an example
for this concept. The backdraw of these bulky ligands is that it
restricts the access to the metal center and therefore changes the
reactivity of the model complexes. Often these complexes and the
metal environment are too crowded to allow any functional activity.

Fixation of model complexes on a solid phase would cause a
separation of the metal centers without causing a change in reactivity
and thus overcome these problems. Thus, solid phase fixation of the
model complexes or ligands is of special interest, with regard to a
potential use as catalysts with easy workup or to achieve dedicated
structural environments with sterically less hindered ligands. Many
methods used for immobilization of ligands or transition metal
complexes introduce linker to the ligand which connects the ligand
via covalent bonds to the solid material (180). Vinyl, allyl or acryl
groups with their isolated double bonds open up a broad field of
methods to immobilize the ligand (181,182). Common examples are
copolymerization with MMA/EGDMA, metathesis reaction and espe-
cially radical-induced carbon-sulfur bond formation (182). Recent
investigations on bis(oxazoline) ligands have shown the feasibility of
immobilizing such ligands while maintaining catalytic activity of the
resulting immobilized complexes (182). On the other hand, a
hydroxymethyl linker allows solid phase fixation via esterification or
ether formation.

We found bis(3,5-dimethylpyrazol-1-yl)acetic acid Hbdmpza (3b) to
be a convenient starting material for linker-modified ligands.
Deprotonation at the bridging CH in 3a with excess LDA and
subsequent alkylation with allyl bromide leads to 2,2-bis(3,5-dimethyl-
pyrazol-1-yl)pent-4-enoic acid Hbdmpzpen (48) (Scheme 27;
Pathway 1). Similar modifications of tris(pyrazolyl)methane ligands
with various bases have been reported recently by D. L. Reger et al.
(183). The molecular structure of 48 (Fig. 32a) reveals an intramole-
cular hydrogen bridge [d(O1-N11) = 2.504 (2) A] between the carbox-
ylate and the pyrazolyl group. The 'H and '3C NMR data of the
resulting ligand 48 are almost identical to Hbdmpza (3b), except for
the lack of a 'H resonance of the bridging CH group and the additional
allyl resonances. A similar reaction with paraformaldehyde yields
2,2-bis(3,5-dimethylpyrazol-1-yl)-3-hydroxypropionic acid Hbdmpzhp
(49) (Scheme 27; Pathway 2). According to the NMR data, the
molecular structure exhibits C; symmetry in solution as well. Since
the linker groups are introduced at the bridging carbon atom, this
concept may be extended to the homochiral bis(pyrazol-1-yl)acetic
acids, which were discussed earlier, without breaking the chirality or
chiral induction.
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ScHEME 27. Synthesis of bis(pyrazol-1-yl)acetic acids with solid phase
linkers (68).

Besides direct solid phase fixation, the functional OH-group of 49
may be used for further transformations. Esterification with acetyl
chloride at the OH-linker (Scheme 27) leads to 50, providing a
heteroscorpionate ligand with the protected OH-linker. An intramo-
lecular hydrogen bridge is found in the X-ray structure [d(O1-N21) =
2.478 (3)A] between the carboxylic acid and the pyrazole nitrogen
(Fig. 32b).

Very recently we obtained also acrylic and metacrylic esters of the
bdmpza ligand via esterification of 49 (184). These ligands should
allow copolymerization of ligands and model complexes in the near
future.

On the other hand, ligand 3b may be modified at the carboxylate
donor instead of the OH-linker. This prevents the carboxylate donor
from acting as linking group. Although the most obvious protecting
group is the methyl ester 52 (Scheme 27), direct esterification of
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ScHEME 28. Manganese and rhenium tricarbonyl complexes with solid
phase linkers (68).

49 results in 2,2-bis(3,5-dimethylpyrazol-1-yl)-1-ethanol caused by
decarboxylation. Instead, the methyl ester 52 is synthesized by
esterification of 3b and subsequent reaction of 51 with LDA and
paraformaldehyde to 52 (Scheme 27; Pathway 3).

To examine the chemical behavior of these new ligands 48-50 in
coordination chemistry, tricarbonyl complexes with manganese and
rhenium were synthesized from [MnBr(CO)s;] and [ReBr(CO)s] as
described earlier for the other heteroscorpionate ligands (Scheme 28).
The purpose of these tricarbonyl complexes was to verify tripodal
binding of the solid-bound ligand. The protected OH linker in 50 acts
as model for the solid phase bound ligand.

Ligand 50 reacts with the metal carbonyls as it is well known for the
heteroscorpionate ligand Hbdmpza. This is also observed with the
allyl-functionalized ligand 48 (Scheme 28).

The presence of the tricarbonyl complexes is indicated by three A,
A” and A’ signals typical for C, symmetrical ‘piano stool’ type carbonyl
complexes (53: v(CO) = 2033, 1939 and 1911 cm™'; 54: V(CO) = 2023,
1915 and 1892cm™!; 55: W(CO) = 2034, 1940 and 1913cm -1 56
v(CO) = 2024, 1918 and 1894 cm™1). These IR absorptions are in good
agreement Wlth those of the complexes [M(bdmpza)(CO)s] (M = Mn,
Re) (29b, 30b) and prove the x>N,N,O coordination of the ligands.
IR bands at 1687 (53), 1697 (54), 1692 (55) and 1702 (56)cm ' are
assigned to the asymmetric carboxylate vibration vasym(CO ). 55 and
56 show an additional IR signal at 1761 and 1762cm™ respectlvely
which was assigned to the asymmetric carboxylate vibration in
the ester residue. Two '3C resonances are observed for the carbonyl
ligands of the two complexes 55 and 56 (55: 220.6. ppm, 222.4 ppm,
56: 195.7 ppm, 196. Oppm) Finally, X-ray structure analyses (Fig. 33)
doubtlessly reveal the k®N,N,0 coordination of the tripodal N,N,O-
ligands 53 and 55.

Obviously, the coordination of the new ligands is not affected by the
additional linker groups at the bridging carbon atom. No coordination
of the linker to the metal center instead of the carboxylate donor takes
place and the geometries of the allyl group in 53 (Fig. 33a) as well as of
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Fic. 33. Molecular structure of (a) [Mn(bdmpzpen)(CO)s] (53) and (b)
[Mn(bdmpzap)(CO)3] (55); thermal ellipsoids are drawn at the 50%
probability level (68).

the ester in 55 (Fig. 33b) prove their ability to act as a linking group to
solid phase. The agreement of the bond distances and angles of 53
and 55 with those of [Mn(bdmpza)(CO)3] implies similar properties of
48-50 in comparison to the Hbdmpza ligand 3b.

A. Soum PraseE BINDING

In our first attempt to bind linker-modified bis(pyrazol-1-yl)acetic
acids to a solid phase we used Merrifield resin, which is one of the most
popular solid phase supports. Since Merrifield polymer was designed
to bind carboxylic acids, we used the ester methyl 2,2-bis(3,5-
dimethylpyrazol-1-yl)-3-hydroxypropionate (52) instead of the 2,2-
bis(3,5-dimethylpyrazol-1-yl)-3-hydroxypropionic acid (49).

Grafting on the resin was achieved via a nucleophilic substitution of
the benzylic chlorine by the deprotonated OH-linker of 52 (Scheme 29)
by using a mixture of KOtBu, 18-crown-6 and CsBr. Determining
the nitrogen content of solid phase samples by elemental analyses
was accomplished, to verify the functionalization of the polymer.
This enables calculation of the degree of functionalization. Usually, an
occupancy of more than 20 percent of the theoretical sites was
achieved. Saponification of the functionalized Merrifield resin P-52
leads to the monoanionic N,N,0 functionalized solid phase. Subse-
quent reaction with [ReBr(CO)s] afforded the polymer mounted
tricarbonyl rhenium complex P-52-Re (Scheme 29).

The IR spectra of P-52-Re exhibits the A’, A” and A’ signals
(V(CO) = 2022, 1915 and 1890cm™'). The location of these signals
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ScHEME 29. Grafting on Merriefield resin (68).

is almost identical to those of the complexes [Re(bdmpzap)
(CO)s] (55) which were described above (68).

A control experiment with the unfunctionalized methyl bis(3,5-
dimethylpyrazol-1-yl)acetate (51) showed no occupancy of the polymer
sites and subsequently no A’ and A" signals but a typical IR spectrum
of Merrifield polymer. Therefore, the results of our experiments prove
a facial coordination of rhenium(I) by the monoanionic N,N,O tripod
ligand as well as a solid phase fixation of the ligand and the resulting
tricarbonyl complex (68).

Reactions with Merrifield polymer are quite limited regarding the
solvents that can be used. Unfortunately, especially reactions in water
are almost impossible. For future bioinorganic applications in e.g.,
aqueous solution, grafting on silica solid phase can be achieved via
mercaptopropyl functionalized silica. Immobilization of chelating
N,N-ligands bearing allyl linker groups on such functionalized silica
has been recently reported by Mayoral et al. (182). Following a similar
procedure, we immobilized the complexes [Mn(bdmpzpen)(CO)s]
(53) and [Re(bdmpzpen)(CO)3] (54) on mercaptopropyl silica in the
presence of AIBN (Scheme 30).

The deduced occupancy of mercaptopropyl sites by the tricarbonyl
complexes added up to about 4% (S-Mn and S-Re). IR spectra of
these silica phases S—-Mn and S-Re show signals that can be assigned
to the three A’, A” and A’ signals of the grafted manganese and
rhenium trlcarbonyl complexes (S-Mn: V(CO) = 2039, 1948 and
1923cm™L; S—Re: ¥(CO) = 2027, 1920 and 1905cm™1) (68). A longer
reaction tlme (48 h) resulted in higher occupancies, but caused also
obscure IR spectra probably due to degradation of the carbonyl
complexes or a further reaction with surrounding non innocent SH-
groups. Our results prove an immobilization of manganese and
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ScueEME 30. Grafting on mercaptopropyl silica (68).

rhenium tricarbonyl complexes on silica via a N,N,O tripod ligand with
an allyl linker (68).

In conclusion, modifications of the ligand Hbdmpza (3b) lead to the
new functionalized ligands 2,2-bis(3,5-dimethylpyrazol-1-yl)pent-
4-enoic acid (48) and 2,2-bis(3,5-dimethylpyrazol-1-yl)-3-hydroxypro-
pionic acid (49) bearing an allyl or an hydroxymethyl linker for solid
phase fixation. These ligands or their protected analogues provide
similar coordination properties as 3b. Ligands 48, 49 and complexes
thereof have been grafted successfully on silica and on Merrifield
polymer. This is proven by the characteristic IR spectra of immobilized
tricarbonyl complexes.

VIIl. Conclusion

The N,N,O- binding motif is found in many non-heme iron enzymes
as well as in some zinc enzymes as metal- blndmg motif. Thus, to mimic
this motif is the purpose of small organic k¥ N,N,O- hgands such as
various bis(pyrazol-1-yl)acetato ligands. These ligands can be tailored
with bulky substituents to modify their steric hindrance and with
solid phase linkers for solid phase fixation. With ferrous and ferric
iron complexes bearing these ligands structural models for the iron
oxygenases were obtained. Model complexes with ruthenium allow
the coordination of substrate analogous. Zinc bis(pyrazol-1-yl)acetato
complexes mimic the active sites of zinc proteases. The current
interest in these zinc complexes focuses on the coordination of protease
inhibitors to the zinc models. The new developed zinc protease models
might serve as tools to develop and test new ZBGs. Zinc alkyl com-
plexes as precursors allow an easy access to these model complexes.
The anionic k> N,N,0-ligands are also quite useful in organometallics
and coordination chemistry and allow a chemistry comparable to that
of cyclopentadienyl (Cp) or hydrotris(pyrazol-1-yl)borate ligands (Tp).
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This includes future potential applications in radiopharmaceuticals.
Furthermore, new chiral enantiopure N,N,O tripod ligands have been
developed starting from cheap compounds of the chiral pool.
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I.  Introduction

Hydroxypyranones, of which a number occur in the plant kingdom,
and hydroxypyridinones, of which a great variety can be synthesized
from hydroxypyranones, form complexes with the majority of metal
cations. These ligands and complexes are of considerable interest not
only in their own right but also in relation to numerous current and
potential uses and applications. Thus the hydroxypyranones are of
long-term importance as natural products, in food, and as analytical
reagents for colorimetric and spectrophotometric determination of a
wide range of elements. They are also important, especially in the
present context, as precursors of hydroxypyridinones. Hydroxypyr-
idinones and their complexes have been, and are, of importance in
solvent extraction, analysis, and several areas of diagnosis and
therapy. In many applications, particularly in solvent extraction and
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chelation therapy, the properties of the ligands are almost as
important as those of their complexes.

This chapter reviews several areas of the chemistry of these ligands
and complexes, including synthetic methods, structures, and some
aspects of their solution chemistry — stability constants, solvation,
partition, redox potentials, and kinetics and mechanism. It also
provides an introduction to their applications in solvent extraction and
analysis, to their roles in medical diagnosis and therapy, and to a
variety of minor uses. It is not possible to provide anything
approaching comprehensive coverage even of our selected areas, but
we have tried to provide an overview of a field which extends from
natural products through synthetic organic chemistry and funda-
mental physical inorganic chemistry to medically relevant biochem-
istry. We have also tried to show how this area has developed from the
isolation and characterization of maltol, meconic acid, and kojic acid in
the last decade of the 19th century and the first decade of the 20th
century, up to the first years of the 21st century. A few historic and
general references to hydroxypyranones and hydroxypyridinones
provide the starting point for our chronicle of successive advances in
the chemistry of this area.

II. Ligands and Complexes — Synthesis and Structure
A. Licanps

A.1. General

Hydroxypyranones and hydroxypyridinones with hydroxylic and
ketonic oxygen atoms at appropriate positions on the heterocyclic
rings are potentially chelating ligands, their anions forming stable
complexes with a range of metal ions. This group of compounds®
includes 3-hydroxy-2-pyranones (1), 3-hydroxy-4-pyranones (2), and
the closely related 3-hydroxy-2-pyridinones (3), 3-hydroxy-4-pyridi-
nones (4), and 1-hydroxy-2-pyridinones (5). Compounds 1-4 are
intermediate in structure between the exhaustively studied f-
diketones and catechols (1,2-dihydroxybenzenes), while 5 is a close
relative of hydroxamic acid. The general formulae of these ligands are
shown in Fig. 1, while Fig. 2 shows the formulae of several simple
hydroxypyranones (6-11) and hydroxypyridinones (12, 13) which will
appear in this review, with their trivial names. Tetra-, hexa-, and
octadentate analogues can be prepared by the incorporation of two,
three, or four of the chelating units. Hexadentate hydroxypyridinones
have been of particular interest in recent years in view of the high
stability and substitution-inertness of their metal complexes.

Nomenclature and abbreviations are outlined at the end of this chapter.
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16 flavanol (3-hydroxyflavone)
17 quercetin (3,5,7,3',4’-pentahydroxyflavone)
15 R=Ph: flavone 18 myricetin (3,5,7,3’,4’,5'-hexahydroxyflavone)
19 quercetagetin (3,5,6,7,3’,4'-hexahydroxyflavone)
20 morin (3,5,7,2',4'-pentahydroxyflavone)

14 R=H: chromone

Fic. 3. Chromone, flavone, and flavanols.

Chromones (14) and flavones (phenylchromones, 15) are pyranones;
when they have a hydroxyl group substituted in such a position that
they can act as bidentate O,0-donors then they and their complexes
are relevant to the present review. Fig. 3 shows formulae for
chromone, flavone, and the polyhydroxyflavones (16—-20) which appear
in this review.

A.2. Occurrence

Several 3-hydroxy-4-pyranones are natural products. Maltol (maltH;
6) was first isolated (1) from larch bark (Larix decidua, hence a rarely
encountered alternative name of larixinic acid); it is also found in pine
needles. Maltol is a key component of the odor of baking — it is present
in many foodstuffs, such as bread and coffee, whose preparation
involves roasting (2) — and indeed is a permitted food additive. Maltol,
and a number of its derivatives and analogues, have been identified in
tobacco smoke condensate (3). Kojic acid (kojH; 7) is produced by
various bacterial or fungal strains of Aspergillus, Penicillium, or
Acetobacter species. It was first isolated from mould of Aspergillus
oryzae (4) (from which it is still commercially produced). It is present
in Japanese rice beer (sake) and is a permitted food additive. Meconic
acid (mecH; 8) provides the anion for certain opium poppy alkaloids,
and pyromeconic acid (pyromecH; 9) can be isolated from the flowers
and leaves of Erigeron annus. The structure of meconic acid was
deduced as early as 1884, from its reduction to pimelic acid,
HO,C(CH5)sCOsH (5). The 3-hydroxy-4-pyridinone mimosine (leuce-
nol; leucaenol; leucaenine; 12) is a naturally occurring alkaloid (in
Mimosa pudica, Leucaena glauca, and Leucaena leucocephala), the
elucidation of whose structure provides an illuminating example of the
laboriously indirect classical methods still required in the middle of
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the 20th century (6). Mimosine is a pyridoxal antagonist, inhibiting
protein synthesis and growth (7) through its chelating effects on the
relevant enzymes (8). In particular it has depilatory properties,
inducing alopecia in animals and in humans (9). Observations on
the development of alopecia in sheep which had grazed on
L. leucocephala, a leguminous shrub common in northern Australia,
led to (unsuccessful) trials of mimosine as a wool growth inhibitor and
defleecing agent (10).

A large number of flavone (15) derivatives occur in a wide range of
plants — in flowers, in wood, and in roots (11). Most of these contain a
3-hydroxy-4-pyranone unit, generally with several more hydroxy
substituents. Many are used as dyes or colorants, while a few have
modest therapeutic value (Section IV.A.2). Quercetin (3,5,7,3',4'-
pentahydroxyflavone; 17) is the most important and widespread plant
pigment of this group. It takes its name from the American oak,
Quercus velutina, in whose bark it occurs; it is also found in, e.g., roses,
wallflowers, pansies, hops, and tea. Myricetin (3,5,7,3',4',5'-hexahy-
droxyflavone; 18) occurs widely in leaves, wood, and bark; querceta-
getin (8,5,6,7,3',4’-hexahydroxyflavone; 19) colors the African marigold
(Tagetes patula). Morin (3,5,7,2',4'-pentahydroxyflavone; 20) which
occurs in, and is extracted from, mulberry wood (Morus tinctoria) is
the most relevant to the present review.

A.3. Auvailability and synthesis

(a) Availability. Maltol and kojic acid have been fairly readily
available from natural sources since soon after their isolation, but it
was many years before they were synthesized in the laboratory — kojic
acid, from glucose via 2,3,4,6-tetraacetyl glucosone hydrate, in 1946
(12), maltol (in 17% yield) the following year (13). Around this time it
was shown that maltol was produced by alkaline hydrolysis of
streptomycin (14), that it could be isolated, in very small yield, from
milk which had undergone prolonged heat treatment (15), and that it
could be obtained, again in only small amounts, by heating maltose or
lactose with glycine (16). A high-yield (70%) synthesis for maltol
followed some years later, described in a paper which provides a terse
review of the various syntheses of maltol and ethylmaltol then extant
(I17). An industrial process for the production of kojic acid was
patented in 1959. Thus maltol and kojic acid have been commercially
available for many years; ethylmaltol has more recently become
readily available, being a commercially used flavorant since the mid-
1970s. Flavanol (16) has also been commercially available for many
years — it is a natural colorant, albeit rather readily bleached by
peroxide (18).

Comenic acid (10) — not to be confused with comanic acid, a
2-pyranone carboxylic acid — can be obtained by decarboxylation (by
boiling in 50% hydrochloric acid (19)) of meconic acid (8), or from kojic
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acid (7) via comenaldehyde (20). Allomaltol (11), a reduction product of
kojic acid, can be prepared by a straightforward method from
chlorokojic acid (21). Other 3-hydroxy-4-pyranones can be synthesized
(22), albeit often with difficulty, including the parent unsubstituted 3-
hydroxy-4-pyranone and a range of variously alkyl-substituted
derivatives (3). There are several ring-closure reactions which produce
4-pyranones (23), e.g., from MeOCH—CH-C=C-CH(OEt), or from
acid anhydrides RCH,;COOCOCH,R (24) — the latter approach offers
possibilities for producing multisubstituted and multifunctional
4-pyranones. However there may well be problems in obtaining starting
materials containing the correctly positioned hydroxyl group for the
synthesis of a specific required 3-hydroxy-4-pyranone derivative.

(b) 3-Hydroxy-4-pyridinones. Hydroxypyranones such as maltol,
kojic acid, and comenic acid can be converted into hydroxypyridinones
by reaction with ammonia, with primary amines, or with bifunctional
amines such as amino acids. In such reactions the pyranone ring -O—
is replaced by -NR—, thus providing a route to a great variety of
potential ligands. An early example involved the production of 3-
hydroxy-4-pyridinones from kojic acid by reaction of its mono- or
dimethyl ester with ammonia or methylamine (25). Subsequently a
“total synthesis” of mimosine through the appropriate 3-hydroxy-4-
pyranone and 3-methoxy-4-pyridinone, based on a 19th century
conversion of 4-pyranones into 4-pyridinones, was detailed (26).
Further examples of conversions of hydroxypyranones into
hydroxypyridinones followed (27-30), including another synthesis of
mimosine, through reaction of the benzyl or methyl ester of
pyromeconic acid (9) with HO.C(TosHN)CHCH,NH, (31). In
principle these conversions are straightforward, sometimes involving
simply a one-pot synthesis, as in the reactions of kojic acid or comenic
acid with ammonia. Several 1-aryl derivatives were synthesized by
heating aromatic amines with maltol in a sealed tube at 150°C (32,33);
subsequently it was established that the 1,2-dimethyl (34,35) and
many 1-(4'-X-phenyl) X =e.g., H (36) or n-alkyl (37) and 1-(4'-X-
benzyl) ligands (X =e.g., Me, F, or CF3 (38)) could be synthesized
simply by refluxing a solution of the reactants for many hours.
However for some amines reaction with a hydroxypyranone is a long,
tedious, and low yield process. It is often necessary to protect the
hydroxyl group (39—43), which leads to a time-consuming sequence of
methylation or benzylation, reaction with amine, extraction,
deprotection by hydrogenation, and purification. Sometimes the use
of a dipolar aprotic solvent such as dimethyl sulfoxide or acetonitrile
can encourage the amine to react, as e.g., with trifluoroethylamine,
but this approach can fail in that a solvent of this type may encourage
Schiff base formation at the expense of the desired Michael reaction
(35). Purification is usually by recrystallization, but occasionally,
as for instance for 1-n-hexyl-2-methyl-3-hydroxy-4-pyridinone (42),
sublimation has been preferred.
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The fact that almost any amine can be reacted with a hydroxypyr-
anone, given the right conditions, means that a great variety of
derivatized hydroxypyridinones are accessible. The hydrophilic-lipophi-
lic balance (HLB) (44) of ligands, and indeed of complexes, is crucial to
transport across biological membranes. It is usually assessed through
determination of partition or distribution coefficients (see Section III.C.3
later). The HLB of ligands can be tailored, with small or negligible
changes in their chelating properties (45,46), to optimize this property
for delivery to the sites where the ligand is required (47). This can be
achieved simply by introducing appropriate substituents on the
endocyclic nitrogen atom (48). Thus it is possible to vary the alkyl
groups on the ring-nitrogen, with e.g., increasing size of alkyl or aryl
substituent giving increasing lipophilicity. Substituted benzyl groups
provide a means of varying the ligand’s HLB while having an
insignificant effect on its donor properties and thus on stabilities of its
complexes (49). Lipophilicity can also be tuned by F-for-H replacement,
an approach which may be relevant for pharmaceutical applications.
Indeed 1-CH;CF3 and 1-CHy;CH,CF5 derivatives of 3-hydroxy-2-pyridi-
nones have been claimed to be of particular interest (50). Maltol and
ethylmaltol react, albeit reluctantly, with amines such as CF3CH;NH,.
Maltol and ethylmaltol react much more readily with aromatic amines
such as 4F- or 4-CFs-aniline (51), and even react with long-chain
fluorinated amines such as n-CgF13CH;CHsNH, (52). However direct
fluorination, attempted for several ligands, was unsuccessful (53).
Hydrophilicity can be enhanced by the introduction of appropriate
groups such as hydroxyl, carboxylate, or sulfonate. This can be achieved
by starting from kojic acid (54) rather than maltol, or by reacting the
starting hydroxypyranone with amines containing groups such as
carboxy, sulfonate, or imidazole. 1-Carboxymethyl-2-methyl-3-hydroxy-
4-pyridinone can readily, if slowly, be prepared by reacting maltol with
glycine (55), or from the reaction of isomaltol with glycine (29). Sulfonate
has been introduced by reacting taurine (HOsSCH>CH,NH,) with kojic
acid (35). The incorporation of an imidazole group (56,57) also provides a
second center for substrate binding. The presence of groups such as
imidazole, carboxy, sulfonate, or amino permits ligand variation,
through pH control of protonation equilibria, of charge and of the HLB.
The HLB of these ligands, and of course of their complexes, may also
be tuned by varying substituted phenyl groups on the ring-nitrogen
(58). Indeed it is possible to probe the extent of substituent effects across
a —CHy— barrier by synthesizing ranges of ligands with substituted
phenyl and analogous ring-substituted benzyl groups on the ring-
nitrogen (59). The attachment of a glucose moiety or a ribonucleoside to
a hydroxypyridinone may facilitate transmembrane transport through
the sugar-transport pathway (60). 1-(2'-Hydroxyethoxy)methyl-2-alkyl-
3-hydroxy-4-pyridinones form a link between these sugar derivatives
and simple 1-alkyl ligands, in that the -CH,;OCH,;CH,OH approximates
to half a monosaccharide molecule (61).
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It may be advantageous to be able to target specific iron-binding
sites or reservoirs. Thus ester prodrugs have been developed which
target the liver (62,63), while the incorporation of an imidazole group,
as mentioned in an earlier paragraph, offers the possibility of
targeting lysosome iron (57). Particularly small lipophilic chelators
which can make their way through narrow hydrophobic channels can
be used to target active sites of lipoxygenase (64) — bulky or
hydrophilic chelators are feeble inhibitors of lipoxygenase (65).

Chelating resins have been prepared in which hydroxypyridinones
have been incorporated into sepharose gels (66). These materials were
developed, along with desferrioxamine analogues (67), with a
particular view to immobilizing iron(IIT). Other specialty hydroxypyr-
idinones have included several containing alkene units, incorporated
for their lipophicity, their potential for use in hydroboration (68), or for
their intrinsic interest (69).

The fact that pyromeconic acid and allomaltol were only available
with difficulty meant that direct synthesis of certain 3-hydroxy-4-
pyridinones was not possible. However the demonstration that some of
these compounds were accessible from maltol or ethylmaltol by
functionalizing the position adjacent to the ring-oxygen by an aldol
condensation and N-oxide intermediates led to the preparation of 2-(1'-
hydroxyalkyl) and 2-amido derivatives with usefully high affinities for
Fe®* (70).

2-Alkyl-3-hydroxy-4-pyridinones can be converted into analogues
containing, e.g., anilino-, phenylthio-, or 2-hydroxyethylthio-substitu-
ents by silver(I) oxidation (Ag,O in ethanol) followed by Michael
addition (71). In aminomethylation of 3-hydroxy-4- and -2-pyridinones
under Mannich conditions the position of substitution can be tailored,
by reaction conditions to position C4 or C6, or by converting the OH
into OMe, which directs substitution to C5 (72).

Many years ago (29), and recently (73), it has been reported that
1-alkyl-2-methyl-3-hydroxy-4-pyridinones can be prepared from car-
bohydrates. This was achieved, though only in low yields, simply by
heating maltose or lactose with primary aliphatic amines in neutral
aqueous solution. The reaction of maltose with methylammonium
acetate yields a score of products, including 1,2-dimethyl-3-hydroxy-4-
pyridinone in less than 2% yield (29). 1-Alkyl-2-methyl-3-hydroxy-4-
pyridinones can be synthesized in reasonable yields in a three-stage
sequence from carbohydrate precursors (74). This involves dehydra-
tion of] e.g., a-D-lactose using piperidine acetate to give O-galactosyl-
isomaltol, which can be converted into isomaltol enzymatically or by
steam distillation from aqueous phosphoric acid (75). Isomaltol is then
converted into a 1-alkyl-2-methyl-3-hydroxy-4-pyridinone by heating
with methylammonium acetate (29). We digress here to point
out that isomaltol is not a hydroxypyranone but a hydroxyfuranone.
However it can act as a bidentate O,0-donor ligand, through
its adjacent hydroxyl and —COMe substituents, though it has a
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considerably lower affinity for metal ions than maltol (c¢f. footnote d to
Table VII in Section III.A.3.a) (76,77).

(¢) 3-Hydroxy-2-pyridinones. Bidentate 3-hydroxy-2-pyridinones
may be prepared by amidation. The methyl ester of 2,5-
dimethoxytetrahydrofuran-2-carboxylic acid, obtained by electrolytic
oxidation of methyl 2-furoate, is reacted with a primary alkylamine,
followed by acid-catalyzed rearrangement. This gives a 1-alkyl-3-
hydroxy-2-pyridinone. The rearrangement is promoted by metal ions,
such as Fe®", which form stable complexes with the product
hydroxypyridinone (78).

(d) Hexadentate hydroxypyridinones. By appropriate choice of
reagents it is possible to synthesize tetradentate, hexadentate, and
octadentate hydroxypyridinonates. The chelating hydroxypyridinone
units can be attached to a central linking or capping unit by a range of
synthetic strategies (79). Figs. 4(a) and 4(b) shows a range of capping
units (scaffolds) that have been used for the assembly of tripodal
(semi-encapsulating) hexadentate ligands, Fig. 4(c) shows how a hopo
unit may be linked to the scaffold through bonding to ring-C or to ring-
N to give the hexadentate tris-hydroxypyridinonate tren(3,2-hopo)s,
21 (Fig. 4(d)). A few examples of tetradentate, hexadentate, and
octadentate hydroxypyridinones are shown in Fig. 5. A template
synthesis of the triserine trilactone scaffold of enterobactin permits
the preparation of hydroxypyridinone analogues of this powerful
siderophore (80). Linear as well as tripodal hexadentate and
octadentate ligands have been synthesized and assessed as metal-
binding chelators (see e.g., 23 in Fig. 5 and Ref. (81)).

A rather different route to hexadentate ligands containing
3-hydroxy-2-pyridinone units is based on the reaction of an appro-
priate pyrazinone with dimethyl acetylene dicarboxylate, which
replaces one of the ring-nitrogen atoms by carbon (82).

A.4. Structures

The structures of many hydroxypyranones and hydroxypyridinones
have been established by X-ray diffraction techniques, although it
has sometimes proved difficult to grow suitable crystals. 3-Hydroxy-
4-pyridinones crystallize in the form of hydrogen-bonded
centrosymmetric dimers, as established for the 1,2-dimethyl
(42,83,84), 1-ethyl-2-methyl (85), and 1,2-diethyl compounds (43,86),
and for several 1-aryl (568) and 1-benzyl analogues (59). The situation
is sometimes complicated by the existence of more than one
polymorph, as is the case for, for instance, maltol (two polymorphs,
one a chain structure, the other consisting of hydrogen-bonded dimers)
(87), ethylmaltol (two of whose three polymorphs are analogous to
those of maltol, the third consisting of spiral chains) (88), and
1-carboxymethyl-2-methyl-3-hydroxy-4-pyridinone (89). Much of the
interest in the structural chemistry of this group of ligands lies in
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the information on hydrogen-bonding, both within and between ligand
molecules, and on interactions with and within the surrounding water
molecules in the case of hydrates. There is a further aspect of some
fundamental interest, and that is the use of established bond distances
within the heterocyclic rings to throw light on the question of
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the tautomeric/mesomeric equilibrium between the delocalized but
non-aromatic forms shown in the representations 1-6 earlier and
their zwitterionic forms. The report of the structure of a second mono-
clinic polymorph of 1-carboxymethyl-2-methyl-3-hydroxy-4-pyridinone
illustrates these points well (89).

Many crystal structures have also been reported for hydrochlorides
or hydrobromides of hydroxypyranones and hydroxypyridinones. Such
salts, unlike their parent bases, generally prove much more amenable
to growing crystals of good quality for X-ray structure determination.
Waters of crystallization in the halide salts are hydrogen-bonded to the
halide anions, often bridging the halides to hydroxyl groups of the
organic cation. This is the case in, e.g., the hydrated hydrochloride of
1-n-hexyl-2-ethyl-3-hydroxy-4-pyridinone, where hydrated chlorides
form a chain along the ¢ axis, the chain being linked to the organic
cations by hydrogen-bonding to both the 3- and the 4-hydroxy groups
(86). In contrast, in the hydrobromide hydrate of 1,2-dimethyl-3-
hydroxy-4-pyridinone there is mno significant hydrogen-bonding
between the hydrated bromide and the organic cation (83). The
formate and acetate salts of 1,2-dimethyl-3-hydroxy-4-pyridinone are
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probably better considered as formic acid and acetic acid solvates. The
unit cell of the latter contains two hydroxypyridinone and two acetic
acid molecules alternating in an almost planar hydrogen-bonded
ring of 242 stoichiometry; the formic acid solvate has a similar
molecular arrangement, but in the form of a near-planar four-bladed
propellor (84).

B. CoOMPLEXES

Hydroxypyranones and hydroxypyridinones give stable complexes
with a variety of 2+, 3+, 44, 5+ and 6+ metal centers. The earliest
reported complexes were of M?" cations (see Section IL.B.2 later); the
most studied complexes have been those of M®* cations. Of these, Fe®*,
the Group 13 cations Al*", Ga®*, and In®", and the lanthanide Gd3*
have been especially fully investigated. These cations normally form
tris-ligand complexes MLs and hexadentate ligand analogues ML, while
f-block cations also form complexes with tetradentate and octadentate
hydroxypyridinones. Metal 4+ cations often form ternary complexes,
such as the metal-ligand-(pseudo)halide complexes MLyX5, where M
may be Ti, Zr, Hf, or Sn and X = halide or thiocyanate. In the cases of
vanadium(IV), metal(V), and metal(VI) centers, bidentate, tetradentate,
and hexadentate hydroxypyridinones form oxometal complexes, e.g.,
VOL,, UO5Ls, or MoOsL.. Many metal(I) cations, both from the sp-block
and the d-block, form complexes of the expected formula MLy, though
sometimes such complexes have unexpected structures.

B.1. Preparations

Once the required ligands have been obtained, the formation of
complexes is usually straightforward. Metal complexes can often be
prepared by direct reaction in solution between the ligand and a metal
salt, generally at pHs above seven so that the hydroxypyranone or
hydroxypyridinone is in its anionic form. There can be difficulties with
purification, as solubility characteristics of ligands and their respec-
tive complexes may be inconveniently similar, but recrystallization is
usually effective. In cases of difficulty sublimation may successfully
separate unreacted ligand from the complex.

It is quite often possible to prepare hydroxypyridinone complexes
directly by one-pot synthesis from the appropriate hydroxypyranone,
amine, and metal salt (90-92). They can also be prepared by reacting
com\plexes such as B-diketonates with hydroxypyridinones (see e.g.,
Ce!V, Mo"! later). Several maltolate complexes, of stoichiometry MLs,
MLs3, ML4, or MOLs,, have been prepared by electrochemical oxidation
of the appropriate metal anode, M = a first-row d-block metal
(Ti, V, Cr, Mn, Fe, Co, Ni), In, Zr, or Hf, in a solution of maltol in
organic solvent mixtures (92). Preparations of, e.g., manganese(III),
vanadium(III), or vanadium(V) complexes generally involve oxidation
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or reduction in solution, while reduction is unavoidable for technetium
since pertechnetate is the inevitable starting material.

B.2. Metal(I) complexes

Many 2+ cations form uncharged bis-ligand complexes M(malt)s,
anhydrous or hydrated. The earliest characterized examples were
Zn(malt), (%H2O; 3H50), Cu(malt); (anhydrous), and Ca(malt),
(anhydrous; 5H50) (93). M(malt)s(H50)s, M = Co, Ni, crystallize from
aqueous solution (94); anhydrous M(malt),, M = Co, Ni, or Cu, have
been generated electrochemically in non-aqueous media (92). Kojates
of Mn**, Co?*, Ni?*, and Cu®" (95), and maltolate, ethylmaltolate, and
kojate complexes of Zn?* (96), have been characterized, as have 1,2-
dimethyl- and 1,2-diethyl-3-hydroxy-4-pyridinonates of Cu®*" (97).
Pd(malt), (98), Pd(dmpp)s2, and Pd(3,2-hopo), (99) have been prepared,
as have ternary salts [M(malt)(PPh3);]BPhy with M = Pd or Pt (98)
and [PdL(PPh3);]BPh, with L = dmpp or 3,2-hopo (99). The stability of
Pd(kojate)s in solution has been assessed (see Section III.A.2 later).
Tin(IT) maltolate, ethylmaltolate, and kojate complexes have been
characterized (96); Sn(malt); has been prepared electrolytically, in an
acetonitrile-toluene solvent mixture. Sn(malt), is readily oxidized by
iodine to the ternary tin(IV) complex Sn(malt)sI, (92). Cadmium forms
ternary complexes such as tetramethylethylenediamine-bis(3-
hydroxy-4-pyranonate), Cd(tmen)(malt); (92). 3-Hydroxy-4-pyrano-
nate complexes of mercury(Il) in the form RHgL, where R =e.g.,
phenyl or 2-furyl, L = malt (100), and R = 4-XCgH,4, X = Me, OMe,
NO, for L = malt, koj, have been described (101).

Ternary 3-hydroxy-4-pyronate complexes of ruthenium(Il) include
Ru(malt)s(dmso)s, Ru(malt)o(PPhs),, Ru(malt)s(cycloocta-1,5-diene)
(102), and Ru(8,2-hopo)s(PPhs), (103). There are several areneruthen-
ium(II) complexes containing ligands of these types, e.g., Ru(mesit-
ylene)(etmalt)Cl (104), its maltol and 3-hydroxy-4-pyridinone
analogues (105), and Ru(4-cymene)LCl with L™ = 1-alkyl- or 1-aryl-
2-methyl-3-hydroxy-4-pyridinonate (106). These areneruthenium com-
pounds are soluble in water and in dichloromethane, a considerable
advantage in several ways. Ru(4-cymene)LCl with L™ = 2-methyl-3-
hydroxy-4-pyridinonate undergoes a self-assembly reaction in the
presence of sodium methoxide to give a triangular trimer (107).

Some bis-ligand complexes have non-simple structures — the unit cell
of Zn(malt), - 1%H20 contains both five- and six-coordinated zinc (108).
Bis-maltolatotin(Il) is monomeric, containing five-coordinated tin in a
distorted trigonal bipyramidal environment with a stereoactive lone pair
in an equatorial position (96). Pb(dmpp)s - 7TH50 is dimeric, containing
bridging dmpp (108); Mn(etmalt)os(H50)-2H,O is also dimeric,
with pairs of ethylmaltolate bridges (109). Tetrahedral Zn(OH)(htpzb),
where htpzb = hydrotris(3,5-phenylmethylpyrazolyl)borate, reacts with
hydroxypyridinones to give ternary complexes Zn(htpzb)(hopo) in which
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the Zn?' is five-coordinated. The stereochemistry approximates to
trigonal bipyramidal, but the extent of distortion varies considerable
with the nature of the ligand (110).

B.3. Metal(IIl) complexes

Early examples include M(malt);, M = Cr, Mn, Fe (I111), and
maltolate (112) and kojate (112,113) complexes of the lanthanides. As
indicated earlier, metal(III) complexes of hydroxypyranones and
hydroxypyridinones are generally prepared by simple metal ion plus
ligand reactions, sometimes in mixed aqueous or non-aqueous media,
especially for the more lipophilic hydroxypyridinones. Occasionally a
redox-based preparation has been used — Cr(malt); and Cr(etmalt);
can be prepared either by the direct reaction of Cr3*(aq) with the
potential ligand or by reaction of dichromate with an excess of the
potential ligand (114), while vanadium(III) complexes of hydroxypyr-
anones and hydroxypyridinones are readily prepared by dithionite
reduction of oxovanadium(IV) precursors (v.i.). Aqueous solutions of
these vanadium(III) complexes are surprisingly reluctant to undergo
aerial oxidation to vanadium(IV).

The coordination geometry around the central metal ion in tris-
bidentate ligand complexes, established by X-ray diffraction or EXAFS
(38,115) methods, is close to octahedral, for 3-hydroxy-4-pyranonate
and 3-hydroxy-4-pyridinonate complexes and for complexes of both
p- and d-block elements. Examples include M(malt)s, M = Fe (116) or
Al (117), V(dmpp)s (118), Fe(dmpp)z (119), and M(empp)s, M = Fe, Al,
or Ga (85). The difference between mer geometry for M(malt)s, but fac
for M(etmalt)s, has been ascribed to the greater bulk of the 2-ethyl
group (120). Bi(etmalt); has a stereochemically active lone pair, so the
BiOg unit is considerably distorted from octahedral (121), indeed the
bismuth coordination unit in this compound, as in other examples
such as the recently established structure for tris(V,N'-dimethyl-
dithiocarbamate)bismuth (122), can be described as a pentagonal
pyramid. 1,2-Dimethyl-3-hydroxy-4-pyridinonate stabilizes mangane-
se(IIl) in relation to manganese(Il) (109); Mn(dmpp?Cl-%HQO pro-
vides a rare example of five-coordinated high-spin Mn°* (123).

Apart from the metals which appear in the summary Tables I and II,
hydroxypyranonate and hydroxypyridinonate complexes have been
prepared and characterized for several other metal(III) centers,
including rhodium, iridium, and ruthenium. For rhodium(III) tris-
hydroxypyranonate and tris-hydroxypyridinonate complexes the
ligands include maltolate (98), dmpp (99), and 3-hydroxy-2-pyranonate
(99). Organometallic compounds include the pentamethylcyclopenta-
dienyl complexes Rh(CsMe5)LCl, L = malt, koj, or 2-ethyl-3-hydroxy-
4-pyridinonate, which are significantly water-soluble (124), and series
of 1-alkyl-2-methyl-3-hydroxy-4-pyridinonates M(CsMes)LCl with
M = Rh or Ir (106). Ir(CsMe5s)LCl, where L is the parent (H-on-N)
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TABLE 1
STEREOCHEMISTRY AND DEGREE OF HYDRATION OF 3-HYDROXY-4-PYRANONATE COMPLEXES OF 3+
MeTaL Ions
R® R?  Metal(II) Stereo Hydration Reference
Pyromeconate H H Fe fac anhydrous (139)
Maltolate H Me Al mer anhydrous (117)
Fe mer anhydrous (116)
Ethylmaltolate H Et Al fac anhydrous (134)
Fe fac anhydrous (120)
In fac anhydrous 21)
Bi @ anhydrous (140)
CH,0"Pr H In fac anhydrous 21)
Kojate CH,OH H Fe fac %HZO (141)

“The lone pair on Bi is stereochemically active; the geometry is closer to mer than to fac.

TABLE 11

STEREOCHEMISTRY AND DEGREE OF HYDRATION OF 3-HYDROXY-4-PYRIDINONATE COMPLEXES OF
3+ METAL Ions

R! R? Metal(I1T) Stereo Hydration Reference
Me Me Al; Ga; In; V; Fe fac 12H,0 ¢

Co fac 6H,0 (144)
Et Me Al; Ga fac 12H,0 (133)

Fe; Al; Ga fac 3H,0 (85)
"Pr Me Al; Ga fac 3H,O 91)
"Bu Me Al fac 3H,0 91)
4-MeCgH, Me Al; Ga fac 51H,0 (36)
Me Et Al mer 6H,O (134)

“Source: Al, Ga from Refs. (132,142); In, Ref. (143); V, Ref. (118); and Fe, Ref. (119).

2-methyl-3-hydroxy-4-pyridinonate, trimerizes under the influence of
sodium methoxide to give a chiral triangular metallomacrocycle (107).
Iridium(III) also forms Ir(dmpp)s (99), while ruthenium(III) mal-
tolate(98), ethylmaltolate (125), kojate (126), and dmpp (98,99,125)
complexes have all been described. Several of the ruthenium
complexes were prepared in an attempt to find suitable substitution-
inert pairs of complexes for the examination of the application of
Marcus’s theory (127) to hydroxypyridinonate complexes, to avoid
problems of substitution-lability presented by many iron(II) com-
plexes, which with Og donor sets are generally high-spin.

Bond distances in the chelate rings in hydroxypyranonate and
hydroxypyridinonate complexes reflect the extent of bond delocaliza-
tion within the chelating O-C-C-O moiety, suggesting greater
delocalization in the more stable 3-hydroxy-4-pyridinonate complexes
(128,129) than in analogous 3-hydroxy-4-pyranonate complexes (130).
The difference in bond lengths between the two C-O bonds, A(C-0), in
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AI** and Fe®' complexes of maltol and ethylmaltol is within the range
0.05-0.08 A, whereas A(C-O) lies between 0.03 and 0.04 for 3-hydroxy-
4-pyridinonate complexes of these cations. The geometry of the chelate
ring in the boron(III) compound B(1-(4'-tolyl)-2-methyl-3-hydroxy-4-
pyridinonate)Cl; is very similar to that of iron(IIT) or aluminum(III)
tris-ligand analogues (131), the O—-C-C-O bond lengths in the boron
compound suggesting a similar degree of delocalization in the chelate
ring to that in the analogous Fe®" or AI*" complexes.

Whereas 3-hydroxy-4-pyranonate complexes are usually anhydrous,
the analogous 3-hydroxy-4-pyridinonate complexes are often hydrated,
sometimes heavily as in the case of the MLs - 12H50 series with M = Al
or Ga, L = dmpp (132) or empp (133). The water molecules in these
dodecahydrates form chains filling channels through the structure,
with the molecules of complex residing in holes in a three-dimensional
clathrate water matrix. The structure of this matrix closely resembles
that of ice I, and it is the hydrogen-bonding in this structure which
constrains the complex to adopt fac geometry (117). In Al(mepp)s - 6H50
the waters form layers perpendicular to the b axis (134); in some of the
lower hydrates the waters appear to represent what remains of the
dodecahydrate matrix after bulky groups such as phenyl substituents
have crowded out some of the 12 waters (36).

Structures of 1-hydroxy-2-pyridinonate and 3-hydroxy-2-pyridino-
nate complexes may be compared with those of the more extensively
studied 3-hydroxy-4-pyridinonates through the published crystal
structures of their tris-ligand iron(III) complexes. The iron(III) tris-
ligand complex of 1-n-butyl-3-hydroxy-2-pyridinone has fac geometry;
it crystallizes as a trihydrate (135).

The donor atoms of the hexadentate ligand 21 (Fig. 4(d)) form an
approximately octahedral coordination sphere around Fe®" (136); the
N-methyl derivative of 21 forms a stable complex with Gd®" which is
eight-coordinate, with two water ligands (82). Luminescence proper-
ties of 1-hydroxy-2-pyridinonate complexes of Eu®* indicate that these
too have two water molecules in the coordination sphere of the cation
(137). An example of a structure determination of a complex of
hexadentate ligand with one arm different from the others — in this
case two hopo legs and one catecholate leg — is provided by a Ga®*
complex of a tren scaffold ligand (138). Summaries of the structures
and states of hydration of tris-bidentate-ligand 3-hydroxy-4-pyrano-
nate and 3-hydroxy-4-pyridinonate complexes of metal(III) cations are
presented in Table I (21,116,117,120,134,139—141) and Table II
(36,85,91,118,119,132-134,142—-144), respectively.

B.4. Metal(IV) complexes

The importance of hydroxypyridinones in connection with the
decorporation of plutonium (Section IV.C.7) and the similarities
between the coordination chemistries of early actinides and lanthanides
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(145) led to the investigation of complexes of cerium(IV). Indeed Ce(IV)
provides a good model for the solution chemistry of Pu(IV) (146).
Cerium(IV) forms complexes Cel, and CeLs with several bi- and tetra-
dentate 3-hydroxy-2-pyridinonate ligands, which may be prepared from
Ce(acac);. The Ce*" is eight-coordinated in these complexes, but
the detailed geometry of its coordination shell depends not only on the
nature of the ligand but also on the solvent of crystallization. Thus
the complex of the tetradentate ligand containing two 3-hydroxy-2-
pyridinonate groups linked through -CONH(CH3),O(CH3)o,NHCO-is a
distorted square antiprism as CeLs - 4H50, but a trigonal dodecahedron
when crystallized as CelLs.2MeOH from methanol (147). Thorium(IV)
forms homoleptic complexes ThL, with several bidentate hydroxypyr-
idinones. The complex with L~ = 1-methyl-4-CONH"Pr-3-hydroxy-2-
pyridinonate crystallizes as a monohydrate in which the thorium is
nine-coordinated, by the four ligands plus an oxygen
from an adjacent amide group, giving a chain structure (7148). These
cerium(IV) and thorium(IV) complexes have been investigated not
just for their intrinsic interest, but also as safer substitutes for
assessing the chelating properties towards plutonium(IV).

There are many examples of tris-bidentate complexes ML3. An early
example is provided by the germanium complex [Ge(malt);]*, whose
formation, along with [Ge(OH)y(malt),], was documented in 1966 (149).
Better-characterized examples are provided by the series of tin(IV)
compounds [SnL3]X-nH50, with L™ = 1,2-dimethyl-3-hydroxy-4-pyri-
dinonate or its 1H or 1-Et analogues and X = Cl, Br, or I (150). For
M = Si the mer and fac forms coexist in solution (151); for M = V such
complexes are best prepared in a non-aqueous medium such as acetic
acid, though they are stable over a short pH range in acidic aqueous
media (152,153). Technetium(IV) complexes [TcLg]™ with L™ = 1-ethyl-
or 1-(4-methoxyphenyl)-2-methyl-3-hydroxy-4-pyridinonate have been
prepared, by dithionite reduction of pertechnetate in the presence of the
potential ligand, characterized, and their electrochemical behavior
examined. This indicates accessible oxidation states of +3, +4, and +5
for the technetium. This contrasts with [Tc(acac)s]*", where the
accessible oxidation states are +2, +3, and +4 (154).

As stated earlier, the M*" cations of Sn, Ti, Zr, Hf generally form
ternary complexes MLyX,, e.g., the tin(IV) series with L™ = kojate,
maltolate, ethylmaltolate, or hydroxypyridinonate, X = halide or
thiocyanate (155). The structures of the complexes SnlLo,X,, with
L = malt or etmalt and X = F or CI, have been reported (156). The
compounds M(etmalt);Cly, M =Sn or Ti (157), are, as expected,
octahedral and VO(malt); square-pyramidal with respect to the
central metal; the M(etmalt),Cly complexes are cis, but the compounds
Sn(kojate): Xy were, on the basis of their infrared and NMR spectra,
deduced to be the ¢trans forms (158).

For vanadium(IV), the normal form is VOL,. The EPR spectrum of
bis-maltolato-oxovanadium(IV), VO(malt);, sometimes known as
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BMOV, was reported in 1972 (159) and in 1987 (160). Its electro-
chemical preparation was described in 1978 (92a), and EPR
monitoring of its redox behavior, in chloroform, in 1987 (160). However
this now-important compound seems not to have been properly
characterized until 1992 (161). Since then complexes of several
3-hydroxy-4-pyridinones (162-164), and of 1-hydroxy-2-pyridinone
(165), have been synthesized and characterized, especially by EPR
(164). VO(malt), exists as a cis & trans equilibrium mixture in
aqueous solution, and generally crystallizes as a mixture of the
two isomers. However the crystal structure of the t{rans structure
was eventually solved, confirming the expected square-pyramidal
stereochemlstry (166). The relative stabilities of the cis and trans
forms of VIVOL, complexes depend on the nature of the bidentate
ligand L~, with the cis configuration favored by VO(malt),
and VO(koj)2 (167), but the trans by 3-hydroxy-4-pyridinonate
ligands (164).

BMOV and its hydroxypyridinone analogues have a rich redox
chemistry, which is now fairly well established. Kinetic parameters
(k, AH*, AS*) have been established for the oxidation of BMOV by
dloxygen in aqueous solution (168).

B.5. Metal(V) complexes

Rhenium(V) forms the complex salt [Re(malt)g(NPh)(PPhg,)][BPh4]
and the uncharged benzoyldiazenido®~ complex [ReCl(malt)
(N2COPh)(PPhs)s]. The maltolate ligands are cis to each other in the
former (169). The difference in bond lengths between the two C-O
bonds, A(C-0), 1n this complex is 0.050 A, which is similar to A(C-O)
for AI** and Fe3' complexes of maltol and ethylmaltol, suggesting a
similar degree of bond delocalization around the chelate rings. Three
related rhenium(V) and technetium(V) maltolate-halide complexes
have been structurally characterized, viz. "BusN[TcCls(malt)],
"BuyN[ReBrs(malt)], and cis-[ReOBr(malt);]; several hydroxypyridi-
none analogues have been prepared (170).

Vanadium(V) forms oxo complexes [VOy;lo]”, e.g., for
L~ = maltolate; the coordination environment of the vanadium in
KI[VOy(malt)s]- HyO is approximately octahedral, the two oxo ligands
being in cis positions. [K(H30)5]" units link adjacent vanadium(V)
complex anions to give a cham structure (166). The main products of
aerobic oxidation of [VIVO(dmpp),] in aqueous solutlon are
[VOy(dmpp)] and [VOs(dmpp)o]~. High pH favors these VY products,
whereas at low pH V" species predominate (171). Vanadium(V) also
forms a VO(OR)(malt); series, readily prepared from ammonium
vanadate, maltol, and the appropriate alcohol in a water—alcohol-
dichloromethane medium (172), and 3-hydroxy-4-pyridinonate analo-
gues VO(OR)Ly on oxidation of their oxovanadium(IV) precursors in
solution in the appropriate alcohol ROH (168).
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B.6. Metal(VI) complexes

Molybdenum(VI) forms a range of hydroxypyranone and hydro-
xypyridinone complexes cis-MoOyLs; the maltolate (98), kojate, and
1-phenyl-2-methyl-3-hydroxy-4-pyridinonate complexes have been
structurally characterized by X-ray diffraction (173). The water-
solubility and HLB of complexes MoOyLs can be tuned by varying
the HLB of hydroxypyridinones LH, as has been demonstrated by
the incorporation of hydrophilic groups such as hydroxyl and morpho-
line (174) or lipophilic groups such as alkene or ether moieties (68) in
the ligand substituents. An X-ray diffraction determination of the
structure of a propyl vinyl ether derivative confirmed cis geometry.
Molybdenum(VI) forms cis-dioxo complexes not only with bidentate
hydroxypyridinones but also with tetradentate bis-3-hydroxy-4-pyr-
idinone derivatives of iminodiacetate and of edta (175). The latter
group of 3-hydroxy-4-pyridinones also form complexes containing the
MoO3 moiety (175). Complexes cis-MoOLy have also been prepared, for
L™ = 3-hydroxy-2-pyridinonate with groups -CH;CO5R (R = Me, Et,
or Bu) on the ring-nitrogen, by reacting MoOs(acac)y with the
respective hydroxypyridinones (176).

Osmium(VI) forms trans-OsOy(malt)y (98), while dioxouranium(VI)
forms trans-UQOy(malt); (98) and many hydroxypyridinonate com-
plexes, with bidentate and with tetradentate (177) ligands — trans-
UO3;L, and UOyL, respectively. Several actinide elements form
complexes with hexa- and octa-dentate hydroxypyridinonates (see
Section IV.C.7 later).

[ll. Solution Properties
A. StaBILITY CONSTANTS

A.1. Context

To put hydroxypyranonate and hydroxypyridinonate complexes in
context, stability constants? for kojate and 1,2-dimethyl-3-hydroxy-4-
pyridinonate complexes of Mg®", Al**, Fe?", and Gd®" are compared
with stability constants for complexes of these cations with a few other
ligands in Table III. That these hydroxypyranonate and hydroxypyr-
idinonate ligands form stable complexes is immediately apparent. In
this section we shall present and discuss a generous, but far from

2The values for stability (formation) constants given in the Tables should be approached with
some degree of caution, especially as they have been obtained at a variety of ionic strengths.
Where two or more values have been reported we have sometimes quoted a mean value,
sometimes the most recent, depending on circumstances. All data refer to aqueous solution, at
298.2 K, unless stated otherwise; all are based on concentration units of mol dm~2; all log K or log
B values are logy.
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TABLE III

COMPARISONS OF STABILITY CONSTANTS (LoG K7)* FOR SELECTED M COMPLEXES OF KOJATE
AND OF 1,2-DIMETHYL-3-HYDROXY-4-PYRIDINONATE WITH THOSE FOR A RANGE oF OTHER

LicanDs
Mg2+ A13+ Fe3+ Gd3+

dtpa 9 18 27 23
edta 9 17 25 17
dmpp 4 12 15

acac 3 8 11 6
koj 3 10 10 6
citrate 3 8 11 8
oxalate 3 6 7 5
phen 1 6 7

acetate 1 2 3 2

“Values are given only to the nearest whole number, as there is considerable uncertainty over
some values (especially for less stable complexes); the purpose of this table is merely to give a
general idea of the stability of hydroxypyranonate and hydroxypyridinonate complexes in the
context of stabilities of complexes of other common ligands. Stability constants will be given to a
precision of an order of magnitude higher in subsequent tables, where sources will be cited.

comprehensive, selection of stability constant data for hydroxypyr-
anonate and hydroxypyridinonate complexes.

A.2. Complexes of 2+ cations

Stepwise stability constants decrease regularly in the normal
manner (178), log K; > log Ky > log Kj, as may be exemplified by
the values for the NiZ'-maltolate system, viz. 5.5, 4.3, and 2.7,
respectively (179). Stability constants (log K;) for a selection of 3-
hydroxy-4-pyranonate and 3-hydroxy-4-pyridinonate complexes of
some first-row transition metal 2+ cations are listed in Table IV
(10,128,180—-184). The values for the 3d transition metal cations
conform to the long-established Irving—Williams order

Mn? <(Fe?") < Co?t <Ni?* <Cu?t >Zn?*

with the expected marked maxima at Cu®* (and, as so often, no values
for Fe?"). The stablhty of the kojate complex of palladmm(II) (log
K, =5.2) (185) is comparable with that of complexes of the first-row
transition metal 2+ cations.

There are very few stability constants published for complexes of
alkaline earth cations with members of this group of ligands; an early
estimate of log K; = 2.9 for the monokojate complex of Mg2+ (186) is,
as expected, lower than analogous values for the transition metal 2+
cations. Stability constants determined for three 3-hydroxy-4-pyridi-
nonate llgands and one 3-hydroxy-2-pyridinonate ligand complexing
Mg?" and Ca®", although determined at 310K rather than 298K,



HYDROXY-PYRANONE AND -PYRIDINONE COMPLEXES 187

TABLE IV

STABILITY CONSTANTS (LoG K;) FOR HYDROXYPYRONATE AND HYDROXYPYRIDINONATE
CoMPLEXES OF 2+ TRANSITION METAL CATIONS

Mn2+ C02+ Ni2+ Cu2+ Zn2+
3-Hydroxy-4-pyranones®
R® R?
H Me 4.2 5.1 5.4 7.7 5.6
CH,OH H 3.7 4.6 4.9 6.6 5.0
CO.H H 4.9°
CO.H CO.H 7.3
3-Hydroxy-4-pyridinones
R! R?
H Me 6.4° 6.8° 9.9¢ 7.5¢
Me Me 6.6¢ 6.9¢ 10.6° 7.2°
Et Et 6.8° 7.1° 10.7¢ 7.7°
3- Hydroxy 2- pyrldlnonef
R! =R°=R°=H 7.7 5.6
1- Hydroxy 2- pyrldlnone
R*=R*'=R°=R°=H 4.9° 5.2¢ 7.3¢ 5.0"

“From Ref. (179) unless otherwise noted.

®From Ref. (180).

“Gameiro, P.; Rangel, M., unpublished determinations.
9From Ref. (128).

°From Ref. (182).

From Ref. (10).

£From Ref. (183).

"From Ref. (184).

confirm that these cations form relatively weak complexes with this
group of ligands (10).

Stability constants (log K;) for Zn®?" complexes of pyromeconate
(pyromecH = 9) and comenate (comH = 10), and for chlorokojate
(anion from 2 with R® = CH,Cl, R? = H) and iodokojate (anion from
2 with R® = CH,I, R? = H) are all, at 4.9 or 5.0, essentially equal to
that for kojate (kojH="7) — electronic effects of the Cl and I are
insulated by —-CHoy- from the metal-ligand bonds. However meconate
(mecH = 8) binds considerably more strongly (log K; = 7.3) (180). The
stability order

kojate < maltolate < meconate

has also been observed for Fe>* and UO2" (see later); it parallels the
order of pK, values for the parent 3-hydroxy-4- -pyranones.

Stability constants are also available for several M?>" complexes of
mimosine (12, , 4 with R' = CHZCH(NHZ)COZH R%Z=H), of its
methyl ether, of 1som1mosme (4, R'=H, R®> = CHQCH(NH2)C02H) and
of its isomer 3 with R! = H, R% = CHQCH(NHQ)COZH in water at 310K
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(8,10). Log K; values for mimosine complexes of Cd%", Pb?" are 5.9, 8.5
(at 310K; cf. Zn*", log K, = 6.5) (8).

Measurements in aqueous dioxan confirm and extend some of the
trends established in aqueous media. Thus values for log K at 303 K in
50% dioxan for maltolate (187) and kojate (188) complexes and in 75%
dioxan for kojate and chlorokojate complexes (189) of many of the
cations in Table IV provide further examples of conformance with the
Irving—Williams stability order. They also confirm that stability
constants for Ca®" complexes (187,188) are, as one would expect,
considerably lower than for analogous complexes of first-row transi-
tion metal 2+ cations. Kojate and chlorokojate complexes of Be*' have
been claimed to have similar stability constants to those for their first-
row d-block analogues (189). Chlorokojates are, in 75% dioxan, of
slightly lower stability than the respective kojates (189) — the
difference in log K is between 0.3 and 0.7. For these, as for most
ligands, stability constants increase markedly on going from aqueous
media to aqueous dioxan (Table V) (187-189).

In contrast to stability constants, there are very few data for
enthalpies and entropies of complex formation for hydroxypyranonate
and hydroxypyridinonate complexes. Early studies on zinc-maltolate
(190) and first-row transition metal(II) complexes of kojate (191) gave
estimates of enthalpies and entropies of formation from temperature
variation of stability constants, though as accurate stability constant
measurements are only possible over a rather short temperature
range the AH and AS values obtained cannot be of high precision.

A.3. Complexes of 3+ cations

(a) Bidentate ligands. Stability constants for a selection of
maltolate and kojate complexes of 3+ cations from the p-, d-, and f-
block (Table VI) (192-195) can be used to illustrate that stabilities of
hydroxypyranonates follow the usual trend of K, decreasing as n
increases (178). For the iron(III)-maltolate (196) and iron(III)-kojate
(194) systems, and probably for many others, it is necessary to make
allowance for small concentrations of hydroxo-species in equilibrium
with the main mono-, bis-, and tris-ligand complexes of Fe>".

Further examples of stability constants for complexes of Al*" and
Fe3* are given in Table VII (43,64,76,182,183,192,194,195,197,198).

TABLE V
STABILITY CONSTANTS FOR KOJATE COMPLEXES IN WATER-DI10XAN MIXTURES
Water (298 K) 50% dioxan (303 K) 75% dioxan (303 K)
Co** 4.6 6.8 9.5
Ni** 4.9 71 9.7

Zn?* 5.0 7.4 10.4




HYDROXY-PYRANONE AND -PYRIDINONE COMPLEXES 189

TABLE VI

STEPWISE STABILITY CONSTANTS FOR THE FORMATION OF 3-HYDROXY-4-PYRANONATE COMPLEXES
OF SELECTED 3+ CATIONS

AP* (malt)® AP (koj)® Fe3* (koj)° Gd®* (koj)?
Log K, 8.3 7.6 6.7 5.5
Log K, 7.5 6.5 5.4 5.2
Log K 6.7 5.4 75

“From Ref. (192).
bFrom Ref. (193).
‘From Ref. (194).
9From Ref. (195).

This Table serves to illustrate how stability constants vary as the
nature of the hydroxypyranone or hydroxypyridinone ligands varies.
Table VIII (36,43,128-130,182,199) shows how stability constants for
complexes of several hydroxypyridinone ligands vary with the nature
of the 3+ cation. A selection of the available stability constants for
the five 3+ cations whose hydroxypyranone and hydroxypyridinone
complexes have been most thoroughly investigated is given in this
Table. The cations involved, of iron, aluminum, gallium, indium, and
gadolinium, span the p-, d-, and f-blocks of the Periodic Table. The
order of stabilities is

Fe3t ~ Gat >In?t ~ A3t » Gd3t

with very similar values for Fe®" and Ga®" reflecting the close
similarity of their ionic radii, and the relatively low values for Gd>*
consistent with its larger size.

Tables VI-VIII show that hydroxypyranonate complexes are gen-
erally of lower stability than their hydroxypyridinonate analogues, for
2+ and for 3+ -cations. The stability order for complexes of
hydroxypyridinonates is (43,135,148):

1-hydroxy-2-pyridinonates < 3-hydroxy-2-pyridinonates
< 3-hydroxy-4-pyridinonates

Within the series of 3-hydroxy-4-pyridinonates, it is difficult to
discern which alkyl substituents at positions 1 and 2 maximize
stability constants. Table IV suggests that, from log K; values for 2+
cations, 1,2-diethyl complexes M(depp)" are marginally more stable
than 1,2-dimethyl complexes M(dmpp)*. However Table VIII shows
log B3 for M(depp)s to be smaller than log B3 for M(depp)s, for M = Fe,
Ga, and In, but the opposite for M = Gd. Unfortunately differences
between experimental conditions, particularly in relation to the nature
and concentration of salts added to maintain ionic strength, often
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TABLE VII

StaBILITY CONSTANTS (LoG B3) FOR HYDR30XYPYRONA3TE AND HYDROXYPYRIDINONATE COMPLEXES
oF THE FE°" AND AL®* CaTIONS®

Fe3+ Al3+

3-Hydroxy-4-pyranones
R® R?
H Me 29° 22.55¢
H Et 28°
CH,OH H 26" 19.3°
3-Hydroxy-4-pyridinones
R' R?
H H 36.9°
H Me 37.2% 32.1
Me Me 37.2% 32.3
Et Et 36.8"
R’ H 34.7 29.2
1- Hydroxy 2- pyrldlnone _
R =R*=R°=R°=H 27.8 21.6

—OMe; R =R°—RS—H 29.3"
3-Hydroxy-2-pyridinone
R'=R*=R°=R°=H 32.3 23.1

“From Ref. (197) unless otherwise indicated.

bRef. (195) quotes 28.5; Ref. (198) quotes 29.5. There is also an early value of 29.7 at 18-22°C
(Stefanovi, A.; Havel, J.; Sommer, L. Coll. Czech. Chem. Commun. 1968, 33, 4198-4214).

‘From Ref. (192).

dContrast this value with that for the furanone analogue isomaltol, for which log 85 = 14.5
(Ref. (76)).

°From Ref. (64).

fAveraged from Ref. (194), which gives log B3 = 26.5 and McBryde, W. A.; Atkinson, G. F. Can.
J. Chem. 1961, 39, 510-525 and references therein (mean log B3 = 25.5).

gFrom Ref. (43).

hFrom Ref. (182).

‘R= CH,CH(NH,)COoH (mimosine).

JFrom Ref. (183).

kFrom Ref. (198).

preclude meaningful direct comparisons between values which may
differ by little more than experimental uncertainties.

Stability constants (log K,, and log B3) have been determined for a
number of iron(III) complexes of 3-hydroxy-4-pyridinones bearing
hydrophilic substituents, including those with R' = CH,CH,OH and
CH,CH,CO.H, R? = Et (200) and with the secondary alcohol group
CH(OH)CHj; (201). Log K,, and log Bs have also been determined for
the iron(III) complexes of meconate (202), and for the sequence of
iron(ITI) complexes with R' = H, Me, Et, "Pr at constant R? = Me; all
four log B3 lie between 37.2 and 37.7 (43).

Stability constants for maltolate and 2-methyl-3-hydroxy-4-pyridi-
nonate complexes have been discussed in the context of a score of
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TABLE VIII

STABILITY CONSTANTS (LoG f3) FOR SELECTED HYDROXYPYRIDINONATE COMPLEXES OF SOME 3+
CartIoNs

Fe3+ A13+ Ga3+ In3+ Gd3+

3-Hydr0xy-4-pyridingnes
R

Rl

H Me 37.2¢ 32.3° 38.0° 32.8°

Me Me 37.2¢ 32.3° 38.4° 32.9° 17.3¢
Et Et 36.8° 36.1° 32.4¢ 19.8°
Ph Me 30.7%8 36.37 31.1%"

3-Hydroxy-2-pyridinone’
R'=Me; R*=R°=R®=H 30.0 25.1 29.7 24.4 15.7

“From Ref. (43).

®From Ref. (130).

‘From Ref. (199).

9From Ref. (128).

‘From Ref. (182).

"From Ref. (36).

At 310K log B3 = 32.4.

"shii, H.; Numao, S.; Odashima, T. Bull. Chem. Soc. Jpn. 1989, 62, 1817-1821 give a value of
32.6 for log PBs.

‘From Ref. (129).

“hard”, mainly oxygen-donor, ligands (203), while stability constants —
log B1, log P2, and log PBs — for aluminum complexes of several
3-hydroxy-4-pyranonate and 3-hydroxy-4-pyridinonate ligands have
been tabulated in two reviews which very usefully place these log j,,
values in the context of many other ligands (193,204). Speciation in
biofluids has been modeled for AI*" and Ga®" in an aqueous citrate-
transferrin medium containing maltol, kojic acid, or 1,2-dimethyl-3-
hydroxy-4-pyridinone (205).

(b) Tetradentate ligands. Tetradentate ligands can lead to
complications with cations which favor octahedral stereochemistry,
often forming binuclear species MyLs as well as ML. However
oxocations such as VO?** and MO2" form a number of mononuclear
complexes VOL and MO,L. Tetradentate ligands are of particular
relevance to f-block cations, since these often favor coordination
numbers of eight or more and can thus readily form complexes ML; or
MLyX. Stability constants have been determined, e.g., for cerium(III)
complexes of two linear bis-3-hydroxy-2-pyridinonate ligands with the
two hopo units joined by -CH,CHXCH,;CHy— with X = CH, or O.
Values of log By are 21.6 and 20.9, respectively (147). These values may
be compared with log B4 = 19.7 for bidentate 4-*"PrNHCO-3-hydroxy-2-
pyridinonate, and log B; = 11.4 for the -CH,CH;OCH,;CHo— linked
complex with log B = 11.1 for the same bidentate ligand (147). These
comparisons indicate a rather small chelate effect for these linear
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TABLE IX

STABILITY CONSTANTS FOR IRON(IIT) CoMPLEXES (L0G;o K; FOR HEXADENTATE Liganps, LoGqg
B3 FOR BIDENTATE LIGANDS)

Logio K; or Logio B3 Logi0 K3
Synthetic tris-catecholates® 41-49 enterobactin ~52
Tris-3-hydroxy-4-pyridinonates 32-38 desferrioxamine 31
Hexadentate 3-hydroxy-2-pyridinonates 27-38 dtpa 28
Tris-3-hydroxy-2-pyridinonates 29-32 edta 25
Tris-3-hydroxy-4-pyranonates 28-30 transferrin ~23°

“This range is for tripodal ligands — a log K; value of about 59 has been estimated for the Fe3*
complex of an encapsulating tris-catecholate ligand (Vogtle, F. “Supramolecular Chemistry”;
Wiley: Chichester, 1991, Section 2.3.7.).

®This value should be treated with caution, as it is a conditional stability constant determined
in a medium modeling blood plasma (Martin, R. B.; Savory, J.; Brown, S.; Bertholf, R. L.; Wills, M.
R. Clin. Chem. 1987, 33, 405-407).

tetradentate hydroxypyridinonates, perhaps reflecting some degree of
difficulty in wrapping them around the Ce3* cation.

(c) Hexadentate ligands. A selection of stability constants for
hexadentate complexes is given in Table IX; these may be compared
with values for their tris-bidentate analogues in Tables VII and VIII
earlier in this section. Values of K; for hexadentate ligand complexes
are, as expected, usually significantly greater than B3 for tris complexes
of analogous bidentate ligands. There are, however, some anomalies.
For the complexes of ligands with —-CH,NRCOCHo— spacers linking
N-bonded 3,2-hopo units to the 1-, 3-, 5- positions of a benzene cap, log
K; values of 28.2 and 28.7 (for R = H, Me) are almost the same as log 33
of 29.1 for the bidentate analogue (79). Further, K; for the iron(III)
complex of hexadentate tren-(3,2-hopo)s (21) is actually smaller than 33
for its tris-bidentate analogue (206) — log K; and log B3 are 28.8 and
32.3, respectively. This reversal has been ascribed to strain in wrapping
the ligand around the Fe®"; computations of relative free energies of
complexation by two conformations of the ligand have cast some light
on this apparent anomaly (207). In contrast, the Fe3* complex of MeC-
tris(3,2-hopo)s, which ligand comprises three hopos attached via ring-N
to MeC(CH,OCH,CH,CHy-);, has a high stability constant (log
K; = 37.6). The longer links between the bridgehead MeC=atom and
the hydroxypyridinone groups presumably provide greater flexibility
(208). Replacing -CH,;CHo— spacers in the tren cap of tren-hopos ligands
by -CH,CH3yCHs— reduces the log K values, but replacing successive
hopo arms by 2,3-dihydroxyterephthalamide (tam) arms (Fig. 6) leads
to increasing stability constants. At the extreme of three replaced
arms, log K has risen to 45.2 (138). Stabilities of iron(III) complexes
of hydroxypyranones and hydroxypyridinones, hexadentate or
tris-bidentate, are put into context with some other iron(III)
complexes in Table IX. The incorporation of a second nitrogen into
the heteronuclear pyridinone ring gives a pyrimidinone or a



HYDROXY-PYRANONE AND -PYRIDINONE COMPLEXES 193
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(c) 28 tren(Me-3,2-hopo),(tam)

Fic. 6. (a) — (b) Replacement of a peptide-bound 1-hydroxy-2-pyridinone unit
by a catechol unit on a tris(aminoethyl)amine (tren) cap. (¢) A tren-capped
hexadentate ligand with two 3-hydroxy-2-pyridinone (3,2-hopo) and one
terephthalamide (tam) chelating units.

pyrazinone; three 1-hydroxy-2-pyrimidinonate or 1-hydroxy-2-
pyrazinonate units can be incorporated into tripodal ligands which
are effective chelators of Fe®. Stability constants for these Fe3*
complexes are within the range 20 <log K; <27 (209).

(d) Log K and pM. The stoichiometry and concentration of species
present in a metal ion — ligand — complex(es) system depends on the
initial concentrations of metal and of ligand and on pH. The
parameters defining the system are the pK values for ligand and
aqua-metal ion and the stability constants for the complexes involved.
The distribution of species depends on the interrelation of these
parameters and will, except in the case of ligands and aqua-cations
with no significant acid-base properties within the pH range
of interest, depend strongly on pH. Tabulated stability constant
data usually refer to fully deprotonated ligands, so may not be
directly applicable to solutions with pH ~ 7. Thus dtpa®,
diethylenetriaminepentaacetate, (~O2CCH2);NCH2CHyN(CH2CO,)
CHgCHzN(CHZCO2 )9, Will at the physmloglcal pH of 7.4 be present
in protonated forms — pK values for successive protonation of dtpa®~
are 10.5, 8.6, 4.3, 2.7, and 2.0. Thus the relative effectiveness of
ligands as chelating agents in various situations may not follow
directly from tabulated stability constants. Conditional stability
constants, Pes, were therefore introduced to provide a quantitative
measure of stability in neutral solution which allows for ligand and
aqua-cation (de)protonation. This has been usefully and informatively
illustrated for aluminum complexes of a range of hgands (210). For the
tris(hydroxypyridonate) complex of a cation such as Gd®", which is in
the aqua-cation form at pHs of biological and pharmacologlcal interest,
log Besr = log B3 — 3(log K5 — pH), where K, is the second protonation
constant of the hydroxypyridinone.
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Another complication in comparing the effectiveness of chelators is
the difficulty in comparing ligands of different denticity, a factor
arising from the same cause as the well-known and much debated
chelate effect. As a result of different dependences on concentrations,
hexadentate ligands, for instance, become more effective chelators
relative to bidentate ligands as concentrations decrease. To provide a
reasonably relevant basis for inter-ligand comparisons at an appro-
priate pH it has become customary to calculate the concentration of
free metal ions present under given conditions, pM = —log ((M" " Ifree)
for a total ligand concentration of 10 °moldm ™2 and a total metal
ion concentration of 10 ®moldm 3, at the physiological pH of 7.4
(though at 298 K rather than the physiological temperature of 310 K).
These conditions, though now used almost universally, were unfortuna-
tely not used in some early systems. Indeed in the useful illustration of
the effect of the difference in behavior between bi- and hexa-dentate
ligands as a function of metal ion concentration, set out in Table X, pM
values refer to conditions where the concentration of excess free ligand
is equivalent to the total metal ion concentration (211). The advantages
of hexadentate ligands over bidentate under physiological conditions
can also be illuminatingly illustrated by comparing the complexes
of ligands with -CH,NRCOCH,- spacers linking N-bonded 3,2-hopo
units to the 1-, 3-, and 5-positions of a benzene cap with their bidentate
analogues. Whereas stability constants for the hexadentate and
tris-bidentate complexes are very similar — log K; = 28.2 and 28.7
(for R = H, Me) and log B3 = 29.1 — pFe values for the hexadentate
complexes are several orders of magnitude higher for the hexadentates
—24.8 and 25.1 versus 18.3 for the bidentate analogue (79).

Table XI lists a selection of log K and pM values for a range of
iron(IIT) complexes (197), to illustrate the range of maximum free iron
concentrations obtainable (down to pM = 32.6, i.e., less than
1032moldm ™2 for tris-hopo complexes) as well as the pM-log K

TABLE X

VALUES oF PM (25°C; I = 0.10 MoLDM~2) IN DIFFERENT CONCENTRATION REGIMES FOR FE3H IN
SoLUTIONS OF Bi- AND HEXADENTATE LIGANDS

Ligand Log fsor pM (1073M) pM (10~M)
lOg K1
Bidentate ligands
1,2-Dimethyl-3-hydroxy-4- 36 24 18
pyridinonate, dmpp
Acethydroxamate 28 18 13
Hexadentate ligands
Diethylenetriaminepentaacetate, dtpa 28 25 25
Desferrioxamine 31 26 26

Enterobactin ~52 38 38
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TABLE XI
VALUES OF STABILITY CONSTANTS AND PM FOR FE3* CoMPLEXES WITH HYDROXYPYRIDINONATE
LicanDs
Log B3 pFe
3-Hydroxy-2-pyridinonate
R'=Et; R*=R°=R°=H 32.3 18.3
3-Hydroxy-4-pyridinonates
R! R?
Et Et 36.8 19.7
H H 35.1 20.8
Me Me 37.2 21.0¢
CH,CH,COH Me 38.0 21.5
Log K3 pFe
Hexadentate 3-hydroxy-2-pyridinonates
mes(3,2-hopo)s, 24 28.2 24.8
tren(Me-3,2-hopo)s, 21 26.7 26.7
enter(Me-3,2-hopo)s, 27 26.7 27.4
5LIO(hopo)o(tam), (81) 32.1 30.4
MeC-tris(3,2-hopo)s, (208) 37.6 32.6
Hexadentate tris-catecholates
tren(tam)s 45.2 34.2
5-LIO(tammeg)y(tam) 45.0 34.4
enterobactin ~52 35.5

“A range of values for the pFe of this most-studied 3-hydroxy-4-pyridinone will be found in the
literature, down to 19.4 (see e.g. Ref. (212)).

difference outlined in this paragraph. The entries in this Table are
arranged in order of increasing pFe values. Note that there is no
overlap between bi- and hexa-dentate ligands — all the latter are more
effective than the former at sequestering Fe?" under physiological
conditions. Substituents containing hydrophilic and hydrogen-bonding
groups such as carboxylate (Table XI), amido, or hydroxyalkyl (70,201)
increase pFe values somewhat beyond that for dppm. Thus 2-amido
derivatives have pFe values up to 2.3 units higher than dppm, i.e.
they enhance the chelating properties of the ligand by up to 200-fold
(212). The polyaminocarboxylate ligands edta and dtpa have pFe
values of 22.2 and 24.7; transferrin has pFe =23.6. These
values fit neatly between the bidentate and hexadentate hydroxypyr-
idinones in Table. The final three entries in the Table, for enterobactin,
and for a tripodal (I38) and a linear hexadentate tris-catecholate
ligand (213) — tammeg stands for the 2,3-dihydroxy-terephthalamide
(tam) moiety with a solubilizing -CH,CH>;OMe group attached to its
free amide end — have been included to show that even the most
strongly binding hopo ligands do not have quite such a high affinity for
Fe3* as the most strongly binding tris-catecholates. A recent approach
to maximizing affinity and selectivity has involved the synthesis
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of iron-binding dendrimers with hydroxypyranone or hydroxypyridi-
none terminating groups (214).

The relation of pM values for bidentate hydroxypyranones and
hydroxypyridinones to those for some other ligands can be illustrated
by reference to aluminum. Table XII shows values from two compatible
sources (197,205). Further pAl values (215), which refer to somewhat
different conditions (ligand concentration 50 times higher than that of
aluminum) can be related approximately to Table XII data through the
respective desferrioxamine values. The entries in Table XII are
arranged according to decreasing free AI*" concentration on going
from citrate through transferrin and the two most common poly-
aminocarboxylates to 3-hydroxy-4-pyranones and 3-hydroxy-4-pyridi-
nones. The Table also documents the much lower effectiveness of 1,2-
and 3,2-h§7droxypyridinones than of 3,4-hydroxypyridinones in seques-
tering Al1°*.

(e) Hexadentate complexes of gadolinium. Apart from Fe®", the
only other 3+ cation for which many stability constant data relating to
hexadentate ligands are available is that of gadolinium. It is necessary
to maximize stability, selectivity, relaxivity, and solubility in the
search for Gd®>" complexes suitable for use as contrast agents in
magnetic resonance imaging (MRI). The first two properties concern
us here. The stability constant, or rather pGd, needs to be as high as
possible to ensure negligible dissociation, as Gd3*(aq) is toxic. It
competes successfully with Ca®" for binding sites (216) — it can cause
serious damage to the kidneys, especially when these are not
functioning well. High selectivity with respect to Zn** as well as to
Ca”" is desirable, hence the interest in comparing stability constants,
and pM values, for Gd3*, Ca%*, and Zn?".

The first report of the preparation and characterization of a tripodal
hexadentate ligand complex of Gd®", that of tren-Me-3,2-hopo (25 in

TABLE XII
PAL VALUES® FOR SELECTED LIGANDS

pAl
3-Hydroxy-4-pyridinonate 12.3
3-Hydroxy-4-pyridinonate 12.4
Nitrilotriacetate 12.6
Maltolate 12.6
Kojate 12.6
Citrate 13.3
Transferrin 14.5
Ethylenediaminetetraacetate 14.7
Diethylenetriaminepentaacetate 15.3
1,2-Dimethyl-3-hydroxy-4-pyridinonate 15.7
Desferrioxamine 20.4

2At [AI3+] = 1M, [L] = 10 uM; pH 7.4; 298 K.
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Fig. 4(d)), reported a stability constant log K; = 20.3, corresponding to
pGd = 20.3. The stability constant for this complex may be compared
with values for the well-known polyaminocarboxylate ligands nitrilo-
triacetate (nta), the linear edta and dtpa, and the macrocyclic dota,
which are log K; =11.5, 17.3, 22.5, and 25.0, respectively. The pGd
value for the complex represents a small increase beyond the pGd
values for e.g., dtpa (pGd = 19.1) and dota (pGd = 18.9). Comparison
of the value of log K; for Gd*" with values of 7.6 and 13.1 for Ca®" and
Zn>", respectively suggests acceptable selectivity (217); for tren-1,2-
hopo conditional stability constants are given by pCa = 8.8,
pZn = 15.2, pGd = 19.3 (218). Replacement of the Me groups on the
pyridinone ring-nitrogens by -CH>,OMe results in a minor reduction in
stability (log K; = pGd = 19.8) (82). Increasing the distance between
the bridgehead and the hopo units by going from tren to trpn, or by
introducing spacers, reduced stability constants, and pGd values (219).
Overall, log K; values for Gd®*" complexes of hexadentate ligands
range from 15 to 24 — considerably less than values for analogous
complexes of Fe3*, AI>", Ga3*, and In®" (220), as is the situation for
bidentate complexes of these cations.

Variation of one of the three hopo-containing arms of tren-Me-3,2-hopo
results in considerably bigger changes in stability. Three of the variants
tested gave lower stability, but replacement by a 2,3-dihydroxy-
terephthalamide moiety — giving an arm 2,3-(OH);-4-CONHMe-CgHo-
CONHCH3CHy- and an abbreviation tren-(Me-3,2-hopo)s(tam) — gave a
Gd>" complex with a high log K; of 24.1, though pGd, at 20.1, is no
higher than for the parent tren-Me-3,2-hopo (220). It is interesting to
compare the effects of further changes of arms from hopo to tam on pGd
and on pFe (Table XIII). Whereas pFe increases steadily from
[Fe(tren(Me-hogo);g)] to [Fe(tren(tam)s)], reflecting the particularly high
affinity of Fe®' for catechol-binding units, pGd decreases from
[Gd(tren(Me-hopo)3)] to [Gd(tren)(tam)z] (221). Adding the hydrophilic
group ~-CH,CH,OCH,CH>;OCH,CH,0OEt to a tam ligand arm increases
the solubility of the complex usefully without making a significant
change to its pGd value (222). Adding an ethanolamine unit to the
tam arm of [Gd(tren(6-Me-3,2-hopo)s(tam))] increases solubility, pGd,

TABLE XIII

PGD AND PFE VALUES FOR SELECTED TRIPODAL HEXADENTATE LiGANDS®

tren(Me-hopo);  tren(Me-hopo)s(tam)  tren(Me-hopo)(tam),  tren(tam)s

pGd® 19.5, 20.3 20.1 15.2 ~13
pFe’ 26.8 30.9 33.6 34.2

“hopo = 3,2-hopo, with Me variously in the 1- or 6-positions — the tren(Me-hopo)s entry for Gd
shows how small a difference this makes.

*From Ref. (221).

‘From Ref. (138).
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and selectivity for Gd®" over Ca?* and Zn?>" - compare pCa = 6.0,
pZn = 12.3, and pGd = 20.3 with the pM values for tren-1,2-hopo in the
earlier paragraph (223). The incorporation of various amino-, carbox-
ylate-, and hydroxyl-containing groups in tripodal ligands of this type
permits variation of both hydrophilicity and charge; pGd is maximal
when the charge on the complex is zero (224).

A.4. Complexes of 4+, 5+, and 6+ cations

(a) General. Very few stability constants have been determined
for complexes of 4+, 5+, or 6+ metal ions, which is hardly surprising
in view of the rarity of M*"(aq) cations (f-block only) and lack of
M®*(aq) and M®"(aq) species. However there are some values for Ce*"
and Th**, and for oxocations such as VO?*, VOZ, and UO2".

(b) Ce®™ and Th**. Stability constants for Ce*" were calculated
from the respective values for Ce>* and appropriate redox potentials —
see Section III.B.3 later. The stability constants for the 1-
CHCONH"Pr-2-methyl-3-hydroxy-4-pyridinonate complexes of Th*"
decrease regularly in the normal manner:

log K1 (13.5)> log K(11.5)> log K5(10.8)> log K4(6.0)

Log B4 for the 3-hydroxy-4-pyridinonate complex (41.8) is, again as
normal, greater than that for its 3-hydroxy-2-pyridinonate (38.3) and
1-hydroxy-2-pyridinonate (36.0) analogues (148).

There are a few values in the literature relating to the M*" cations
Zr*" and Ge*". In the zirconium case log K; and log K, values are
reported for formation of quercetin complexes, but as these were
obtained in 0.5 M HCI these values may well apply to ternary chloride-
containing species (225). Equilibrium constants have been determined
for reaction of two or of three maltol ligands with Ge(OH), (149), but
these values are not comparable with values in the Tables elsewhere in
this section, since these all refer to complex formation from aqua-
cations or oxoaqua-cations.

(c) Oxocations. Stability constants are available for several oxo-
or hydroxo-metal derivatives of 4+, 5+, or 6+ metal ions, the
important cases being VO?*, VO3, and UO3%" (Table XIV). VO**
complexes are slightly more strongly bonded than Cu®" (167,226); the
highest stability constants in this group are for the UO%" complexes
(227,228), reflecting the formal 6+ charge on the central metal.
Stability constants for formation of three bis-3-hydroxy-4-pyranonate
complex of the oxovanadium(IV) and dioxovanadium(V) cations are
shown in Table XV (166,229). Both the number and position of the
methyl groups in the ligands have small but significant effects. The
rather small differences between values for the VO?* and VO3 cations,
and the fact that the value for VO?* is higher than that for VO3 in one
case, but lower in the other two, reflects a fine balance between the
higher charge on the VO®" cation and the higher charge on the central
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TABLE XIV

STABILITY CONSTANTS (LoG K;) FOR HYDROXYPYRONATE AND HYDROXY-PYRIDINONATE
CoMPLEXES OF Ox0vVANADIUM(IV), ]2)10X0VANA]2)IUM(V) AND DioxouraNtum(VI), wiTH VALUES
For CUZ™ AND ZN?* FOR COMPARISON

VO2+ UO§+ VO;_ Cu2+ Zn2+

3-Hydroxy-4-pyranones
R® R?

H Me malt 8.7 8.3° 7.5 7.7 5.6
Me Me 9.2¢

CH,OH H koj 7.6 7.1¢ 6.6 5.0
CO,H CO,H mec 11.8° 7.3
3-Hydroxy-4-pyridinones

R! R?

H Me 12.17 _ 9.9 75
Me Me dmpp 12.28 9.1" 105 101 6.3
Et Et depp 12.37 10.2 7.1
R H mimosine 10.2% 9.5 6.5

1- Hydroxy 2- pyrldlnone
R? =R°=R°=H 8.3 73 5.0

“From Ref. (167).

®From Ref. (227).

‘From Ref. (166).

9From Ref. (184).

°From Ref. (230); log K; for the kojate complex in 75% dioxan at 303K is 10.2 (Kido, H.;

Fernelius, W. C.; Haas, C. G. Anal. Chim. Acta 1960, 23, 116-123).

"From Ref. (164).

2From Ref. (153).

"From Ref. (231).

‘From Ref. (171).

/R = CH,CH(CO, )NH}.

*From Ref. (226).

"From Ref. (165).

TABLE XV
STaBILITY CONSTANTS (LoG Bg) FOR HYDROXYPYRONATE COMPLEXES OF OXOVANADIUM(IV) AND
Dioxovanaprum(V)*
Maltolate Allomaltolate Methylmaltolate
Ring substituents in 1: R2=Me, R =H RZ=H, R®=Me R%=R® = Me
Oxovanadium(IV), VO** 15.5 14.8 17.1
Dioxovanadium(V), VO3 13.7° 16.8 18.0

“From Ref. (229) except where indicated otherwise.
*From Ref. (166).

metal atom in VOJZ. Stability constants for ternary VO?/dmpp/L
systems with L = oxalate, lactate, citrate have been established as a
prelude to modeling and quantifying speciation in model biofluids
containing other ligands which may be present in such media (153).
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Log K; =10.2 for the VO** complex of m1mos1ne (226) shows that this
mimosine complex is, like the Cu®* and Zn?" complexes of this ligand,
significantly less stable than 3- hydroxy 4- pyr1d1n0nates with H, Me, or
Et at positions 1 and 2 of the ring. The VO?>* complexes of the thlo—
analogue of 1-hydroxy-2-pyridinonate (1,2-topo) are considerably less
stable than the mono- and bis-1-hydroxy-2-pyridinonate (1,2-hopo)
complexes — stability constants are log K;, log By =6.9, 13.3 for
[VO(topo)]™, [VO(topo)s]; log K, log By = 8.3, 16.0 for [VO(hopo)l*,
[VO(hopo).] (165).

As shown in Table XIV, the stability constant for the meconate
complex of UO3" is much higher than that for the corresponding
kojate complex (log Ki(mec)= 11 8 log Ki(koj) ="7.1) (230). This
behavior parallels that for the Zn" complexes of this pair of ligands
(log Ki(mec) = 7.3, log K;(koj) = 5.0; c¢f. Section III.A.2 earlier), and in
turn reflects a large difference in pKa values for meconic and kojic acids.

Direct comparisons of the stability constants for formation of the
dmpp complexes of molybdenum(VI) with those for uranium(VI) are
not possible. The mono-ligand complexes have different stoichiome-
tries, MoOs(dmpp) versus UOo(dmpp), while although log o is
available for MoOy(dmpp)s (175) the value of 40.2 refers to formation
from MoO4 rather than from MoOzl(aq) and UOx(dmpp)s is too
sparingly soluble for its formation constant to be determined (231).

B. REDOX AND STABILITY

B.1. General

Oxidation-reduction potentials for complexes in solution are deter-
mined by the relative stabilities of the complexes of the metal ion in the
lower and higher oxidation states. The thermodynamic cycle connecting
redox potentials and stability constants is shown in Fig. 7. This cycle
can be useful both in rationalizing aspects of aqueous solution
chemistry of complexes and in predicting or estimating values for
stability constants or redox potentials for systems which are difficult or
impossible to access experimentally. Thus knowledge of stability

| RTIn B M™) |
M(n+1)++ xL ML£n+1)+
| nEE°(M) ill 1 | ngE°(ML.) |
|RTI . (M™) |
M”" + xL ML:*

Fic. 7. Thermodynamic cycle linking stability constants and redox potentials
for metal ions and their complexes in two oxidation states.
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constants for both lower and higher oxidation states permits estimation
of the redox potential for the complex couple. Complementarily, the
stability constant for, e.g., an iron(II) complex where aerial oxidation
causes difficulties of measurement can be calculated from the stability
constant for the iron(III) complex and the redox potentials for Fe3+2+
(aq) and for the complex couple (232). The usefulness of cycles of this
type will be illustrated in the next section for discussing iron complexes
of hydroxypyranones and hydroxypyridinones in the context of other
ligands, and in the following section for estimating stability constants
for cerium(IV) complexes of these ligands.

B.2. Iron complexes

Table XVI shows a selection of stability constants and redox
potentials for iron(II) and iron(III) complexes. This Table covers a
wide range of the latter, showing how the relative stabilities of the
iron(II) and iron(III) complexes are reflected in E2(Fe®"/Fe?") values.
A more detailed illustration is provided by the complexes of a series
of linear hexadentate hydroxypyridinonate and catecholate ligands,
where again high stabilities for the respective iron(III) complexes are
reflected in markedly negative redox potentials (213). The combination
of the high stabilities of iron(III) complexes of hydroxypyridinones,
as of hydroxamates, catecholates, and siderophores, and the low
stabilities of their iron(II) analogues is also apparent in Fig. 8. Here
redox potentials for hydroxypyranonate and hydroxypyridinonate
complexes of iron are placed in the overall context of redox potentials
for iron(ITI)/iron(II) couples. The E%(Fe'/Fe®") range for e.g., water,
cyanide, edta, 2,2"-bipyridyl, and (substituted) 1,10-phenanthrolines is

TABLE XVI
STABILITY CONSTANTS AND REDOX POTENTIALS FOR IRON(IT) AND IRON(III) COMPLEXES®

Log K; (Fe™L) Log K, (Fe"'L) E°IV
1,10-phenanthroline® 15 21 1.07
cyanide® 44 35 0.36
aspartate 11 4 0.33
edta 25 14 0.10
hopobactin 26 8 -0.34
tren-hopo 27 6 —0.44
desferrioxamine 31 10 —-0.47
enterobactin 52 22 -0.99

“The values for log K and E° in this table are published data from various standard reference
sources, hence thermodynamic cycles of the type shown in Fig. 7 may not sum exactly to zero
when applied to these data due to differences in experimental conditions.

®Values apply to the tris-ligand complexes.

“Values apply to the hexakis-ligand complexes, i.e., the hexacyanoferrates (Watt, G. D.;
Christensen, J. J.; Izatt, R. M. Inorg. Chem. 1965, 4, 220-222).
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~—— [RON(Ill) STABILISED IRON(Il) STABILISED —>

HEXA- and
ANIONIC LIGANDS PENTA- Q DIIMINES
CYANIDES

HAEM DERIVATIVES
IRON-SULFUR PROTEINS

SIDEROPHORES
HYDROXAMATES HOPOs
CATECHOLS

-1.0 -0.5 0 0.5 1.0

Redox potential / V. ——

Fic. 8. Ranges of redox potentials for iron(III)/(IT) couples; AQ indicates
the position of the redox potential for the hexa-aqua iron(II)/(II) couple;
diimines include 2,2'-bipyridyl, 1,10-phenanthroline, and their substituted
derivatives.

from +1.2V down to about —0.2V; the addition of hydroxypyridinones,
hydroxamates, catecholates, and siderophores to this list increases the
range considerably (Table XVI), the enterobactin couple having a
value as low as —0.99V.

B.3. Cerium complexes

An opportunity to use the thermodynamic cycle shown in Fig. 7 was
provided by the requirement to estimate stability constants for
cerium(IV) complexes of a series of hydroxypyridinones. As stability
constants for their cerium(III) analogues had been measured and
E°(Ce**/Ce3") values established, stability constants for one bidentate
and two tetradentate 3-hydroxy-2-pyridinones could be obtained. Log
B4 for the former was calculated to be 40.9, log B, for the complexes of
the tetradentate ligands 40.6 and 41.9. These very high values,
expected for a 4+ cation, are paralleled by high pCe values between 37
and 38 for the tetradentate ligands (147).

C. SOLUBILITIES, SOLVATION, AND PARTITION

C.1. General

Solubility, solvation, and partition properties of ligands and
complexes are of central importance to many applications. Most
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simple hydroxypyranones and hydroxypyridinones are sparingly or
moderately soluble in water, and in methanol or ethanol, as are their
metal(I) and metal(III) complexes. However the incorporation of
suitably hydrophilic or lipophilic substituents can have significant,
sometimes dramatic, effects on solubilities. The solubility properties of
ligands and complexes can thus be tailored to specific requirements
although, as will be seen later in relation to gadolinium complexes of
hexadentate hydroxypyridinones, the synthesis of the required ligands
may provide a challenge. Efficient solvent extraction requires a very
much higher solubility in the extractant than in water, but solubility
requirements for biomedical applications differ greatly from those for
solvent extraction and associated analysis in that they generally
require moderate to high solubility in water. Ligands administered for
chelation therapy and complexes administered for treating deficiencies
or for the introduction of appropriate species for diagnosis or therapy
have to enter the body, reach the site required, and eventually be
excreted, a trajectory that requires the crossing of several membranes.
As the central layer of body membranes consists of fatty hydrocarbon
chains, any administered ligand or complex needs to be sufficiently
soluble in water to remain dissolved in body fluids, but also sufficiently
fat-soluble to be able to cross membranes. There are rarely channels or
pumps to assist their crossing, so this must take place by diffusion,
through layers of high lipophilicity and very low dielectric constant.
For the membrane crossing required in the metabolism of pharma-
ceuticals, partition coefficients of the order of unity are preferred.
Solubility requirements for the measurement of partition (distribu-
tion) coefficients are not so demanding, though very high or very low
solubility in either phase causes difficulties.

C.2. Solubilities

Despite their importance in many pharmacological uses and
potential applications, solubilities of hydroxypyranones, hydroxypyr-
idinones, and their complexes have not been extensively and system-
atically investigated and established. This situation contrasts sharply
with that for partition coefficients, as will become apparent in the
following sectlon The solubility of maltol in Water is approximately
0.1moldm™3, of ethyl maltol 0.13moldm™3, at 298K. 1,2-
Alkyl-3-hydroxy-4-pyridinones show the expected decrease in Water-
solubility as the sizes of the alkyl groups increase; solubilities — in water
at 298K — of 1- aryl 2-methyl-3-hydroxy-4- pyrldlnones decrease from
9 x 102 mol dm ™2 for the 1-phenyl compound through 6 x 10~*mol dm
for 1-(4'-tolyl) to 6 x 10~ 5moldm™3 for 1-(4'-n- -hexyl-phenyl) (37).

We present a selection of solubilities of 3-hydroxy-4-pyridinonate
complexes of M>' cations in Table XVII (114,143,144,233-241) and
Table XVIII (237), to give some impression of the effects of their varia-
tion with the nature of the complex and of the solvent. It is very difficult
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TABLE XVII

SoLUBILITIES (MM) oF TRIS(3-HYDROXY-4-PYRANONATE) AND TRIS(3-HYDROXY-4-PYRIDINONA-
TE)METAL(III) CoMPLEXES IN WATER AT 298 K

FeL3 A1L3 GaL3 InL3 GdL3 Other ML3

3-Hydr0xy-2-gyranones

R® R

H H pyromec 2.8 <1

H Me  malt 20 50 31 2.5

H Et etmalt 0.3 1.3 0.11 2.1¢ CrLs: 0.3

H,OH H koj 13 5.5 2.0 1.9

C
3-Hydr0xy-4-gyridinones
R! R

H Me  mpp 11 43 1.0
Me Me  dmpp 0.5 3.1 1.1 1.8 CoLs: 1.3
1-hexyl Me  hmpp 2.4

aLa3%*, Dy, and Y3* analogues have solubilities within the range of 1-5mM.

TABLE XVIII

SOLUBILITIES OF ETHYLMALTOL AND OF TRIS(ETHYLMALTOLATO)IRON(III) IN WATER AND IN
ALcoHOLS, AT 298 K

Solubility ~ 10® Solubility Solubility ~ 10® Solubility
EtmaltH Fe(etmalt)s etmaltH Fe(etmalt)s

(moldm™?) (moldm™2) (mol dm™3) (moldm™2)

Co water 0.13 0.30

Cy methyl 0.94 1.2

C, ethyl 1.5 4.1

Cs 1-propyl 1.2 2.8 2-propyl 0.67 0.80

Cy t-butyl 0.19 0.67

Ce 1-hexyl 0.31 0.44

Cs 1-octyl 0.20 0.28

Cio 1-decyl 0.16 0.23

to discern an overall pattern from the scattered data available at the
present, though the hydroxypyranonate complexes decrease in solubility

M(malt); > M(koj); > M(etmalt);
and for hydroxypyranonate/hydroxypyridinonate comparison,
M(dmpp); < M(malt);, but M(dmpp); ~ M(etmalt),

The situation is further confused by qualitative observations, such
as the conflicting views as to the solubilizing effect or otherwise of
the CH,OH group in kojates and derived hydroxypyridinonates (238).
In relation to Table XVIII, the trend of increasing solubility from water
to ethanol followed by a steady decrease to 1-decanol, common
to ethylmaltol and its iron complex, resembles that established for
Fe(bipy)2(CN); and Fe(phen)s(CN)s, though in the case of these
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complexes the maximum occurs at methanol rather than at ethanol
(239). Ethylmaltol, its iron complex, Fe(bipy)s(CN)y, and
Fe(phen);(CN), all have both hydrophilic and lipophilic areas on their
surfaces and can thus exhibit synergic solvation with maximum
solubility reflecting favorable solvation of both hydrophilic and
lipophilic regions. Comparison of indium complexes with those of
gallium, aluminum, or iron is complicated by the possibility that the
large size of In®' may permit sufficiently close approach of water
between the bidentate ligands towards the cation for it to hydrogen-
bond with donor oxygen atoms of the bidentate ligands, as has been
proposed for some P-diketonate complexes (240). For hydroxypyra-
nones, hydroxypyridinones, and their complexes, as for all other
solutes, solubilities are determined by the resultant of several factors,
including solvation effects such as the magnitude of, and balance
between, hydrophilic and hydrophobic effects, molecular volume and
shape, and solvent structure (241).

There is a large temperature variation of solubility for the tris-dmpp
complex of indium (743) but a much smaller variation for tris(malto-
lato)aluminum (242) in aqueous solution. The solubility of the former
increases by a factor of 3.5, of the latter by only 1.3 times, on raising
the temperature from 298 to 310K, i.e., from the standard 25°C to the
physiological 37°C. The enthalpy of solution of Al(malt); in water is
23kJmol ™!, but is medium-dependent, rising to 56 kd mol ™! in 80%
methanol.

Solubilities of hydroxypyranonate and hydroxypyridinonate complexes
in aqueous salt solutions are also of some relevance to biological and
medical applications. The solubility of the ethylmaltol complex Fe(et-
malt); is reduced fourfold on going from water to molar NaCl solution,
that of Fe(dmpp)s is reduced by 30%. Solubilities of these complexes in a
range of salt solutions have been measured (243), yielding Setschenow
coefficients (244) to provide context and to supplement the remarkably
few values known for inorganic complexes (245) and link to the rather
greater body of information on organic solutes (246).

C.3. Partition coefficients

Partition (distribution) coefficients,® P (D) — often reported as log;o P
or logig D, have been measured for a large number of

5The terms “partition coefficient” and “distribution coefficient” are often regarded as
interchangeable. We shall generally use the term employed in the original report. Use of the
term “distribution coefficient” implies that measurements were carried out in thermostatted
apparatus with an aqueous layer buffered at a pH of, or very close to, 7.4, and that due regard
was taken of any acid-base or complex dissociation reactions that may be involved. The pK values
for the great majority of hydroxypyranones, hydroxypyridinones, and their complexes as isolated
are such that they are in an uncharged form at pH ~7 and thus partition and distribution
coefficients are equal. In the present review the term “partition coefficient” may refer to results
that were obtained under less rigorous conditions, especially in early determinations (cf. text).
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hydroxypyranones, hydroxypyridinones, and their complexes, espe-
cially of iron(III). The organic phase is almost invariably 1-octanol for
the ligands and complexes under discussion here. In the early days, as
in Hansch’s pioneering study of the additivity of substituent effects
(247), partition coefficients were estimated by simple flask-shaking
methods without thermostatting, though apparatus for efficient
shaking and in situ spectrophotometric monitoring was soon devel-
oped (248). Sometimes there was no pH control of the aqueous layer
and often the possibility of the coexistence of species other than the
complex under investigation was not considered. Values for partition
coefficients of complexes of 2+ metal cations, and for hydroxypyranone
complexes of some 3+ ions, may be concentration-dependent due to
significant dissociation and hydrogen-bonding effects (132). It is
therefore not surprising that there is sometimes a considerable lack
of agreement between published values from various sources. Thus, for
an extreme example, estimates for P for Fe(dmpp)s range from 0.0009
(249) up to 0.24 in an early patent application, with a value of 0.0025
(203) recently favored. The development of much improved measure-
ment techniques such as the filter-probe extractor (250) and modified
automated continuous flow methods (21), and due consideration of
speciation have lead to much more reliable values for distribution
coefficients. These are now usually determined for partition between
l-octanol and a buffered aqueous layer at pH 7.4, these being the
conditions deemed most appropriate for assessing behavior in
biological situations or pharmacological applications. 1-Octanol, with
its small but significant water content in partition experiments, is the
most appropriate organic phase, certainly a better model than
chloroform or cyclohexane (197) for biological membranes. It has long
been accepted as a rough model for basic capillary permeability (251).

A selection of distribution (partition) coefficients for 3-hydroxy-4-
pyranones and their M3" complexes is set out in Table XIX,
and for hydroxypyridinones and their M®>" complexes in Table XX.
The data in Table XIX have been taken from a range of publications on

TABLE XIX
DisTRIBUTION COEFFICIENTS FOR SELECTED 3-HYDROXY-4-PYRANONES AND THEIR COMPLEXES
LH FeL3 CI’Lg A1L3 GaL3 IHL3

R® R?
H Me 1.1 0.3 0.09 @ ~0.3 1.0
H Et 4.2 5.2 1.3 3.9 21
CH,OH H 0.2 0.3 0.09 0.08 0.12
CH,0Et H 0.4 3.4 1.9 8.9
CH,0"Bu H 6.0 440 350 490

“There is too big a disagreement between published values for an acceptable mean value to be
quoted here.
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TABLE XX
DisTRIBUTION COEFFICIENTS FOR SELECTED HYDROXYPYRIDINONES AND THEIR COMPLEXES
LH FeL?, Anga GaL3 IIIL3
3-Hydroxy-4-pyridinones
R! R?
Me Me 0.2 b 0.0009 <0.01
Et Et 2 0.5 2.4
"Bu Me 3 23 17 17 58
CgH4-4/-X Me
X=H 12 130 140 180
X =Me 53 450 >1000 >1000
X = OMe 19 290 350 >1000
X =NO, 5.8 29 31 >1000
CH,CHy,NH, H 0.22 0.05 0.01 0.03
%-IHydroxy-Z-pyrldlnone R0
Me H 0.52 0.10 0.07 0.39
"Bu H 15 440 430 1590
1-Hydroxy-2-pyridinone
R*=R'=R°=R°=H 0.09 095

“Values of D are available for aluminum complexes of eight 3-hydroxy-4-pyridinones, with
alkyl or alkoxy groups at R!, methyl or ethyl at R%, and their respective parent hydroxypyr-
idinones (253).

®There is too big a disagreement between published values for an acceptable mean value to be
quoted here.

3-hydroxy-4-pyranones (21,193) and their iron (21), chromium (252),
aluminum (233,253), gallium (21,233), and indium (21,143) complexes.
The data in Table XX are again derived from a variety of sources,
dealing with 3-hydroxy-4-pyridinones (21,34,193,197,255) and their
iron (21,203), aluminum (193,197), gallium (21), and indium
(21,143,254) complexes,* and with 3-hydroxy-2-pyridinone, 1-hydroxy-
2-pyridinone, variously alkyl-substituted derivatives, and their iron(III)
complexes (255,256). In all cases the values quoted for complexes refer
to the tris-ligand species; in cases where more than one determination
has been reported the values in Tables XIX and XX represent either a
mean or a best estimate. The variation of distribution coefficient with
the nature of the central metal is very similar for all the 3+ cations;
perhaps the range of values for In®" is somewhat larger than for the
smaller 3+ cations — the values for In®>" are generally considerably
larger than for the other M®* documented here.

Both Table XIX and Table XX show that distribution coefficients
cover a much larger range for complexes than for the parent ligands,
and that variation of ligand substituent can have a very large effect on

“Data for the substituted 1-CgH,-4'-X ligands and complexes are from Ref. (36).
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distribution coefficients. Overall, distribution coefficients for hydro-
xypyridinones cover a range of at least —3.30 <logio P < + 3.40,
thanks to substituents from hydrophilic sulfonate or carboxylate to
lipophilic long-chain alkyl or alkylphenyl groups. There is an
unexpectedly small effect of F-for-H substitution. Although the
CF; group does confer significantly greater l1poph111c1ty than the CHjs
group ~ P for the 3-hydroxy-4-pyridinone with R' = CH,CgH,-4'-CH;
and R? = Et is 160, that for its 4-CHj; analogue is 250 (257) — it has
been reported that partition coefficients for 2-CF3-3-OH-4-pyranone
and maltol are essentially equal, at 0.64 and 0.66 (50). 2-Alkyl-3-
hydroxy-4-pyridinones with a ribonucleoside unit at the 1-position are
less lipophilic (D = 0.04, 0.05 for the 2-Me, 2-Et compounds) (60) than
1-CH,OCH,;CH>OH model ligands (D = 0.10, 0.26) (61).

Logig D values for a selection of iron(III)-tris-ligand complexes
are listed alongside values for the respective ligands in Table XXI.
There are large numbers of partition or distribution coefficients
available for iron(III) complexes and for their parent ligands
(21,43,45,57,64,70,79,206). Most of the data in Table XXI are taken
from an extensive 1998 compilation (203), with one or two later
additions (65,201). Despite the distinctly wider range of log D values
for the complexes than for the ligands there is a tolerably good, though
not linear, correlation with log D for the respective ligands. For the
majority of tris(3-hydroxy-4-pyridinonate)iron(III) complexes the wide
range of log D values (Table XXI) is accompanied by remarkably little
variation in stability constants, indeed the initial report of this
phenomenon shows a range of greater than 10* in P at constant log B
of 36 (45). The situation is not quite so clear-cut nowadays, especially

TABLE XXI

DisTtrIBUTION COEFFICIENTS FOR SELECTED 3-HYDROXY-4-PYRIDINONES AND THEIR IRON(III)
COMPLEXES, ARRANGED IN ORDER OF INCREASING LIPOPHILICITY

Log D(LH) Log D(FeLsg)

R! R?

CHchZCOZH Me —2.92 —4.00
CH2CH2NH2 Me —-1.55 -3.22
CH,CH,CONHEt Me —0.82 —2.70
CH,CH,COzEt Me -0.77 —2.70
Me Me -0.77 —2.60
H Me —0.50 —2.38
Et Et 0.23 —0.62
CHMe, Et 0.73 1.01
"Bu Et 1.22 2.36
"Hx Me 1.89 3.40
"Oct® Me 2.88

“Insolubility precluded the determination of log D for the n-decyl analogue.
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for ligands containing pH-sensitive substituents such as amino
or carboxylato groups. Thus comparison of 1-(CH,CH,;COoH)-
with 1-(CH;CH;CHoNH,)-2-Me-3-hydroxy-4-pyridinone, and of their
gallium complexes, reveals that whereas the lipophilicities of the two
3-hydroxy-4-pyridinones are similar, P = 0.013 and 0.30, respectively,
the former substituent confers a much higher chelating power under
model physiological conditions, with pGa = 20.1 for the carboxylato
compound, 15.1 for the amino compound (258). There are data for
several hexadentate ligands and their complexes (259).

C4. Transfer chemical potentials

Transfer chemical potentials, often determined from solubility
measurements, provide an alternative way of probing the solvation of
complexes, in particular giving information on differences in solvation
between water and organic solvents and on solvation in solvent mix-
tures (260). They provide a quantitative picture of relative and pre-
ferential solvation. Much effort has been devoted to kinetically inert
coordination complexes, such as those of cobalt(IlI), chromium(III),
and low-spin iron(II), and particularly to the special case of aqua-
cations (260,261). For all these charged complexes the necessity to use
an extra-thermodynamic assumption to derive single-ion values brings
small but significant uncertainties to the values and their interpreta-
tion. Studies on uncharged species, such as these hydroxypyranone
and hydroxypyridinone complexes, avoid these difficulties and thus
make them interesting and valuable probes for solvation. They also
provide some insights of possible pharmacological relevance.

We have investigated a number of Fe3" (114,237), Cr 3* (114), AI*™,
Ga®", In®* (236), Co®" (144), and Gd3* (235) complexes in several
series of binary aqueous solvent mixtures. Several of these complexes
show maxima in plots of solubility against solvent composition (Fig. 9),
suggesting synergic solvation. That there are both hydrophilic and
lipophilic areas on their peripheries, encouraging solvation by water
and by an organic cosolvent in appropriate regions, leads to increased
solubility in solvent mixtures. This increased stabilization due to
solvation is reflected in minima in transfer chemical potential trends
(Fig. 10). This trend parallels that of such compounds as tryptophan,
sulfathiazole, and Fe(diimine);(CN)s complexes (239). Whereas in the
case of arachidic acid (eicosanoic acid, Me(CH,);sCO;H) and the
Fe(diimine)s(CN); complexes the hydrophilic and lipophilic areas on
the peripheries correspond to the cyanide ligands and the diimine
ligands, respectively and separately, in the case of the hydroxypyr-
anonate and hydroxypyridinonate complexes the hydrophilic and
lipophilic areas are present on each ligand.

Solubilities in the water-1-octanol system (262) provide a link
between solubilities and transfer chemical potentials on the one hand
and distribution coefficients and possibilities of crossing membranes
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Fic. 9. Normalized solubilities of 1,2-dimethyl-3-hydroxy-4-pyridinone,
dmppH, of its aluminum(III) and iron(III) complexes Al(dmpp); and
Fe(dmpp)s, and of the 3-hydroxy-4-pyronate complexes Ga(malt); and
In(etmalt); in methanol-water mixtures at 298.2K (data from Refs. (114)
and (234)).
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Fic. 10. Transfer chemical potentials for tris(maltolato)gallium(III) and
tris(maltolato)indium(III) to methanol-water mixtures at 298.2 K (data from
Ref. (236)).
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on the other. The most striking feature of solubilities in octanol-water
mixtures is the marked increase in solubility and thus decrease in
transfer chemical potential attendant on transfer from 1-octanol itself
into the wet octanol that is perforce the “non-aqueous” phase in
partition experiments. This marked stabilization in wet octanol
suggests that a hydroxypyridinone complex may have solvation
properties that maximize its interaction with a membrane to such
an extent that it prefers to remain within, or on the surface of, the
membrane rather than being facilitated to move through the
membrane. The other complication is that a complex may act as a
salting-in or salting-out agent (262), possibly leading to a significant
increase in the water content of the organic medium, thereby adding
another variable in any discussion of the relevance of distribution
coefficient to transmembrane transfer.

D. KiINETICS AND MECHANISMS

D.1. General

There is a marked paucity of data on kinetic parameters for the
formation and dissociation of homoleptic metal complexes ML,. Such
reactions are generally slow for linear or tripodal hexadentate ligands,
but can be very fast for bidentate ligands reacting with, or dissociating
from, labile metal cations. These substitution-labile centers include
Mg?", AI**, and the majority of 2+ and 3+ cations of the first row of
the d-block (263). However the expected slow dissociation has been
demonstrated for dissociation of ethylmaltol from Cr(etmalt)s, where
the high crystal field stabilization for the d® metal ion results in a high
crystal field activation energy and thus slow substitution (114). The
main interest in kinetic studies of complexes of hydroxypyranones and
hydroxypyridinones lies in the determination of rate constants and
mechanisms for substitution involving the other ligands in ternary
complexes. These investigations, detailed in the following sections, fall
into two groups, replacement of halide or thiocyanate (X~) in MVLoX,
and water exchange at ternary aqua complexes of the lanthanides.
Gadolinium is of particular interest in view of the potential of such
complexes as contrast agents for MRI (see Section IV.C.5 later).

D.2. Metal(IV) complexes

Kinetic and mechanistic studies of nucleophilic substitution at
metal(IV) centers are fairly rare (263). Platinum(IV) has the substitu-
tion-inert low-spin d® configuration, and presumably undergoes
nucleophilic substitution by an associative mechanism thanks to its
high charge and large size. However there are actually very few data,
probably thanks to the tendency for platinum(IV) to oxidize ligands.
Substitution kinetics at metal(IV) centers may be more conveniently
studied for complexes of the type MLyX,5, where M = e.g., Sn, Ti, V, or
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Zr; L~ = a bidentate hydroxypyranonate or hydroxypyridinonate
ligand; and X is a halide or alkoxide leaving group (264,265).
Replacement of chloride by thiocyanate, pyrazine, or water (in
acetonitrile solution) in 3-hydroxy-4-pyranonate or 3-hydroxy-4-pyr-
idinonate tin(IV) complexes in all cases follows a two-term rate law of
the type

—d[SnLyXs]/dt = {k1 + ke[nucleophile]}[SnLyXo]

as illustrated in Fig. 11, indicating parallel associative (k3) and
dissociative (k1) reaction pathways (265) — behavior reminiscent of
platinum(II). Similar behavior was observed in several analogous
metal(IV) reactions. The activation volume, AV? for thiocyanate

20
Me
)— NH
o Yo~
NH
Sn(etmalt),Cl,

10 |-

Ti(etmalt)zclz

Si(etmalt),Cl, o

Me
M (etma.lt)ZCl;

0 y ©
0 0.01

[ NCS™]/mol dm™ —>

Fic. 11. Dependences of observed first-order rate constants on nucleophile con-
centration for thiocyanate susbtitution at dichlorobis(ethylmaltolato)meta-
I(IV) complexes M(etmalt);Cly, and at a series of tin(IV) complexes SnL2Cl,
with L = the ligands whose formulae are shown against the thin line plots.
The data refer to reactions in acetonitrile solution at 298.2 K (data from Refs.
(264) and (265)).
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replacing chloride in Ti(etmalt);Cl,, in acetonitrile solution, is
—12cm®mol !, consistent with associative activation (264). This value,
which is identical to that for substitution of chloride by thiocyanate at
vanadium(IV) (266), is close to the “theoretical” value of —10 cm?®mol !
for associative attack in organic systems unaffected by solvational
complications (267). The non-leaving hydroxypyranonate or hydroxy-
pyridinonate ligands have a significant effect on reactivity — ko for
replacement of chloride by thiocyanate in TiLoCl, is nearly 500 times
higher for L~ = maltolate or ethylmaltolate than for L™ = 1,2-dimethyl-
3-hydroxy-4-pyridinonate (264).

D.3. Lanthanide complexes

Water exchange rates are one of the main factors determining the
relaxivity of gadolinium complexes and their suitability as contrast
agents for MRI (268), hence the recent activity in determining kinetics
of water exchange at ternary aqua-hydroxypyridinonate complexes of
gadolinium (269). Data on water exchange at gadolinium complexes of
relevance to MRI (270) include kinetic parameters for two hexadentate
3-hydroxy-2-pyridinonate (hopo) derivatives, one whose ligand has
three hopo units connected to a nitrogen bridgehead by serine units
(220), a second whose tripodal ligand has hopo units in two legs, and a
catechol binding moiety with a water-solubilizing triethyleneglycol
group attached. The activation volume for exchange of the two water
ligands in the latter, AV* = —5cm®mol ™!, provides the best evidence
for the operation of an associative interchange, I,, mechanism, as
earlier proposed on structural grounds. The rate constant for this
water exchange is 5.3 x107s™! at 298K, with AH* = 25.9kJmol !
(222); the rate constant for water exchange at a hydroxymethyl
derivative of [Gd(tren-Me-3,2-hopo)] is 7 x10"s™! at 298K (271).
Water exchange at these complexes is thus considerably faster than at
[Gd(dota)(Hy0)]~, where kogs = 4 x 10°s™!, but not as rapid as with
[Gd(trita)(Hs0)]~, where kogs = 2.7 x 108571, thanks to the steric
compression around the coordinated water site caused by the insertion
of an extra CH, group into one of the CH,CH, units of the macrocyclic
dota ring (272). All these values have been put into the general context
of kinetic parameters for water exchange at metal centers (273).

IV. Uses and Applications
A. INTRODUCTION

A.1. General

The uses and applications of these ligands and their complexes are
many and varied. We deal firstly with a variety of uses of
hydroxypyranones, then with applications of hydroxypyranone and
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hydroxypyridinone ligands and their complexes in solvent extraction
and analysis, next with actual and potential uses of these ligands and
their complexes in diagnosis and therapy, and finally with a selection
of miscellaneous uses and applications of various complexes of this
group of ligands.

A.2. Hydroxypyranones

Maltol and ethylmaltol, especially the former, are widely used food
additives (Veltol, E636, and Veltol Plus, E637, respectively) particularly
in the baking industry; maltol has also been shown to stimulate plant
growth. Kojic acid is used as a preservative, particularly to prevent
discoloration, for instance of vegetables. Kojic acid is also extensively
used cosmetically, to lighten skin color. Although there are concerns in
some quarters about possible undesirable side effects, it is claimed that
normal levels of consumption pose no health risk to humans (274), and
likewise that its long-term dermatological use (in one trial for 14 years)
also has no ill effects (275). Kojic acid, like some 3-hydroxy-4-
pyridinones (276), inhibits the copper-containing enzyme tyrosinase,
which causes melanization in humans and leads to brown coloration in
plants and food (277). Several flavanols with a 3-hydroxy-4-pyranone
nucleus (see Fig. 3), especially the quercetin (17) glycoside rutin (278),
maintain a toehold in pharmacopaeias as capillary protectants — they
are thought to reduce capillary leakage. Maltol, which is a degradation
product of streptomycin (14), and kojic acid are weak antibiotics (279).

Flavonol (16) and morin (20) are used as colorants; morin is the dye
calico yellow, used in textile dyeing and calico printing. The nature of
the mordant needed for dyeing wool affects the color of the product
material — mordanting with aluminum, chromium, or tin results in
various shades of yellow, while an iron mordant gives an olive-brown
color.

B. ANALySIS AND EXTRACTION

Many hydroxypyranones and hydroxypyridinones and their metal
complexes have been of importance in analytical chemistry, solvent
extraction, and metal separation. Here their excellent chelating
properties in conjunction with the possibility of synthesizing strongly
lipophilic derivatives make this class of ligands particularly useful.

Hydroxypyranones and hydroxypyridinones give a range of colors,
from orange through red to violet, with iron(III)-containing solutions
(27). Early applications of the use of kojic acid for the colorimetric
determination of iron (280), e.g., in iron ores (281), followed and
complemented the recommendation, in 1930, that iron(III) be used for
the determination of kojic acid — iron(III) was later used for the
colorimetric determination of mimosine (282). Other early colorimetric
analyses included methods developed for the determination of
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molybdate (283) and of vanadate (284) by maltol. The vanadate
determination is carried out in aqueous methanol, giving red chloro-
form-extractable VO(OMe)(malt); which on acidification gives the
blue-violet VO(OH)(malt), (cf. Section I1.B.5) on which the analytical
method is based (172).

Kojic acid has been proposed as a reagent for the spectrophotometric
determination of neodymium, holmium, and erbium (285), and has
been used as an indicator in chelatometric titration of iron (286). The
three 3-hydroxy-4-pyranones maltol, kojic acid, and meconic acid (6, 7,
and 8 in Fig. 2), and their flavone analogues morin and quercetin, have
all been used for the spectrophotometric determination of iron
(287,288), maltol and morin for vanadium (289), and morin, quercetin,
quercetagetin, and flavonol (20, 17, 19, and 16, respectively in Fig. 3)
for zirconium (225,290). Fluorometric determination of zirconium by
flavanol provides one of the earliest examples of this type of analytical
application (291). An intense blue-green fluorescence reported for
reaction of gold(III) with kojic acid was proposed as the basis of an
analytical method for the determination of gold, but as the fluorophore
appears to be a product of gold(IIl) oxidation of the kojic acid this
method should perhaps be viewed with caution (292). A review of
flavones as analytical reagents concentrates on 3-hydroxy derivatives,
i.e. flavanols, and covers gravimetric, spectrophotometric, and fluoro-
metric methods (11).

An early inorganic application of 3-hydroxy-4-pyranones and 3-
hydroxy-4-pyridinones was to solvent extraction, e.g. of hafnium(IV)
by the former (293). However a concurrent wide-ranging investigation
of extraction by 1-(4'-tolyl)-6-carbethoxy-3-hydroxy-4-pyridinone (294)
established the superiority of hydroxypyridinones for this application.
The excellent chelating properties exhibited by the 3-hydroxy-4-
pyridinone ligands in conjunction with the possibility of synthesizing
strongly lipophilic derivatives such as the 1-(4’-tolyl) compound make
this class of ligands particularly useful as extractants from aqueous
media. Some 1-aryl-3-hydroxy-4-pyridinone derivatives have been
demonstrated to be effective as extractants from aqueous media into
e.g. chloroform, for a variety of transition metals. Several metal ion
separations have been achieved, as e.g., hafnium(IV) from zirconiu-
m(IV) and tantalum(V) from niobium(V). The species extracted from
the aqueous layer is generally a binary complex ML, but in a number
of cases extraction is of a ternary complex containing chloride or
thiocyanate as well as the 3-hydroxy-4-pyridinonate. Thus, for
instance, titanium(IV) may be extracted as TiLo(NCS)y or iron(III)
as FeL,Cl (295). The complexes extracted are often strongly colored
(metal-ligand or ligand-metal charge-transfer) and suitable for
spectrophotometric analysis. The molar extinction coefficient® for

5For a 1cm length of a solution of concentration 1 mol dm 2.
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red-brown Fe(malt)s is 4610 at 412nm (111), for Fe(pmpp)s is 6300 at
470nm (296). Thus solvent extraction followed by spectrophotometric
determination can provide analytical methods of high specificity and
sensitivity (33).

References to solvent extraction of numerous metals by 1-phenyl-
and 1-(4'-tolyl)-3-hydroxy-4-pyridinones are listed in the center
column of Table XXII (295,297-314), while references to spectro-
photometric determinations of many of these metals by these reagents
are given in the right-hand column of this Table (296,315-323).

C. Uses IN DiagNosis AND THERAPY

C.1. General

In recent years hydroxypyranones and hydroxypyridinones have
been increasingly investigated for the control of metal ion levels
in the body (324-327). The 3-hydroxy-4-pyranones maltol and
ethylmaltol are of relatively low toxicity (328,329), and indeed have
the pharmacological advantage of being permitted food additives.
Hydroxypyridinones are particularly attractive for pharmaceutical
purposes since their structure allows tailoring of many of their
properties, as outlined in Section II.A.3.b earlier. They have been used
in, or tested or proposed for, chelation therapy to remove excess
of several toxic elements. This will be illustrated later in the sections

TABLE XXII

SOLVENT EXTRACTION AND SPECTROPHOTOMETRIC ESTIMATION OF METALS USING 1-PHENYL- AND
1-(P-TOLYL)-3-HYDROXY-4-PYRIDINONES AND THEIR COMPLEXES

Metal Solvent extraction Spectrophotometric analysis
p-Block
Gallium(III) (297,298)
d-Block
Tron(III) (295) (296,315)
Titanium(IV) (299,300) (316,317)
Hafnium(IV) (301)
Zirconium(IV) (302,303)
Vanadium(V) (318-321)
Niobium(V) (304,305) (322)
Tantalum(V) (306,307)
Tungsten(V) (308)
Molybdenum(VI) (309) (323)
Tungsten(VI) (310)
f-Block
Thorium(IV) 311)
Protoactinium(V) (312)

Uranium(VI) (313,314)
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on iron and on the actinides. Conversely they can serve, in the
form of complexes with appropriate metals, to remedy deficiencies and
to introduce specific metal ions for the purposes of diagnosis or
therapy. Examples include the administration of iron to anemic
patients, of insulin mimics to diabetics, and of gadolinium as a
contrast agent for MRI — these applications are outlined in the
following sections.

C.2. Iron: Supplementation, regulation, and overload

Iron is an essential element, being involved in several aspects of
human metabolism (330), such as redox chemistry in many guises,
regulatory processes (331), and combating infection (332). Perturba-
tion of iron levels, whether decrease or increase, can be serious or
fatal; iron deficiency or iron-overload conditions affect millions of
people around the world. The human body does not have an efficient
iron-excretion mechanism, but, as was established in the 1930s (333),
relies on a balance between intake and excretion to maintain a healthy
level of iron (334). The case of iron is particularly interesting in the
context of the present review, since hydroxypyranones and hydroxy-
pyridinones have been investigated both for the amelioration of iron
overload and complementarily as agents to facilitate the administra-
tion of iron to patients suffering from iron deficiency.

(a) Supplementation. This comes at three levels — as a low-level
dietary supplement or tonic to maintain well-being, as a prescription
pharmaceutical to correct minor iron deficiency, or to treat serious
clinical conditions such as iron-deficiency anemia. We shall deal with
these in order in the following paragraphs.

The common practice of adding iron to breakfast cereals or to
vitamin supplements exemplifies the first. Here the first requirements
are cosmetic, that the iron-containing compound added should not
cause discoloration or adversely affect flavor. It is also an advantage
for the added iron-containing compound to be sparingly water-soluble,
but for the iron to be reasonably bioavailable and not be incompatible
with other constituents (335). There is a great deal of inorganic and
physical chemistry involved in these matters, most of which is buried
in the technical and patent literature.

For the second level, the correction of modest iron deficiency, various
iron salts have been recommended or prescribed as iron supplements.
These salts have included iron(II) succinate, fumarate, gluconate, and
lactate, and iron(IIl) citrate — or, better (336), ammonium iron(III)
citrate as iron(III) citrate seems to be a poorly characterized compound
(337). There are two main problems. The first is the ease of oxidation of
the iron(Il) salts, particularly the lactate. The second is that
absorption of iron from these sources is very inefficient (57), as species
such as Fe?’"(aq), Fe*"(aq), and simple hydrolysed entities such as
FeOH?"(aq) cross membranes such as those that constitute the wall of
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the gastrointestinal tract only with great difficulty. Admittedly these
salts contain organic anions which form weak complexes which may
diffuse across the wall of the gastrointestinal tract slightly less
reluctantly, but absorption is poor. In cases of severe or chronic iron
deficiency, a more effective means for iron supplementation is
required. More complicated iron compounds have been developed to
reduce these difficulties, such as ferric albuminate, ferric sodium
edetate, and saccharated ferric oxide, but there has long been a need
for a more efficient means of iron supplementation. That hydroxypyr-
anones and hydroxypyridinones might be suitable vehicles was first
realized in the 1970s, with many iron(III) complexes (some of which,
e.g. fluoro-derivatives, may have been aspirational rather than actual)
patented during the 1980s for the treatment of anemia.

The use of iron(II) sulfate as a detoxicant for mimosine-affected
sheep is an unusual example of iron supplementation (7). It provides
an interesting complement and link to the following paragraphs
on the use of hydroxypyridinones as detoxicants for iron-burdened
humans.

(b) Overload. There are several widespread diseases in which
severe iron overload is a major and intractable problem. These include
hemochromatosis, sickle cell disease, and various forms of
thalassemia. The repeated blood transfusions needed in the
management of various anemias lead to iron overload. Whatever the
cause, long-term iron overload leads to a build-up of iron in the tissues
of essential organs, leading to failure of heart, liver, or pancreas.
Treatment of these conditions with an iron chelator can prolong life by
many years; reduction of iron levels delays the onset of several heart
dysfunctions, and also lessens the risk of death from various bacterial
infections (cf. later). For many years desferrioxamine (DFO), isolated
from Streptomyces pilosus, has been the only available and permitted
agent for the removal of excess of iron from the body, but it is
expensive and is awkward to administer — it is not effective when
taken orally. It can have undesirable side effects as it is an audiovisual
neurotoxin (338), causing ocular problems and hearing loss, and is a
growth retardant (339,340). For these reasons, and indeed because life
expectancy is still only into the thirties (341) even with current
chelation therapy, there have been extensive efforts to find suitable
synthetic ligands for the treatment of iron overload.

Hydroxypyranones and hydroxypyridinones are promising candi-
dates as chelating agents for the treatment of iron overload, since
many are readily available, they form stable complexes with Fe®",
and some are permitted food additives. Hydroxypyridinones are to be
preferred to hydroxypyranones as the former form the more stable
complexes and are less readily metabolized. An extensive literature
on synthetic iron chelators has been built up over the past 20 years —
we can cite only a very small proportion here. In the 1980s it
was established that hydroxypyridinones, usually in the form of
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1,2-dimethyl-3-hydroxy-4-pyridinone,® were able to mobilize iron
in vitro from a range of sources. Thus L1 was shown to remove iron
from transferrin (342), lactoferrin (65,343), ferritin (344), or hemosi-
derin (345), though not from heme or cytochromes (345). Maltol (198)
and 1,2-dihydroxypyridinone (198,346) were, like DFO, also able to
remove iron from transferrin or ferritin. A biological evaluation of several
3-hydroxy-4-pyridinones indicated key roles for membrane perme-
ability and stability constants in mobilizing iron from hepatocytes, the
main cellular reservoir of excess of iron (45). 3-Hydroxy-4-pyridinones
mobilize iron more effectively than their 3,2- or 1,2-analogues, or than
3-hydroxy-4-pyranones, from transferrins, as expected from their
relative affinities for Fe?* (347-349). Hydroxypyridinones containing a
hydrophilic sulfonate or carboxylate group were found to be slightly
better at mobilizing iron than some of their more lipophilic analogues,
despite the charge on such ligands (350).

There is some qualitative information on iron mobilization. Thus it
has been found that the rates of removal of iron decrease in the order

transferrin > ferritin >hemosiderin

in all cases in a timescale of several hours (256). The slow removal of
iron from ovotransferrin is a one-step process (349), but from other
forms of transferrin is more complex, approximating to biphasic
kinetics with the two reactions having rather similar rate constants.
The latter pattern applies to several iron-removal reactions by
1-methyl-3-hydroxy-2-pyridinone and maltol as well as L1 (347). The
extent of iron removal is greatest for L1, with iron preferentially
removed from the C-terminal site; mimosine shows a slight preference
for iron removal from the N-terminal site (342,351). Significant
differences in the affinities of Fe?* for the C- and N-terminal sites
have been established in several similar systems (352,353). The
removal of iron from transferrin in combined chelation therapy has
been discussed (354). An order of effectiveness has been established,
and a mechanism proposed, for the removal of iron from ferritin by a
series of 3-hydroxy-4-pyridinones (355). Removal of iron from ferritin
is much slower than from transferrin (342), with rate constants of
between 1.5 x 107° and 7.5 x 10 °s~! reported for transfer of iron to
hexadentate hydroxypyrimidinone and hydroxypyrazinone ligands
(209).

The first step in progressing from in vitro mobilization experiments
to clinical trials is the setting up of biological model systems (356).
Next comes the testing of oral efficacy in animals such as mice, rats,
and rabbits (43,249), alongside toxicity studies. We cite a few of the

51,2-Dimethyl-3-hydroxy-4-pyridinone is by far the most commonly encountered ligand. It is
generally referred to as Deferiprone or L1 by workers in this area; we shall therefore use the
designation L1 for this compound (or for its anion) in this section, rather than using dmpp or a
form of hopo as elsewhere in this review.
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many toxicity studies (249,357), from which the general consensus
appears to be that L1, and other hydroxypyridinones, are relatively
non-toxic, but that large doses or long-term treatments may well cause
problems. L1 does present some toxicity concerns, with reported
adverse effects including increased susceptibility to infectious dis-
eases, nausea and vomiting, joint pain, and, in high-dose or long-term
regimes, ocular toxicity. However the prevalence of these has been
disputed (358). There has also been disagreement over the relative
toxicities, as well as the mobilizing efficiencies, of methyl and ethyl
variants of hydroxypyridinones (357,359-363); the overall aim is to
maximize mobilization while minimizing toxicity.

There have been extensive clinical trials of L1, whose early progress
may be glimpsed through the selection of references cited here (364).
Subsequent long-term trials have involved administering doses of L1
of up to 3g twice a day, with a maximum dosage of 16 g administered
over 24 h in one intensive test (365), and have involved comparisons
with other iron chelators (366). From in vitro experiments to long-term
trials and clinical usage the most frequent comparison is between L1
and DFO (367). Interestingly, combination therapy involving both L1
and DFO has been found useful in certain situations (368), including
treatment of B-thalassemia (369) and management of severe cardiac
siderosis (370). A routine of four days treatment with L1, then two or
three days with DFO, each week has been recommended (371,372).

There have been many reviews on the use of hydroxypyridinones,
particularly L1, as iron chelators. Many deal with L1 and other
hydroxypyridinones in the overall context of chelation therapy for iron
overload, some concentrating on the more chemical aspects, others on
clinical practice. We cite a selection here, in chronological order from
1989 through 2002 so that interested readers may follow the
development of this subject. The citations have been chosen to range
from short articles to lengthy and fully referenced reviews, and
to feature contributions from a range of the groups active in this
area (373).

The choice of iron chelators on the basis of both molecular and
cellular criteria was discussed in 2003 (374). One 2005 review is
concerned with the design of orally active iron chelators (375), another
considers the prospects for effective clinical use of several hydro-
xypyridinones, dealing with novel species such as the 1-allyl
compound as well as with the established deferiprone (L1) and
desferrioxamine (Desferal, DFO) (376). A review dated 2006 deals with
relevance of iron mobilization from both transferrin and other iron-
containing proteins by L1 to the treatment of various anemias and
other iron-overload conditions (377). Two 2007 reviews concentrate on
L1, as the only hydroxypyridinone in general clinical use. One author
concludes that, on balance, L1 is to be preferred to DFO. This
conclusion is on the grounds that, despite the not infrequent
occurrence of minor side effects, the incidence of serious side effects
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is lower for L1 (370). The other author, whose detailed review cites 129
references, concludes that the evidence is still not unequivocal, but
thinks it likely that DFO is to be preferred for the treatment of
thalassemia and sickle cell disorders, though L1 is an acceptable
alternative for DFO-intolerant patients (368).

Thus the only hydroxypyridinone which is at the time of writing
established in clinical practice as an iron chelator is L1. Other
hydroxypyridinones are being actively evaluated in a search for
analogues which will avoid the disadvantages of L1, or which are
effective in situations where L1 is ineffective. Thus some comparative
tests of ethyl vs. methyl, e.g., on certain rat and monkey models,
indicate that the diethyl compound is, like DFO, effective, but that the
dimethyl compound is not (361); the diethyl compound (depp; CP94)
can be more than 50% orally bioavailable (378) and may be less toxic
(see earlier). 1-Allyl-2-methyl-3-hydroxy-4-pyridinone (L1NAIl) is also
showing promise (376,379,380).

The improved chelating properties of 2-(1-hydroxyalkyl) derivatives
(70) have led to efforts to improve performance by administering ester
prodrugs whose hydrolysis produces hydroxyethyl groups. The lipophi-
lic prodrugs reach the required site, there hydrolyzing to more
hydrophilic and more effective iron mobilizers (62); the optimal prodrug
in the group tested was 1-[2'-(pivaloyloxy)ethyl]-2-methyl-3-hydroxy-4-
pyridinone (63). The superior chelating properties of hexadentate
ligands — pFe from 27 upward, cf. pFe ~20 for L1 (Section I1.A.3.d) —
are also being assessed. Tren-Me-3,2-hopo (25 in Fig. 4) showed
potential as an iron chelator (381), as subsequently have other tripodal
(138) and linear (81) hexadentate hydroxypyridinones. Multidentate
hydroxypyridinones show promise for removing potentially toxic iron
which is not bound by transferrin in plasma (382).

(c) Iron in other disorders. Iron is an essential element for very
nearly all bacteria, so its availability is critical for bacterial virulence
and limiting its supply will discourage or prevent their growth (383).
Iron-chelating drugs such as hydroxypyridinones may therefore prove
effective antibacterial agents. Indeed antibacterial properties have been
reported for some synthetic cephalosporins containing 3-hydroxy-4-
pyridinone units (384), and subsequently were established for five
simple 2-methyl-3-hydroxy-4-pyridinones (68). These strongly inhibited
both Escherichia coli and Listeria inocua; they were demonstrated to
mobilize iron from species such as lactoferrin. These antibacterial
properties can have a beneficial side effect in treating iron overload, for
thalassemia often proves fatal not in itself but through associated
severe bacterial infection. Iron chelators used in treating thalassemia
thus also reduce the risk of death by this secondary cause. 3-Hydroxy-4-
pyridinones have been assessed as antimalarial drugs for some time
(360,385,386). In this role the more lipophilic chelators are most
effective — 1,2-diethyl-3-hydroxy-4-pyridinone is effective, but the
1,2-dimethyl compound (L1) is not (360).
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L1 could be useful in those cancer chemotherapy treatments which
cause an elevation of iron levels (382). Thus it may help combat
undesirable side effects of antitumor treatment using the anthracy-
cline doxorubicin (Adriamycin) by sequestering free iron and iron
bound to doxorubicin and thus preventing the generation of harmful
hydroxyl radicals by reduction of hydrogen peroxide (from superoxide
generated by the reduced free radical semiquinone form of anthracy-
cline reacting with oxygen) by iron(II)-anthracycline complexes (387).
L1, like DFO, has a cytoprotective effect, eliminating lipid-derived free
radicals (388). 3-Hydroxy-4-pyridinones, particularly those of a
hydrophilic nature, have marked antiinflammatory properties. They
have been suggested for the treatment, by injection, of arthritis.
Again this seems to involve the chelation of iron deposited in the
joints, thus reducing the formation of free radicals and consequent
tissue damage (389).

C.3. Aluminum

Until the early 1970s aluminum was generally felt to be fairly
harmless (390). Since then it has been shown or suggested to cause
problems in many clinical and environmental circumstances. The
metabolism of aluminum, and disorders and diseases which may be
caused or exacerbated by aluminum, were exhaustively reviewed (58
pages) and documented (959 references) in 1986 (391). It has been
implicated in several types of neurotoxicity (392), in adverse side
effects of dialysis (393) or of repeated albumin infusion (394), in
Alzheimer’s disease (395), and in bone disorders (396). Transferrin is
the main, probably the sole, carrier of aluminum in the blood
(397,398), so mobilization of aluminum from transferrin, demon-
strated for DFO, is the chief criterion for an aluminum chelator. DFO
has for many years been the only well-established chelator for
reducing aluminum levels in the body (202,399), being beneficial in
the treatment of patients with aluminum overload from, e.g., dialysis
problems or bone disorders (400,401). Therefore members of the
hydroxypyranone and hydroxypyridinone group of ligands have been
assessed alongside DFO (and a number of other potential chelators)
for the removal of aluminum from the body (253,402). They have been
reviewed and assessed in relation to general aspects of health,
metabolism, toxicology, and the environmental impact of aluminum
(193). Maltol, kojic acid, and 1,2-dimethyl-3-hydroxy-4-pyridinone
were among 28 ligands examined as chelating agents for AI*", and
to a lesser extent Ga®'" and In®', in a simple blood plasma model
medium; speciation patterns permitted direct comparisons between
their binding efficiencies in such a medium (205). Quantitative
speciation studies in model biological systems have been carried out
for 1,2-dimethyl- and 1,2-diethyl-3-hydroxy-4-pyridinone, as well as
for DFO for comparison (403). Pharmacokinetic studies of five
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3-hydroxy-4-pyridinonate complexes of aluminum in rats indicated
that although the 1,2-dimethyl complex appeared to be non-toxic the
same could not be said for three of the other complexes (404). Adverse
effects of the most promising chelator, 1,2-dimethyl-3-hydroxy-4-
pyridinone, have generally been studied in relation to its use to treat
iron overload (cf. earlier), but they have also been considered in
relation to its possible use in aluminum chelation therapy (402,405).
The possibilities of using chelators such as hydroxypyridinones to
remove excess of both aluminum and iron from the brain have been
considered (406). It is likely to be much more difficult to remove iron,
as it is firmly bound in ferritin and hemosiderin in the brain, whereas
the aluminum is more accessible. As the problem seems to be that
excessive aluminum may interfere with the normal functions of the
iron this seems to make the situation more amenable to treatment
than is usually the case.

The opening years of the present century have seen considerable
activity, especially in Lisbon, in the development of new hydroxypyr-
idinone ligands for the chelation of aluminum in pharmaceutical,
clinical, or environmental applications. New bidentate 3-hydroxy-4-
pyridinones have included a variety of groups on the ring-
nitrogen. Derivatives have included 1-(CH,),CO,H with n =24
(407), 1-CH,CH,NEt, (408), peptide-mimetic groups such as 1-
(CHz)gCONHCHzCHzNEtg (408) and 1-(CH2)3CONHCH(NHQ)CH2C6H5
(409), groups containing a piperazine spacer, e.g., 1-(CHy)3C4HgNo-
CeHy-4'-X with X = H (409,410) or Cl1 (410), and simpler arylalkylamino
groups such as 1-(CH3)sNHCH,CgH,-4'-X with X = H or NOy (410). A
number of hydroxypyrimidinone and hydroxypyrazinone ligands have
also been synthesized (411), along with multifunctional ligands contain-
ing 3-hydroxy-4-pyridinone groups attached to the aminocarboxylates
ida (412) and edta (413). Stability constants, pM values, and distribution
coefficients have been determined for many of these ligands and their
complexes, sometimes with iron and gallium as well as with aluminum.
The gallium complexes are relevant to biodistribution studies, for which
67Ga was used. In contrast to all this activity relating to hydroxypyr-
idinones as potential chelators, a recent review of the current status
and potential of aluminum chelation therapy for the treatment of
Alzheimer’s disease contains rather few references to hydroxypyridi-
nones (414).

C.4. Diabetes

It was reported in 1980 that vanadate showed insulin activity (415);
at about the same time it was demonstrated that vanadate is reduced
to vanadium(IV) in vivo (416,417). Subsequently it was found that
orally administered vanadate restored blood glucose levels and cardiac
function to normal in rats (418). Vanadyl sulfate, less toxic than
vanadate, also lowers blood sugar levels and ameliorates cardiac
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problems associated with diabetes (419). It also enhances the effects of
insulin (420). However both vanadate and vanadyl salts are very
poorly absorbed, so an uncharged and less hydrophilic complex of
vanadium might well prove more easily absorbed and thus more
efficacious. This reasoning led to the successful testing and patenting
of BMOV, as an oral hypoglycemic agent (161). BMOV lowers blood
sugar levels (421) and consequently has a favorable secondary effect
on heart problems which often provide complications in diabetic
patients (422); its effectiveness has been compared with that of
vanadyl sulfate (423).

Several other oxovanadium(IV) complexes have been synthesized for
assessment as potential insulin-mimetic agents (163,424). These
include bis-oxalato-oxovanadate(IV) (425) as well as bis-kojate and
several bis-hydroxypyridinonate analogues (426) of BMOV. Assess-
ment has ranged from in vitro modeling (427), including probing
possible interactions with blood serum (153), to biochemical and
morphological studies on rat livers. The modeling studies have been
carried out on both hydroxypyridinonate complexes and on BMOV; the
liver studies on both BMOV (428) and its kojate analogue (429).

Vanadium(IIl) (118) and vanadium(V) (430) complexes, like vana-
dium(IV), enhance insulin action. The vanadium(III) complexes are
more resistant to aerial oxidation than expected, so need not be ruled
out on that count. However the vanadium(III) and vanadium(V)
complexes tested so far have not proved as effective as BMOV (431).

Maltolate complexes of cobalt(II), copper(Il), zine(II), chromium(III),
and molybdenum(VI) have also been tested for antihypoglycemic
activity. Complexes of MoO3", e.g. cis-MoOs(malt), (173), appear to
rank next to vanadium complexes in effectiveness in lowering blood
sugar levels; they may also have a role in preventing heart defects
developing as a result of diabetes (174,432). Co®" complexes are
moderately effective, while those of Zn®"(433), and Cr®" are relatively
ineffective (431) — though Cr(malt); was patented for the treatment of
diabetes as long ago as 1988.

C.5. Magnetic resonance imaging: Gadolinium complexes

NMR imaging techniques rely on the use of paramagnetic species, of
which the Gd3* cation offers particularly suitable magnetic properties,
to enhance signals (434,435). Multidentate hydroxypyridinonate com-
plexes of gadolinium have been much investigated as contrast agents
for MRI (269), as they appear to offer considerable potential advant-
ages. However it is necessary to maximize stability, selectivity,
relaxivity, and solubility in the search for Gd*" complexes suitable
for use as MRI contrast agents (268). Selectivity, and the maximization
of stability to avoid the release of toxic Gd®>" (aq), have been
documented in Section II.A.3.e earlier, where the incorporation of
hydrophilic entities such as -CH,OH (271), -OH, -NH,, -CO.H (224),



HYDROXY-PYRANONE AND -PYRIDINONE COMPLEXES 225

or -CH,OCH,- (82,222) to improve water-solubility has already been
mentioned. During the course of the investigations of the synthesis,
characterization, and stability of hexadentate hydroxypyridinone
ligands and gadolinium complexes cited in Section II.A.3.e the
relaxivities of the various complexes have also been monitored
(82,217,220,269,271,436). The factors which determine relaxivity
(268,269) are the number of water molecules coordinated to the Gd3™,
the exchange rates for such molecules (270,273), electronic relaxation,
and molecular tumbling. Hexadentate hydroxypyridinonate ligands
offer a marked advantage over currently used contrast agents such as
the dota and dtpa complexes, for these latter have one water
coordinated to the Gd®>", whereas the hexadentate hydroxypyridino-
nates leave two coordination sites available for binding water to the
Gd>" to bring it to its preferred coordination number of eight. That
this does indeed happen has been demonstrated for the tren-Me-3,2-
hopo complex, for which the crystal structure determination by X-ray
diffraction showed two waters coordinated to the Gd3* (217,436). The
biodistribution and efficacy of a number of the mixed (hopo/tam)
hexadentate ligand complexes of Gd®*" have been monitored, and the
effects of varying the nature of ligand substituents assessed (437).

C.6. Radioisotopes

The use of these types of ligands for the introduction of appropriate
radioisotopes for diagnosis or therapy has also been proposed
(325,438,439), e.g. in oral administration of Ga®' in the treatment of
bone cancers (440), or in administration of ¢’Ga and "In for
radiodiagnosis or radiotherapy (441). ®’Ga-labeled complexes of 1-
alkyl-2-methyl-3-hydroxy-4-pyridinones were proposed as potential
imaging agents, but biodistribution studies showed too rapid renal
elimination (199). The more lipophilic 1-aryl-2-methyl-3-hydroxy-4-
pyridinones were then suggested (36) and evaluated for their potential
for myocardial imaging, on the basis of biodistribution studies in a
range of animals, from mice to a dog (442). Technetium(IV) complexes
[TcLs]t with L~ = 1-alkyl-, 1-phenyl-, 1-benzyl-, or 1-cyclohexyl-2-
methyl-3-hydroxy-4-pyridinonate have been proposed as potential
renal imaging agents (443).

C.7. Actinides

The requirements for a successful agent for the removal of radio-
active actinides from the body are even more stringent than for the use
of lanthanides in diagnosis. For gadolinium it is necessary that the
hydroxypyridinonate complex is very stable, to avoid significant
release of toxic Gd®>" (aq), is sufficiently soluble, and has an
appropriate HLB. For actinide elimination it is also necessary for the
chelator to be sufficiently soluble and to have suitable targeting
properties. It is also desirable that the chelator does not have such a
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high affinity for, e.g., Ca®", Zn?", or Fe" that these ions are seriously
depleted during treatment. Nonetheless despite these strict require-
ments considerable success has been achieved in the design and
synthesis of hydroxypyridinones with potential to act as actinide
chelators. The much-studied 1,2-dimethyl-3-hydroxy-4-pyridinone
(dmpp; L1) has been suggested as a decorporation agent for uranium
and other actinides (231), but hexa- and octadentate hydroxypyridi-
nones seem more likely candidates, and indeed several such ligands
show promise for the decorporation of uranium, plutonium, and
americium, and other actinides — in a range of oxidation states from
+3 for americium up to +6 (177). The demonstration of the successful
removal of americium from mice by tren-Me-3,2-hopo, where acute
toxicity and tissue damage were minimal, provided an early example
(444). Both 3,2-hopo and 1,2-hopo ligands look promising, including
linear as well tripodal (tren-based) hexadentates, and an octadentate
ligand derived from ethane-1,2-diamine and containing four hopo
units (Fig. 12(a)) (177). However the decorporation of plutonium has
been the main focus of attention. Although hexadentate and
octadentates ligands are to be preferred in the light of their greater
binding power, even bidentate ligands such as 4-carbamoyl-1-methyl-
3-hydroxy-2-pyridinone have been assessed as sequestrants for
plutonium(IV). Many of these ligands proved more effective than
CaNasdtpa or ZnNasdtpa, both by injection and by oral administra-
tion. The dtpa salts can remove plutonium from body fluids, but
are ineffective at removing plutonium which has reached the liver
or skeleton (445). With sufficiently strongly binding ligands pluto-
nium can be mobilized from its complexes with transferrin and
ferritin (346), a hybrid desferrioxamine-hydroxypyridinonate ligand
(Fig. 12(b)) (446) forming a particularly stable complex with
plutonium(IV) (447). The synthesis of several hydroxypyridinones
of thorium and of cerium has been carried out to provide less
hazardous analogues for use in the search for effective chelators for

N0 NHM
E 5 E\N&\H\/\/\i’L o) NH’\/\/\T/LO
OH

(b)
@

Fic. 12. (a) An octadentate tetra(3-hydroxy-2-pyridinone) chelator on an
ethane-1,2-diamine template and (b) a hybrid desferrioxamine-3-hydroxy-2-
pyridinone chelator.
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plutonium(IV) (147,148) — though there also seems to be a need for an
effective chelator for thorium, as the only currently recommended
agent, dtpa, is only partially effective (177).

D. MISCELLANEOUS

Early synthetic work on the conversion of kojic acid into 3-hydroxy-
4-pyridinones was instigated in the hope of finding potential
anesthetics (25), but the results of this search proved disappointing.
However, various investigators over the subsequent seven and a half
decades have found a range of specialized applications and potential
uses for several hydroxypyridinones, a few of which are mentioned
later.

1,2-Dimethyl-3-hydroxy-4-pyridinone, dmpp, has been suggested for
treatment of manganese overload (109), which can occur amongst
workers in mining, battery manufacturing, and welding (448).
Manganese is neurotoxic (449,450), probably acting by modulating
iron redox chemistry (450). As Mn(dmpp)2(H20)s is readily oxidizable
to Mn(III), dmpp may facilitate reduction of manganese levels.

Trispyrazolylborates are models for tris-histidine active sites in zinc
enzymes, e.g., the matrix metalloproteinases involved in breakdown of
extracellular matrices. Inhibition of these metalloproteinases may
prove valuable in the treatment of, inter alios, cancer and arthritis, so
efforts are being made to find appropriate ligands to block the zinc
active site. The search has recently moved on from hydroxamates to
hydroxypyridinones — 1-hydroxy-2-pyridinone is a cyclic analogue of
hydroxamic acid. As reported in Section II.B.2 earlier, hydroxypyr-
idinones form stable five-coordinate complexes on reaction with
hydrotris(3,5-phenylmethylpyrazolyl)borate zinc hydroxide. Modeling
studies suggest that hydroxypyridinonate ligands should be able to
access the active site in the enzyme with ease (110).

Hydroxypyranonate and hydroxypyridinonate complexes have been
patented for the treatment of zinc deficiency (451) and are used in zinc
supplements. Maltolate and ethylmaltolate complexes of zinc, copper,
and tin have been included as essential constituents in patents for
formulations for oral care (96). The arylmercury(Il) complexes RHgL,
where R = 4-XCgH,4, X = Me, OMe, NO,, and L. = malt, koj, have been
tested for antibacterial activity (101).

Cr(malt); has been suggested as an uncharged substitute for the
commonly used tris(oxalato)chromate(III) for the broadening of
accessible nitroxyl spin labels or probes in experiments involving
biological substrates where the charge on [Cr(ox);]®~ makes it
unsuitable. The maltolate complex is effective, but less so than
[Cr(ox)3]®~ (452). Interest has been shown recently in the non-linear
optical properties of maltolate complexes, specifically of calcium,
cadmium, and lead (453).
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There have been a few attempts to utilize hydroxypyranonate and
hydroxypyridinonate complexes in homogenous catalysis, where the
modest water-solubility of some of their organometallic derivatives
could prove attractive. Ru(malt)s(PPhs), catalyzes the dimerization of
phenylacetylene to a 1:1 mixture of the E and Z forms of
PhC=CCH = CHPh (101). Ruthenium 3-hydroxy-2-pyridinone and 3-
hydroxy-4-pyridinone complexes act as catalysts for oxidation of
alcohols (103). The complex RuLy(AsPhs)s, where L™ = 4-hydroxy-3-
phenylazo-benzo-2-pyranonate, acts as a catalyst for oxidation of
benzyl alcohol, cyclohexanol, or cinnamyl alcohol by hydrogen
peroxide (454). This final reference deals with a non-chelating
hydroxypyridinone, and serves to remind us of the restriction of the
present review to those hydroxypyranones and hydroxypyridinones
which can chelate metal ions.

V. Nomenclature and Abbreviations

Abbreviations for 3-hydroxy-4(1H)-pyranones, such as maltol and
kojic acid, are generally based on their common names (see Section
II.A.2). The situation for hydroxypyridinones is more complicated,
with abbreviations depending on the research group involved. Thus
the most commonly encountered compound, 1,2-dimethyl-3-hydroxy-
4(1H)-pyridinone, from which the (1H) is often omitted, and pyridi-
none often shortened to pyridone, is variously referred to as L1, CP20,
dmpp, or a slight variation of the last. The isomers of the
hydroxypyridinones are often referred to as 3,4-, 3,2-, and 1,2-hopo
or -HOPO, or 3,4-, 3,2-, and 1,2-HP. Nomenclature and abbreviation
complications increase on going from bidentate to tetra-, hexa-, and
octadentate hydroxypyridinones. For the most fully studied series, the
tripodal hexadentates, the ligand abbreviation generally specifies the
cap or scaffold unit followed by the hydroxypyridinone, e.g., tren-3,2-
HOPO. Such usage implies three identical arms to the tripod; when in
recent developments it has been found advantageous to have
dissimilar arms, then the format is of the type tren-(3,2-HOPO),
(TAM), with ligands with three identical arms now shown as e.g., tren-
(3,2-HOPO)s. The reader is advised to consult Gordon et al. (177),
where formulae and abbreviations for over a hundred actinide
chelators, many of them hydroxypyridinones, are systematically laid
out.

Abbreviations for ligands which appear only once are generally
defined at the relevant point in the text; abbreviations which appear in
more than one place are listed and defined.

acac acetylacetonate (pentane-2,4-dionate)
depp 1,2-diethyl-3-hydroxy-4-pyridinonate
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dmpp 1,2-dimethyl-3-hydroxy-4-pyridinonate (also known as L1)

dota 1,4,7,10-tetraazadodecane-N,N',N",N"'-tetraacetate
dtpa diethylenetriaminepentaacetate

edta ethylenediamine-N,N,N',N'-tetraacetate

empp 1-ethyl-2-methyl-3-hydroxy-4-pyridinonate

etmalt ethyl maltolate; 2-ethyl-3-hydroxy-4-pyranonate
hopo hydroxypyridinone or hydroxypyridinonate (see earlier)
ida iminodiacetate

koj kojate; 6-hydroxymethyl-3-hydroxy-4-pyranonate
malt maltolate; 2-methyl-3-hydroxy-4-pyranonate

mec meconate

tam 2,3-dihydroxyterephthalamide

tren tris(aminoethyl)amine

trpn tris(amino-n-propyl)amine
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|.  Introduction

Transition metal oxides have uses in myriad industries from
heterogeneous catalysis and transport (e.g., automobile catalytic
converters) to sensors, integrated circuits and biomedical technologies,
yet research progress in these areas often has been slow in part
because it is hard to know and thus to tune or tailor the precise
electronic and geometrical structures of metal oxide surfaces and their
associated acid/base and redox chemistries. The attraction of some
early transition metal oxygen-anion clusters (polyoxometalates or
POMs) is that they mimic the structural and reactivity properties of
transition metal oxides, yet they are discrete molecular units
(polyanions with well defined counterions) that are soluble and
amenable to thorough characterization by nearly all the methods
(diffraction, spectroscopic, etc.) common to inorganic chemists (1-6).
In the last few years thousands of articles describing hundreds of
distinct POM structures have appeared. This has ushered in a more
defensible comprehension of POM physicochemical properties and a
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commensurately greater sophistication for preparing, purifying and
characterizing these mineral-like inorganic cluster anions.

It is now possible to prepare POMs with targeted structures, reduc-
tion potentials, surface charge densities and other properties. It is the
diversity and tunability of these properties that have enabled particular
POMs to realize two classes of new materials described here that have
been sought and speculated about for some time: terminal-oxo
compounds of the late transition metal elements and porous materials
that catalyze organic oxidations using only the ambient air. This work
was presented at the International Symposium on Redoxactive Metal
Complexes in Erlangen, Germany (October 4-7, 2006).

II. Late Transition Metal-Oxo (LTMO) Complexes

Terminal multiply bonded oxygen ligands to the d block elements
become increasingly unstable as one moves across the series from left
to right and electrons are added to the metal center (7-14). To
illustrate: the terminal-oxo complexes of d°, d' and d? metal centers
such as W(VL, V, IV), Mo(VL, V, IV), V(Vor IV) etc. are quite stable and
display modest reactivity. As a consequence, W-oxo, Mo-oxo, V-oxo and
electronically related units are ubiquitous in nature (soils, minerals,
etc.) and also occur in various synthetic materials including many
classes of inorganic compounds. In contrast, the terminal-oxo
complexes of d® and d* metal centers are less stable thermodynaml-
cally and correspondlngly more reactive. Indeed the oxoferryl (Fe“-
ox0) group is arguably the most important and prevalent potent
oxidant in biology; both the low-spin (S =1) and high-spin (S = 2)
forms are powerful oxidants found in metalloenzymes (15-18). By the
same token, high-valent Mn-oxo species are highly reactive and may
be key intermediates in metalloenzymes and the oxygen evolving
center (OEC) in green plant photosynthesis (19-25). Continuing this
stability/reactivity trend, terminal metal-oxo species of elements to the
right of column 8 (Fe, Ru, Os), with one exception, were unknown prlor
to 2004. This exception was the d* four-coordinate Cs, (mesityl);Ir'-
oxo complex reported by Hay-Motherwell et al. (26,27). No such
complexes of the column 10 (Ni, Pd, Pt) or column 11 (Cu, Ag, Au)
elements were known.

These findings led to the concept of the “Metal-oxo Wall” or “Ru-oxo
Wall”, namely terminal metal-oxo units are well known for nearly all
early and mid-transition metal elements but simply unknown for the
late transition metal elements (Fig. 1). The generic explanation for
this phenomenon is that as one moves to the right in the d block, the
metal center necessarily has more d electrons. This in turn requires an
increasing population of orbitals that are antibonding with respect to
the terminal metal-oxo unit. A simplified molecular orbital diagram for
a six-coordinate C,, transition metal-oxo unit shown in Fig. 2 explains
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Terminal metal oxo species
are stable and ubiquitous. Terminal metal oxo species
(d® and d conﬁgurations) were unknown until 2004.

one exception:
Termmal metal oxo species (mesityl)lr-oxo
are important and intensely
investigated.

Fic. 1. The “Metal-oxo Wall” illustrates the decreasing thermodynamic
stability and increasing reactivity of the terminal metal-oxo unit as one
traverses these elements from left to right in the periodic table.

Gd,2-p,

metal-based ;%;@V: T apry d® (net single bond)

orbitals
% B, d? nonbonding

ligand-based % % M syt pry no d electrons
orbitals = triple bond
1; Od,24p,

Fic. 2. Significant molecular orbitals of terminal transition metal-oxo
units in a six-coordinate Cj, ligand environment. The d° configuration is a
formal triple bond. The highest occupied molecular orbital in the d2
configuration is formally nonbonding (6 symmetry) so the metal-oxo bond
order remains 3.0. However, d-electron counts above d? populate orbitals that
are antibonding between the metal and the terminal multiply bonded ligand
(oxo in this case, but alternatively, alkyl-imido, nitrido, sulfido, etc.). Note
that all the equatorial ligand orbitals and the metal dy:_y» orbital (b; in Cy,
symmetry) are ignored for simplicity.

this and the generic basis of multiple bonding in these species. Six-
coordinate geometries are the most common in coordination com-
pounds, metalloenzyme active sites and metal oxide surfaces. As
shown, any d-electron count above two renders common six-coordinate
transition metal-oxo complexes reactive by virtue of populating
antibonding orbitals with an associated decrease in metal-oxo bond
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strength and increase in metal-oxo bond length. Although terminal
metal-oxo complexes of the noble metal elements, palladium, silver,
gold and in particular, platinum, the single most important element in
abiological catalysis, were unknown prior to the work presented in
this chapter, this was not for lack of effort. Organometallic, inorganic
and heterogeneous catalysis research groups had endeavored to
identify them as intermediates using spectroscopic methods and
indeed attempted to prepare and isolate them, but without reported
success.

The same general ligand electronic features that stabilize conven-
tional low-valent organotransition metal complexes would also
stabilize terminal metal-oxo complexes of the late transition metal
elements (LTMO compounds), namely strong o donation and =«
accepting character. Removal of antibonding (™) electron density on
the metal-oxo unit would have the effect of increasing the net =
bonding and thus stabilizing the terminal metal-oxo unit. POMs of
many kinds (polytungstates, polymolybdates, polyvanadates, polynio-
bates, etc. and mixed metal polyanions) such as the corresponding
metal oxides (WO3, MoO3, V505, NboOs, etc.) are electron poor and
thus capable electron acceptors. In addition, POMs can function as
strong multi-dentate ligands for nearly all metals (s, p, d and f block
elements). However, knowing the energies of the empty metal-based
delocalized orbitals in POMs, those that might be orchestrated to
accept antibonding electron density from a central metal-oxo moiety, is
not straightforward.

Reaction of [A-0-PWy044]°~ and Pt(II) salts in aqueous solution
under argon produces the expected sandwich complex,
[Pti(PWo0s54)51'%", based on NMR and FT-IR data, one containing
conventional d® Pt(II) square planar centers (Fig. 3). Significantly,
however, the same reaction when conducted in the presence of ambient
air, exhibits different colors indicating different processes are oper-
able. By judicious choice of counterion (addition of excess KCl), the
first noble metal-oxo complex, a Pt(IV)-oxo compound, K;Nag
[Pt(O)(OH5)(A-0-PWo0s34)2] (1) was eventually isolated in pure form
in 25% yield (Fig. 3) (28). Although variable-temperature magnetic
susceptibility and NMR spectra indicated that 1 is diamagnetic, it
decomposes in water even in the absence of an organic substrate (or
other reducing agents).

Crystallographic studies of 1 reveal a very short Pt-O bond
(1.720(18)A) is trans to the longer Pt—-OH, bond (2.29(4)A). The
central Pt atom is bound to two symmetrically equivalent polytung-
state clusters each through two oxygens, defining a square equatorial
plane in an approximate Cs, molecular geometry. The Pt-O,y, bond is
the shortest Pt—-O bond in the literature and clearly in the range of
terminal multiply bonded transition metal-oxo species. The distance to
the ligand trans to the terminal-oxo is 2.29(4) A strongly suggesting a
dative (coordination) Pt-OHs bond. Known Pt—-OH bond lengths range
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aqueous KyPtCl, +KClI

ambient T, argon

same conditions, but
under ambient air, KCI

[A-0-PWg0,,1%

Il
[Pt',(PW 0
(conventional Pt(ll) centers)

3)2l'%

K7Nag[Pt(O)(H,0)(PWg0s34),] (1) (a Pt(IV)-oxo center)

Fic. 3. Synthesis of a conventional d® Pt(II) complex under argon and an
unconventional terminal Pt(IV)-oxo complex under air.

from 1.943 A to 2.079 A and average 1.998 A. Two potassium cations
located in the cavity between the two polytungstate units doubtless
stabilize the entire sandwich structure by electrostatically linking the
two [A-0-PWy034]°~ frameworks.

Although we felt the distances in the Pt-oxo unit were unequivocal
based on the disorder-free X-ray structures, we endeavored to use an
additional structural method to assess this unprecedented structure,
neutron diffraction. As an independent structural technique, neutron
diffraction can determine not only the absolute structure of molecules
but also the location of hydrogens. The latter are almost never located
in even the best X-ray crystallographic structure determinations of
polytungstates.

The neutron diffraction data of a crystal of 1 with approximate
dimensions of 1x2x3mm?® were obtained at the Intense Pulsed
Neutron Source (IPNS) at Argonne National Laboratory using the time-
of-flight Laue single crystal diffractometer (SCD). Examination of the
Fourier maps around O35 (terminal-oxo ligand on the Pt center) do not
show the significant negative scattering density which is indicative of
the existence of hydrogen atoms. Significantly, a large area of negative
scattering density is seen around water oxygens in the structure
(see later), showing neutron diffraction is a powerful structural method
to locate hydrogen atoms in POM environments and thus confirming
that no hydrogen atom is bound to the terminal-oxo ligand. Some
negative density can be observed in the Fourier maps in the area
surrounding O6W, the aqua ligand ¢{rans to the terminal-oxo oxygen,
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and may be safely attributed to the presence of hydrogen atoms.
However, due to the positional disorder of this trans aqua ligand (slight
displacement of this oxygen from the C, axis by potassium ions and
phosphate oxygens that are within the van der Waals distance of O6W),
the hydrogen atoms on this aqua ligand are not included in the final
refinement.

An important internal check is that two hydrogens, Hla and H1b,
are clearly localized and bound to the lattice water molecule O1W, and
that Hla apparently is hydrogen bonded to the POM oxygen O4 at a
distance of 2.52 A. An additional region of negative scattering is seen
close to O4 and may denote a hydrogen atom associated with any of a
number of neighboring water oxygens. Besides O1W, there are four
water oxygen atoms sufficiently close to O4 to facilitate hydrogen
bonding (O8W, 2.73 A; O21W, 2.56 A; O10W, 2.85A; O17W, 3.03 A).
This map shows the kind of negative scattering density that would
lead to a hydrogen atom assignment, and it is clear that no such
feature is seen close to 035.

By using a ligand in which two [A-0-PWg03,4]°~ units are fused
together by a [O=WYY(OH,)]*" moiety, a second terminal LTMO
complex, of formula, K;oNag[Pd™Y(0)(OH)WO(OHy)(PW4034)s] (2), was
isolated and purified by crystallization (29). Like the Pt-oxo complex,
this Pd-oxo complex was thoroughly characterized by multiple X-ray
structure determinations, variable-temperature magnetic measure-
ments, several spectroscopic techniques, and multiple elemental
analyses. A crystallographic disorder problem involving the atoms on
the opposite side of the polyanion unit from the Pd-oxo group was not
clarified until recently when a better single crystal of the terminal
Pd-oxo complex, 2, was obtained. In conjunction with this X-ray
crystallographic determination, an even lower temperature of data
collection was used and face indexing was applied for better absorption
correction, since typically used correction methods for organic or
organometallic complexes are not sufficient in POM systems
with many heavy atoms. This addition/correction (JACS, 2008, 130,
2877-2877) only indicated that the original assignment of the Pd-oxo
unit is correct. Importantly, a single peak at —11.70 ppm is shown in
the 3'P NMR spectrum of 2, a result consistent to the crystallographic
studies of this complex showing the presence of two symmetry-
equivalent phosphorus atoms per polyanion. Extended X-ray absorp-
tion fine structure (Pd EXAFS) studies of 2 confirmed that the very
short terminal Pd-oxo bond distance (1.68+0.05A) was the same
within experimental error as that obtained in the diffraction studies
(1.63+0.03A) (29). The Pd XAS data for 2 were acquired at the
Stanford Synchrotron Radiation Laboratory (SSRL) on focused 30-pole
wiggler beam line 10-2 with the Si(220) monochromator for energy
selection at the Pd K-edge. The Curve fitting results for the Pd K-edge
EXAFS of 2 are shown in Table I.
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TABLE I

Curve Frrring REsuLts For THE Pp K-EpGE EXAF'S or 2

Fit number Coordination model N?  Scatterer R (A)b o (AZ)C Fit error?
for the first shell

1 50 5 0 1.97 0.0043 0.217
4 w 3.60 0.0021
4 o-W 3.73 0.0021
2 K-0 3.98 0.0023
8 0-0 4.67 0.0043
2 60 6 0 1.97 0.0055 0.263
4 w 3.60 0.0021
4 O-W 3.73 0.0020
2 K-O 3.98 0.0023
8 0-0 4.67 0.0044
3 10 1 0] 1.71 0.0154 0.181
40 4 0 1.96 0.0028
4 N 3.60 0.0027
4 Oo-W 3.73 0.0023
2 K-O 3.96 0.0026
8 0-0 4.66 0.0045
4 10 1 0 1.68 0.0067 0.151
50 5 O 1.96 0.0043
4 w 3.60 0.0023
4 o-W 3.73 0.0023
2 K-O 3.97 0.0026
8 0-0 4.67 0.0046
5 10 1 0 1.71 0.0146 0.160
40 4 0 1.96 0.0027
10 1 0 2.41 0.0047
4 w 3.59 0.0024
4 Oo-W 3.73 0.0023
2 K-O 3.95 0.0027
8 0-0 4.62 0.0044

“N is the coordination number.

®R is the mean distance.

¢s? is the bond length variance.

9The fit error is defined as [Z(xexp—xcalc)zks/ XYexp 2k81V2 where % is the EXAF'S data point. The
accuracies estimated for bond lengths are approximately +0.03 A; the resolution is 0.14 A.

In contrast to the terminal-oxo unit in the platinum complex, 1, this
unit in palladium complex, 2, is sterically protected because it points
inside a central metal-oxide-like d° oxidatively resistant cavity (Fig. 4).
Thus it is not surprising that 2 is far more stable in unbuffered
aqueous solution (a period of at least days) than 1. Nonetheless, while
steric encapsulation is a defensible rationale for the relative hydrolytic
stabilities of 1 and 2, it is clearly not the entire story. More recent data
suggest that the stability of LTMO units is not purely steric in nature
because more robust polytungstate ligands, ones that have stabilizing
[0=W"YOHy)** groups linking the same chelating {A-PW} units
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Terminal oxo is
pointing inside the
sandwich structure

trans hydroxo

ligand \A

to W-oxo oxygens

[(H,0)WVI(O)]4+ unit
adds considerable
hydrolytic stability

[Pd"(O)(OH)WO(OH,)(PW,0,,),]'*
(the polyanion of 2)

Fic. 4. X-ray crystal structure of the Pd-oxo polyanion of 2 showing the
central K+ and [0=W" (OH,)I*" units that stabilize the complex.

present in 2 yet have the terminal noble metal-oxo group pointing
away from and not into a cavity of the polytungstate are also
significantly more stable than 1. At the same time recent experimental
results clearly indicate that steric protection around the terminal-oxo
oxygen significantly retards reactivity toward organic substrates. The
structures and reactivities of such LTMO complexes will be published
shortly.

All crystallographic studies unambiguously rule out cationic Pd
counterions to the polyanion of 2, and chemical and physiochemical
studies (e.g., P NMR and electronic absorption spectroscopy, cyclic
voltammetry method) suggest that the only one Pd atom established
by repeated elemental analyses is located at the bridging site. There
are three lines of evidence for OH™ as the ligand ¢rans to the terminal
oxo unit. First, the bond length of 1.99(2) A is more consistent with a
Pd-OH than Pd=0 or Pd—OH,. Second, the total number of counter-
cations (10 K* and 3 Na'), found by elemental analyses and
established by X-ray crystallography, are consistent with the overall
13— negative charge on the polyanion unit. Notably, anions other than
2 are clearly absent in the lattice (and the absence of ClI~ was
confirmed by elemental analyses), consistent with the +4 oxidation
state of Pd and an overall charge of 13— on the molecule. Third, the
protonation and deprotonation process followed by pH-dependent UV-
Vis and 3'PNMR titration studies strongly suggest the trans OH~
ligand (Fig. 5).

The existence of a multiply bonded terminal Pd=O0 unit is further
confirmed by YO NMR spectroscopy. Previous studies revealed that
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Fic. 5. Titrations of 2, the terminal Pd-oxo complex, in aqueous solution,
monitored by UV-visible spectroscopy. Black Line, fresh 2 in H,O (pH = 6.30);
red line, pH = 3.5; blue line, final solution (pH = 6.25). These spectroscopic
changes are completely reversible. Similar reversible changes are also noted
in the 3P NMR spectra of this complex as a function of pH.

the oxygens in many POMs can exchange with the oxygen in water
(30-33). As expected, we found that '’O enrichment in 2 was readily
accomplished by one of two methods both involving ?O-enriched
water. However, it is worth noting that nonstatistical ’O enrich-
ment of all the symmetry-distinct oxygen sites could render accurate
quantification (integration of the NMR spectra) problematical. The
direct use of ’O-enriched water as the solvent results in rapid oxygen
exchange at mild temperature in the case of K;¢[PaW30070(OHs)s]
{PaWyq}, an isostructural all-tungsten analogue of 2. On the other
hand, 170 enrichment of 2 is less efficient than in {P;Wqo} due to the
significantly lower solubility of the LTMO complex in water. An
alternative isotopic enrichment procedure entailing the use of
nonaqueous solvents, was used. The stability of these POMs in water
and in nonaqueous solvents was investigated and confirmed using
3'PNMR.

The 70 chemical shifts for 2 and {PsWs} agree well with the general
correlation between downfield chemical shift and oxygen n-bond order
(30,34). In the structure of 2, there are 11 classes of symmetry-
equivalent terminal-oxo oxygens: a Pd=0 (multiple bond) and 10 W=0
(triple bond) units. Differences in the n-bond order and in the metal
center itself (Pd versus W) result in ca. 160 ppm upfield shift for the
terminal-oxo oxygen on Pd relative to those on the W atoms. The
relatively similar coordination environments of the several symmetry-
distinct bridging oxygens of the polyoxoanion framework in 2 result in
several similar chemical shift values from 370 to 450 ppm. A very strong
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peak at 326 ppm is assigned to the oxygen of Pd—~OHy unit (the original —
OH ligand on Pd protonates during extraction from water to CH,Cl,
because the pH is lowered to 3.0 with the addition of HCI to facilitate
this extraction process). The polytungstate isostructural to 2% namely
K;10[PoW3o(OHg)2070], was also prepared and examined by O NMR
spectroscopy. As expected, the chemical shift ranges of the terminal-oxo
oxygens on W and the bridging oxygens of the framework are similar to
those of 2. Importantly, however, there are no peaks around 560 and
326 ppm, which are assigned to the oxygens of Pd=0 and Pd-OH,,
respectively. The 17O NMR experiments run on a '’O-enriched sample
of 2 also suggest the solid-state structure is maintained in solution.
All these NMR data and the experimentally and theoretically
documented correlation between 1’0 NMR chemical shift and oxygen
n-bond order as well as the fact that no peak shown up around
560 ppm in K;o[PoWso(OH5)2070] indicate that there is n-bonding and
multiple bonding character between the Pd and its terminal-oxo
oxygen.

Five lines of evidence suggest that the oxidation state of the Pd of 2
is +4. First, 13 countercations (10 K" and 3 Na*) can be located in all
X-ray data sets and are found in repeated elemental analyses (no CI™
is detectable). This is consistent with the negative charge of the
polyanion of 2, [Pd"™VO(OH)P;W;90ge(OH)1'®~. Second, structural
analysis of the Pd atom, including X-ray single crystal diffraction and
Pd EXAFS, confirms the multigly bonded terminal-oxo ligand and
indicates the existence of a d° Pd(IV) configuration. Third, four
electrons are needed to obtain Pd(0) in controlled potential coulometry
which is consistent with the reduction of Pd(IV) to metallic Pd(0).
Fourth, the diamagnetism of 2 (based on room temperature magnetic
susceptibility measurements and 3'P NMR chemical shift and peak
width) argues for a d® PA(IV) and against a d® Pd(II) or d* Pd(VI) (for a
local Cy4, metal center). Fifth, the electronic absorption spectrum of 2 is
also consistent with a six-coordinated local C,, Pd(IV) with d®
electronic configuration.

Interestingly, Kortz and co-workers reported that reaction of Pd(II)
precursors with various lacunary (defect) polytungstates under
oxidizing conditions (exposed to air) led only to conventional Pd POM
complexes, i.e., those containing only the expected d® Pd(I) square
planar centers (35-37). Comparison of the Kortz and Hill group
synthetic conditions leads to three inferences. First, the use of B-type
trivacant Keggin-type POM units, [B-XWy0331°~, X = As(III) and
Sb(III), (versus the A-type used to prepare the LTMO complexes
described earlier) does not facilitate formation of isolable LTMO
complexes. The likely explanation for this is that the lone pair of
electrons on the central heteroatom, X, in the [B-XWgy03,1°~
polyanions crowds and thus destabilizes the ligand on the central late
transition metal that protrudes into the cavity defined by the two
{XWy} units. This ligand can be either the terminal-oxo or the ligand
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trans to it; in either case the LTMO unit is destabilized. The ligands
trans to the terminal-oxo in 1 and 2 are aqua and hydroxo, respectively
(see Figs. 3 and 4). Second, Kortz and co-workers prepared
[CsoK(H50)7PdoWO(H0)(A-0-SiWg0354)91°~ under conditions very
similar to those used in our laboratory and no Pd-oxo compound was
noted (36). This likely reflects electronic differences between [A-a-
PWy05,1°~ and the isostructural Si analogue that Kortz used, [A-o-
SiWe0541'°~, and indicates that lone pairs on the POM heteroatom
disrupting the linearity of LTMO unit, [(H,O)M(O)]"" is not the only
issue precluding LTMO formation. Third, the counterion used in the
LTMO compound synthesis is important. For example, Na, K and Cs
can and usually do lead to different complexes in solution and in the
crystalline solid state. Our recent work, showing that the kind
and concentration of counteractions largely control speciation of
Pd-substituted POMs, will be published soon.

Dioxygen- (and air-) based oxidation catalyzed by supported Au(0)
nanoclusters and films has been one of the most intensely investigated
research areas in the past 5-7 years (3843). Oo-based oxidations of
CO to CO; and several organic substrates have been examined in
depth, and considerable emphasis has been placed on characterization
of the Au catalysts themselves (38—43). Success at generating terminal
Pt- and Pd-oxo complexes under aerobic conditions suggested that the
terminal metal-oxo compounds of the Group 11 elements (Cu, Ag, Au),
and in particular Au, might also be accessible, although with higher
d-electron counts, the synthesis and isolation of Au-oxo compounds
could well be even more problematical than for the Pt and Pd
analogues.

Au-oxo complexes can indeed be prepared, isolated and character-
ized using procedures similar to those employed for the Pt- and Pd-oxo
complexes, but appropriate pH values and ionic strengths are required
to keep all species in solution and to maintain the stability of
the initial and final polytungstate units (44). To date, two terminal
Au-oxo complexes have been prepared and fully characterized:
K;5sH5[Au(O)(OH5)PoW 150651 (8), a complex that is isostructural to
the Pt-oxo complex, 1, and K;Ho[Au(O)(OH3)PaW50O70(OHy)s] (4). The
Au-oxo complexes generally appear to be less stable than the Pt-oxo
and Pd-oxo complexes; they are certainly less stable to reduction.
Complexes 1 and 3, 2, and 4 have, respectively, zero, one or two
[0=W"Y(OH,)I*" bridges between the [A-0-PWy03,1°~ units, and
stability in solution increases significantly with the presence of
each [0=WYYOHy)]** bridge. This is not surprising given that each
bridge reduces the number of active sites (including the LTMO units)
in the compounds that are sterically accessible to other reactants in
solution and simultaneously reduces the negative charge density on all
the POM oxygens, a factor that has always correlated with POM
reactivity (6). For example, the most negatively charged polytung-
states, effectively nucleophiles, are well documented to react most
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rapidly and completely with a range of organic and organometallic
electrophiles (6,45).

The difference between 3 and 4 with their isostructural all-tungsten
complexes, K14[P2W19069(OH2)]'24H20 and K4H2[P2W21071(OH2)3]‘
28H50, respectively, in the thermogravimetric analysis (TGA) is
worthy of note (Fig. 6): both 3 and 4 lose an additional ca. 0.6%
weight at high temperature; whereas the weights of {P;W;9} and
{P2Ws1} remain constant (44). These results suggest that both 3 and 4
likely decompose by evolving dioxygen at high temperature (the
contents of the terminal-oxo oxygen on Au and its trans aqua ligand
are 0.59% and 0.58% for 3 and 4, respectively). The thermal evolution
of Oy is under investigation.

The purity of the terminal Au-oxo complexes, 3 and 4, was
established by several methods including *'P NMR (3 and 4 have
only one phosphorus peak at —8.55 and —13.15ppm, respectively),
cyclic voltammetry, electronic absorption spectroscopy, vibrational
spectroscopy, detailed magnetic measurements and elemental analysis
on all elements (triplicate analyses for Au) (44). The single peak
in the 3PNMR spectra is consistent with the Cy, symmetry of 3
and 4 established by multiple X-ray crystallographic structure
determinations and a neutron diffraction study on 3 at liquid He
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Fic. 6. Thermogravimetric analysis of the terminal Au-oxo complexes, 3
(black), 4 and their isostructural all-tungsten analogues (noted as {PoWio}
and {PaWs1}, respectively).
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temperature. Differential scanning calorimetry (DSC) and TGA show
that 3 and 4 are both fairly stable as pure single crystals.

The structure of Au-oxo complex 3 is unambiguously determined by
both X-ray single crystal diffraction and neutron diffraction, and the
latter confirms the terminal-oxo ligand on the Au center (44). Similar
to 1, the very short Au-O,x, bond (1.763(17)A) is trans to the longer
Au-OH; bond (2.29(4) A) (Fig. 7), and the central Au atom is flanked by
two symmetrically equivalent {A-PWgy} polytungstate cluster ligands
each through two oxygens, defining an O4 square equatorial plane
around the Au atom. Covalent single Au-O bonds with bridging oxo
groups are typically in the range of 1.90-2.10 A, exemplified by many
structurally characterized gold oxides (46), and recently reported
molecular gold complexes (47—49).

In neutron diffraction studies, the Fourier map does not show
significant negative scattering density around the terminal Au-oxo
oxygen 035, a result similar to the previous neutron diffraction on the
terminal Pt-oxo complex 1, thus ruling out the possibility that a

Fic. 7. Structure of the singly-bridged Au-oxo complex, 3. Top left,
combination polyhedral/ball-and-stick representation; right, thermal ellip-
soid plot. The PO, and WOQOg polyhedra (or W atom) are shown in lighter and
darker gray. Bottom left, X-ray structure of the coordination polyhedron
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hydrogen atom is bound to the oxo ligand. The lack of a hydrogen on
the oxo oxygen, Au-O,,, distance, and displacement of the Au atom out
of the O4 equatorial plane (henceforth referred to as the “doming”
distance) are three arguments from diffraction studies alone suggest-
ing that these complexes are terminal Au-oxo complexes and not
Au-hydroxo complexes (44). The trans aqua ligand is confirmed by
the presence of hydrogen atoms in the area surrounding O1W.
The crescent-shaped scattering density proximal to O1W indicates
disorder of this aqua ligand about the twofold axis. This is also
consistent with the observation in the X-ray structure of 3 that oxygen
O1W has large thermal parameters resulting from slight displacement
of this oxygen from the C, axis by the repulsion of potassium ions
and phosphate oxygens O27. The latter are within van der Waals
distance of O1W.

Unlike 3, the polyanion unit of [AuO(OH3)PyW50070(0OHs)o1°~ (4) is
disordered. This type of disorder (resulting from crystallographically
imposed D3, symmetry on the C,, polyanion), is also present in
[PoW4;071(0Hs);51%~, an all-tungsten isostructural complex in which
an O=W(OH;) group replaces the O=Au(OH,) group (44). It can be
well modeled: the two W atoms on the equatorial plane, as well as their
inward-oriented oxo groups and outward-oriented aqua ligands are
evenly divided with respect to the three interior mm sites. The latter
have an ideal site-occupancy factor of 2/3. The Au atom, together with
its inward-directed aqua and outward-directed oxo ligands, is
disordered over the three exterior mm sites. These have an ideal
site-occupancy factor of 1/3. All the resulting key distances in 4
including Au—O,y, (1.77(4) A), Au—OH; (2.32(6) A, aqua ligand trans to
oxo ligand), Au—OW (1.963(11) A, Au-O bonds in the equatorial plane)
and Au-C; (0.32(1) A, the doming of Au) are almost identical within
experimental error to those in the three X-ray crystal structures of 3.
In other words, the Au(O)(OH3)(O-W)s coordination spheres are
nearly identical in these two structures. The purity of the samples
from which the single crystal of 4 for diffraction were obtained were
confirmed by 3P NMR (44). No polytungstophosphates, including
[PoWo1071(0H)518~ {PoWoy), were extant in either sample. Impor-
tantly, addition of authentic samples of {Py;Wyo} (the starting
monovacant polytungstate ligand) or/and {P3Wy} (the isostructural
all-tungsten polytungstate) to the aqueous solution of 4 has no effect
on the Au-oxo complex peak and gives the new characteristic chemical
shifts of {P;Wyo} or/and {P3Ws 1} at —12.30 or/and —13.25 ppm. This
finding, in turn, shows, first, that the Au atom is not a countercation to
the polyanion of 4, but rather incorporated into the polytungstate
framework, and second, the polyanion is stable and does not undergo
metal exchange or any other kind of isomerization in solution. Table II
summarizes and compares key distances in the LTMO compounds
prepared and characterized to date.
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TABLE II

Bonp Distances (A) IN THE [M—-Og] Cores oF THE LATE TraNsITION METAL-Ox0 (LTMO)
CompPLEXES TO DATE (M = Pr, Pp AND AU) FROM X-RAY DIFFRACTION STUDIES

Complex Atoms Distances (A)
Pt1 — 035 1.720(18)
Pt-oxo (1) Ptl — O6W 2.29(4)
Pt1 — 029/029A 1.911(10)
Ptl — 030/030A 1.905(11)
Pd1 — 070 1.60(2)
Pd1 - 071 1.99(2)
Pd-oxo (2) Pd1 - 032 1.937(10)
Pd1 — 033 2.007(11)
Pd1 — 037 1.958(11)
Pd1 — 038 1.993(11)
Aul — 035 1.763(17)
Au-oxo (3) Aul - O1W 2.29(4)
Aul — 032/032A 1.910(11)
Aul — 034/034A 1.877(11)
Aul — 010 1.77(4)
Au-oxo (4) Aul — 011 2.32(6)
Aul — O5 1.963(11)

Variable-temperature measurements of the magnetic susceptibility at
0.1 and 1.0 T between 2 and 290K indicated temperature-independent
diamagnetism (44). That is, flat y versus T curves, for both 3
(Xdia/TIP(3) =-10.2 x 10_4 emu mol_l) and 4 (Xdia/TIP(4) =-9.8x
10 *emumol ') were obtained. By comparison these numbers for the
corresponding non-functionalized isopolytungstate cluster compounds
are as follows: {PoW1o} (aiaripPaWiet = —10.0 x 10~ *emumol 1) and
{PoWa1d (aiaripPaWa1} = —9.5 x 10~ * emumol 1) provided that differ-
ences in the numbers of crystal water molecules and potassium
countercations are appropriately noted. The diamagnetic susceptibil-
ities for {PsW;g} and {P3Ws;} on a molar basis have been determined
under the same conditions. We note that substitution of a WY{(0)(OHs,)
group in {PsWio} and {PsWs1} by an Au™(O)(OH,) group in 3 and 4
results in a slight increase in the absolute values. This is explained to
some extent by an increase in the number of countercations. The
temperature-independent paramagnetic (TIP) contributions are sizable
for all polytungstates. Using diamagnetic values (calculated from
tabulated Pascal constants) for 3, 4, {PsW19} and {PyWy,} significantly
overestimates the actual observed susceptibilities.

The oxidation state of Au in both Au-oxo complexes 3 and 4 was
thoroughly investigated by several chemical and physicochemical
methods (44). First, bulk electrolysis (coulometry at controlled
potential) confirms the Au(IIl) oxidation state assignment in both 3
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Fic. 8. Plots of the corrected electron equivalents, n = (C-Cy,)/FN, passed
during bulk electrolysis at controlled potential versus time. (I) 3.37mM
(NH4AuCl,, 50mM NaySO4 buffer, pH ca. 2, 0.4M NaCl, E = 320mV;
(II) 2.0mM 3, 50mM Na,SO4 buffer, pH ca. 2, 0.4 M NaCl, E =300mV;
(IIT) 4.2mM 4, 0.2M Na(CH,CICO5) buffer, pH ca. 3, E = 350 mV.

and 4: three electrons (n was found to be ca. 3.2) are needed for the
complete conversion of gold to Au(0) (Fig. 8, bright Au mirrors are
produced in the bulk electrolysis experiments). Second, chemical
titration of the more stable Au-oxo complex 4 in solution by well-
characterized one-electron reducing agents, including 2,2’-azino-bis(3-
ethyl benzothiazoline-6-sulfonic acid) (ABTS?"), [FeIi(CN)6]4_ and
[SiW120401°~, confirms the existence of a d® Au(III) center in each
molecule. The reaction of 4 with ABTS®™ or [Fe"(CN)g]*~ is fast and
can be followed by UV-Vis spectroscopy since the oxidized products,
intensively green colored ABTS ~ or the yellow [Fe'™ (CN)¢I®>~, are
stable under argon and their yields can be quantified by their
characteristic electronic absorption features (ABTS®~ has maxima at
417, 645 and 728 nm, and the [Fe(CN)s]>~ has a maximum at
420 nm). Moreover, the reduction of 4 by [SiW;5040]°~ is monitored by
using solution reduction potentials (Fig. 9) (44). The titration end-
point determined from intersection of two lines shown on Fig. 9 proves
that 3.05+0.15 equivalents of [SiW;50401°~ are required to reduce 1
equivalent of 4. This finding is an average of two independent
experiments and consistent with the reduction of Au(IIl) to Au(0).
Third, X-ray absorption spectroscopy (XAS) was used to study the gold
oxidation state in Au-oxo complexes. The similar near-edge region
(position and intensity of the white line) at the Au Ly edge of both 3
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Fic. 9. The SiW;5,03,/SiW;50%; couple (initial solution concentration,
0.87mM SiW;,035) on addition of a 1 mM stock solution of 4. Conditions,
25 mM Na(CH,ClCO,) buffer (pH 3.0), Ar atmosphere, 25 °C.

and 4 relative to an authentic Au(IIl) complex, Au(acetate)s, also
implicate the presence of Au(Ill) in the LTMO complexes (44). The
further comparison of the spectra of 3 and 4 to those of Au(I)
compounds shows that they are quite different and the rising part of
the edges of 3 and 4 is much closer in energy to Au(acetate); than to
any of the Au(I) complexes. Fourth, the ultra-low temperature (17 K)
optical spectrum of 4 in water—glycerol glasses is quite different than
the optical spectrum of the d® Pd(IV)-oxo complex and similar to that
predicted for a d® electronic configuration in a six-coordinate Cy,
structure like that in 83 and 4 (44). The two electronic absorption bands
at 21,440 cm ™! (466 nm, band 1) and 25,310 cm ! (372nm, band 2) are
thus tentatively assigned as xy —z> (*A; »3A,) for band 1 and xy— z*
(*A;>'Ay) for band 2. Importantly, the experimentally determined
'A, —3A, splitting of ~4000 cm ! can be compared with an ~4000 cm ™!
'E3E splitting in the ligand field spectrum of appropriate d2
analogues such as the [MoOL,CI]'* compounds (50). This provides
further support for our assignment of the lowest energy ligand field
transitions in 4 as arising from exchange-split triplet and singlet xy — z*
excitations. Fifth, all the NMR experiments (chemical shifts and peak
width in 3'P and '"ONMR) as well as magnetic studies show that the
Au-oxo complexes 3 and 4 are diamagnetic. These collective five lines of
experimental evidence are consistent with d® Au(III) centers in these
LTMO complexes.
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Computational studies conducted on O=Au(OH,)(OH);,
O0=Au(W,09H,)3~, and O=Au(OH5)(W350oH,)3~, where n=1 and 3
(with Au(V) and Au(IIl) centers, respectively) to model the ligand
environments of Au in 3 and 4 are inconclusive because the ligand
environment of the Au centers is unstable indicating that these simple
models are not adequately close to the actual polytungstate ligands in
3 and 4 to be defensible (44). We also conducted (CASSCF and MRSD-
CI) computational investigations of AuO, AuO™", AuO**, AuO®**, and of
(NC)AuO?" (g =0, 1 and 2) (44). The electronic structures and oxo
dissociation energies from these calculations, like the experimental
data, indicate that the Au-oxo units in 3 and 4 have multiple bond
character similar to (AuC)" and such species calculated by the Pyykko
research group (51,52).

Density Functional Theory, DFT (B3LYP), CASSCF (Complete
Active-State Self-Consistent Field) and MRSD-CI (Multi-Reference
Single-Double Correlation Interaction) calculations on the diatomic
units AuO, AuO™", AuO?" and AuO3* clearly show that stability of
Au-O bond reduces in this order. This trend is consistent with the
molecular orbital diagram of AuO molecule presented in Fig. 10.
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', - py)% 20,440
0455 o(sdzz+pz)ﬂ— -0.483
Ao e,
8(dyy ) V0488 3(dy N ¥ 0488

Xx-yy
o(sd,, +p,) $ -0.507

n(dy, + py) -0.514

n(dy, + py) l -0.554

y

o[s(0)] l -1.170

Au AuO(1) o

T

Fic. 10. Schematic presentation of the MO-correlation diagram for the *IT
electronic state of the AuO molecule (44).
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As seen from this figure, the ground electronic %1 state of AuO with
Au(Il) has the following electronic configuration: [n(dyz+py)]2
[m(d,+Px) Lo (5d,) IPL8(diy) P[8(dx—yy) L0 (8d 1, 4+p,) P ™ (dy,—py) L *
(dy,—px)]* [G*(§dzz_pz)]0. The MRSD-CI calculated Au—-O bond dis-
tance is 1.930 A. This is in a good agreement with the experimental
value of 1.912A and also in agreement with previous computational
studies of AuO. The Au-O bond dissociation energy is 31.7 kcal/mol
calculated at the MRSD-CI level. This is also consistent with the
previous computational investigations.

The energy for removal of an electron from the o(sd,,+p,) orbital of
AuO is —0.483 a.u. This is principally the valence s-orbital of the Au
atom. The resulting cation, Au™O" has a +1 charge located at the Au
center. The computational data indicate that Au"™O™ has a °IT ground
electronic state with the following electronic configuration: [o(sd,,+
P P[n(dy,+Py) P[n(dyy+P) 1P[8(diy )IP[8(dyx _yy) 121 (dy,—py) P[0 (sd,,+
P (dy—p) ] 0*(sd,,—p,))°  (44). The 3% state  with the
[o(sd,,+p)P[n*(dy,—py) I [7*(dy,— )] [0¥(sd,,—p,)]° orbital configura-
tion has a very similar energy. The calculations demonstrate that
AuO™", where Au is in Au(IIl) oxidation state, exists and is stable
relative to the Au*+O dissociation limit. The increase in oxidation
state of Au (+2 to +3) slightly reduces the stability of the AuO moiety.
The Au-O bond distance in Au™O™", 1.981 A, is slightly greater than
that for AuO. In addition, the Au™O bond energy, 27.8 kcal/mol, is
~ 4 kcal/mol smaller than in Au™O. It should be noted that the lowest
singlet X state of Au™O* has multi-determinant character. The
[n*(dyz_py)]2[n*(dxz_px)]o and [n*(dyz_py)]o[n*(dxz_px)]2 Conﬁgura-
tions (44% weight each) are the largest contributors to the total
wavefunction.

Ionization of Au generates AuO?", which is stable on the
potential energy surface in its ground electronic state (*X) with the
[6(8dz4D) P[1(dy,4Dy) PI(dsert Do) IP[8(diy) PI8(dsy—yy) 1T 6™ (81, —p )1
[*(dy,—py)I'[n*(dy,—Px)]" electron configuration (44). The calculated
Au-O bond distance in AuO?" is 2.10A. Dissociation of AuO*" into
Au®>"4+0 and into Au"+O" is endothermic by 58.3kcal/mol, and
exothermic by 51.7 kcal/mol, respectively. These electronic, geometric
and energetic data indicate that Au*(0O™") is the lowest energy form of
AuO?*. Further, all the doubly occupied o-, n- and 3-MOs are d atomic
orbitals of Au™ and all three singly occupied orbitals of the *> ground
state of AuO?" are p atomic orbitals of O™. There is only one true Au-O
bonding orbital: o(sd,,+p,). The aforementioned conclusions about the
electronic structure of AuO?" are in accord with the calculated (and
experimental) ionization potentials of Au* and O, which are 19.7 (20.5)
and 13.2 (13.614) eV, respectively.

The minima on the potential energy surface of the reaction
Au?t+0O7 corresponds to the 3T state of AuO®". This species has the
electron  configuration  [1(dy,+py) P [1(dy,+ D) P[(dyy) P[8(d_yy) 12
[6(sd 4P P *(dy,—py) I *(dyy—py) ' [6*(sd,,—p,)1°. The minimum

Hlo—|—
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corresponding to AuO®>" on the potential energy surface is very
shallow desplte the finding that the Au-0 bond distance is quite short
(1.90A). AuO>* dissociates to Au?>*+O" with the release of a very
substantial energy (264. 4kcal/mol) This minimum is 150.4 kcal/mol
more stable than the Au®*+0 dissociation limit. Again, these ﬁndmgs
are in accord with the calculated ionization potentials of Au®>" and O:
32.9eV (758.67kcal/mol) and 13.2eV (the experimental value is
13.614 eV) (304.39 kcal/mol), respectively.

The Au(IV) and Au(V) units, AuO** and AuO®*, are highly unstable
with respect to loss of OjL (44). Nonetheless these species are
stabilized under particular limiting conditions. First, ligation of Au
by negatively charged o-donating ligands will reduce the Coulomb
repulsion between the positively charged Au and O centers. Second,
ligation of Au by strong n-electron withdrawing ligands will delocalize
the n* electrons in AuO wunits. Third, (O")...X (non-covalent)
interactions involving AuO units embedded in the surfaces can render
O* dissociation less favorable. These hypotheses are supported by
calculations on the complexes (NC)AuO?* (g = 0, 1 and 2). (NC)AuO,
formally containing Au(IIl) is stable with a 1.956 A Au-O bond
distance and a triplet ground state. Thus ligation of CN~ to AuO™
reduces the Au-O bond distance and increases the Au—-O bond energy
from 27.8 kcal/mol in AuO™ to 31.0kcal/mol in (NC)AuO.

In addition, the complexes (NC)Au'VO* and (NC)Au'O?" are more
stable with respect to both O-atom and O-cation dissociation limits
compared to the corresponding non-ligated AuO?" and AuO>" units.
As per historical experimental and computational studies on many
such species, the presence of c-electron donating and m-electron
withdrawing ligands generally stabilizes the high oxidation states of
Au in AuO fragments.

The structures (geometrical and electronic) and physicochemical
properties of the LTMO complexes are only now adequately estab-
lished to facilitate interpretable reactivity studies. Parallel investiga-
tions are currently being conducted in both aqueous media using alkali
metal salts of the complexes and in organic media (e.g., acetonitrile)
using tetralkylammonium salts of the complexes. Thus far oxo transfer
from the Pd-oxo and Au-oxo complexes to multiple organic substrates
has been documented. This work will be reported subsequently.

[ll.  Open-Framework Materials that Catalyze Aerobic Oxidations

Materials with controlled pore sizes and functionality, particularly
in three dimensions would have many uses (53-59). Numerous totally
inorganic microporous and mesoporous materials have been subject of
thousands of papers, and applications of the former (e.g., zeolites) have
a sizable impact on the global economy at present (myriad uses from
production of gasoline to a host of chemicals) (60-66). However, the use
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of open-framework coordination polymers and organic-inorganic
composite porous materials including metal-organic frameworks
(MOQOF's) for applications in catalysis has been problematical for a few
reasons. While diversity, synthetic tunability and high porosity of
these materials are highly attractive, their lack of adequate stability
under most conditions relevant to industrial catalysis is a fairly
pervasive concern. Secondary concerns for the use of MOFs in
catalysis include the typical lack of free coordination positions on
d-electron metal active sites in these structures and adequate mass
transport for catalysis conducted under low and ambient temperature
conditions, the conditions that are likely to minimize the oxidative
instability concerns intrinsic to organic linkers. A key feature under-
lying the proven utility of zeolites and other microporous totally
inorganic solids in most industrial catalysis and processing applica-
tions is their ability to withstand oxidative degradation at higher
temperatures (typically 200400 °C) while exposed to Og/air. Hydro-
lytic stability is very important in some industrial catalysis and
processing applications but generally less so than oxidative stability.
Concerns about the oxidative instability of organic ligands, molecular
connectors and organic structures in general have been a significant
focus of homogeneous catalytic oxidation investigators for three
decades. Heteropoly acid and other POM derivatives were demon-
strated to offer the active site tunability (control of geometric and
electronic structure) advantages of homogeneous oxidation catalysts
with the stability advantages of zeolites, metal oxides and other totally
inorganic and thus oxidatively resistant species. POMs substituted
with particular d-electron metal centers are oxidatively and hydro-
lytically stable analogues of highly selective homogeneous and
biological catalysts including hemes (and more generally metallopor-
phyrins) (6,67-79).

The attractive (80) features of MOFs and similar materials noted
above for catalytic applications have led to a few reports of catalysis by
these systems (81-89), but to date the great majority of MOF
applications have addressed selective sorption and separation of gases
(564-57,59,80,90-94). Most of the MOF catalytic applications have
involved hydrolytic processes and several have involved enantioselec-
tive processes. Prior to our work, there were only two or three reports
of selective oxidation processes catalyzed by MOF's. Nguyen and Hupp
reported an MOF with chiral covalently incorporated (salen)Mn units
that catalyzes asymmetric epoxidation by iodosylarenes (95), and in a
very recent study, Corma and co-workers reported aerobic alcohol
oxidation, but no mechanistic studies or discussion was provided (89).

It is a specific and practically oriented challenge to materials and
other chemists to design and realize microporous or mesoporous
structures that take up (sequester) and then catalyze aerobic (air-
based) oxidation of pore-trapped target reactants under ambient
conditions. Major uses of materials that trap and decontaminate using
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2 -
mj /_@_f—l +  1.1equivLn(NOy),
HO H NH oH
in DMA (10 mM)
5

(Ln = Gd, Tb, or Yb)

TBA salt in DMF (10 mM)
TBA = (n-C,Hg),N

open-framework material (6-Gd, -Tb or -Yb)
(60-70 % yield based on 5)

Fic. 11. Synthesis of an open-framework material, 6 (structure of 6-Gd
given in Figs. 12 and 13). Condensation of a bis(triester)hexavanadate unit
with the pendant triester groups terminating in carboxylic acids, 5, with
lanthanide ions form the open-framework catalytic materials.

the ambient environment would include purification of air in civilian,
military and care/hospital environments and decontamination of toxic
agents. We report here initial studies of structures that bind and
catalyze the oxidative removal of deleterious and/or odorous com-
pounds using only the ambient environment (air at atmospheric
pressure and room temperature).

Our approach is outlined in Fig. 11. It is based on linking
catalytically active POM-based structural units with lanthanide ions
into porous MOF-like structures (96). First, the POM-centered linking
unit with two juxtaposed organic groups (5 in Fig. 11) is prepared. The
organic groups in 5 are attached to the POM moiety (formally
[Vs019187) by triester groups that are quite robust (thermally stable
to 100 °C and hydrolytically stable even in water) (96-98). We
demonstrated that the bis(triester)Vg unit, 5, alone catalyzes Oo-
based oxidations of some organic molecules under mild conditions and
in the absence of a reducing agent. These are generically attractive
features in catalytic oxidation and green chemistry. We reasoned that
catalytic activity exhibited by 5 in solution should be translatable to
such materials, including possible microporous materials, containing
5. The second and final step entails reaction of 5 with a lanthanide ion
at high dilution. This does indeed form crystalline open-framework
materials. Separate reactions with Gd(III), Tbh(III) or Yb(III) all
successfully led to these materials (6-Gd, 6-Tb and 6-Yb, respectively)
in high yields (96).

Figs. 12 and 13 show the crystal structure of 6-Gd. Four of the linear
POM-catalyst dicarboxylic acid units, 5, are linked by di-lanthanide
paddle wheel junctions (Fig. 12) into the open-framework material
(96). Fig. 13 shows the large channels in 6-Gd. These are filled with
dimethylformamide (DMF) molecules that are hard to remove (the
boiling point of DMF at 1.0 atmosphere = 151 °C). Thus while the
solvent-accessible internal volume of 6-Gd is 50.5% of the crystal
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(“paddle wheel”)

- }f e
“i = i bis(triester)Vg
R 'i 4 Lny(OOCR),

@ Nitrogen
@ Oxygen
@ Gadolinium

@® Carbon
@ Vanadium

Fic. 12. A portion of the X-ray crystal structure of 6-Gd showing one
Gds(OOCR)4 paddle wheel junction connecting four triesterified Vg poly-
anions. (Only one of the triesterbenzoate moieties of the two bound to each
polyanion is shown.)

volume based on PLATON calculations, standard surface area
measurements indicate very low porosity. The surface area of 6-Th
from BET adsorption isotherms is as follows: Ny at 78 K = 2m?g1;
CO, at 273K = 30m?g ' (96). The fact the measurable surface area is
highly dependent on temperature indicates that gas sorption is an
activated process, i.e., more chemisorption than physical adsorption,
and this doubtless arises because there is marked activation energy for
displacing the pore-occupying DMF molecules.

Treatment of the open-framework materials at high vacuum and
70 °C results in collapse of the pores that are readily visible in the
X-ray crystal structure (Fig. 13) and a nonporous structure (surface
area<1m?g?) (96).

The open-framework materials catalyze peroxide-based oxidations
such as sulfoxidation, but significantly more noteworthy, 6-Tb
catalyzes Oo-based oxidations and does so at ambient or nearly
ambient temperature (96). A case in point is the oxidation of thiols, a
common odorant in human environments and a mildly toxic class of
compounds, to disulfides that have almost no odor and are less toxic.
The stoichiometry for oxidation of a representative substrate,
n-propane thiol, was established to be that in Eq. (1). After 30 days
at 45 °C, 6-Tb produces ca. 19 turnovers of disulfide product based on
the bis(trisester)Vg groups in the open-framework material, using only
ambient air as the oxidant.

2 PrSH + 0.5 Oy — PrSSPr + H,O (1)
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Fic. 13. The structure of 6-Gd along the (100) direction showing the large
channels (cross-section = ca. 28 x 20 A) pores. (H atoms and DMF molecules
omitted for clarity.)

No efforts have been made yet to optimize catalysis of Eq. (1) or
any other attractive aerobic oxidation process catalyzed by these
materials.

Although it is too early in the design and study of open-framework
POM-based materials for structure-activity relationships, stability,
mechanisms and other intellectually and/or developmentally impor-
tant issues to be adequately understood, it is evident that such
materials could be of significant interest in the context of air
purification and detoxification processes. The concept of generating a
family of tunable robust catalytic connectors exemplified by 5 and then
assembling complex functional materials using these connectors,
including microporous or nanoporous aerobic oxidation catalysts, is a
general one. A key current challenge is to design open-framework
POM-based materials that are sufficiently robust to permit removal of
high-boiling pore-blocking solvent molecules that may be required in
the synthesis of such materials in the future. This alone could well
lead to catalysts with activities for aerobic reactions that are at least
an order of magnitude higher than those exhibited by 6-Tb and 6-Yb
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where the pores are only slightly emptied of the high-boiling solvent
molecules during catalytic turnover.

A related research effort was also reported at this Erlangen,
Germany, conference involving the successful preparation of extra-
ordinarily reactive catalysts for aerobic oxidations of several kinds,
including the oxidation of aldehydes to acids and sulfides to sulfoxides.
These catalysts are significantly more reactive than others reported
recently for such processes (99-103). Aldehydes, including acetalde-
hyde and formaldehyde, are some of the most toxic compounds found
in indoor air generally, and the chemical warfare agent, mustard, is a
sulfide. These catalysts are generated when particular Cu- (or Cu- and
Fe-) substituted polytungstates are combined with NO, ligands in
appropriate nonpolar media. While it is likely that the catalysts
contain terminal NO, ligands on the Cu and/or Fe center(s), even this
inference is uncertain because all work thus far to determine the
structures of these complex POM derivatives, including marked efforts
to garner X-ray crystal structures or insightful NMR spectra, have
been unsuccessful. Several X-ray crystal structures to date have all
been too disordered (a common difficulty encountered with substituted
a-Keggin POM derivatives) to distinguish the terminal ligands or
other potential key features, while significant paramagnetism has
rendered all NMR spectra comparably uninformative. Nonetheless,
the activities of these latter Cuw/FePOM-NO,-based catalysts certainly
call for additional careful work to elucidate the structural, physico-
chemical and reactivity properties of these compounds. Appropriate
experiments are underway and will be reported subsequently.
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molecular representation/structure of,
24, 25
SQUID magnetization measurements of,
26
U ion in, 25
[(*!ArO)stacn)U(CO5)12.5 Et,0, CO,
ligand in, 24
[(*9ArO)stacn)U(N3)], 27
(AdArOH)stacn, 14
Adrenalin assays, for demonstrating
complex SOD activity, 84
Adsorption, 267
Albumin infusion, repeated, due to
aluminum, 222
Alcohols, oxidation of, 228, 265
Alkane binding, 5
2-Alkyl-3-hydroxy-4-pyridinones, 174
N-alkylimidazoles, 10
Alkyl zinc complexes, synthesis of, 125
Allenylidene complexes, syntheses of,
140
Allomaltol, formulae for, 169
1-Allyl-2-methyl-3-hydroxy-4-pyridinone
(LINAI), 221
Alopecia, 171
Aluminum, 222-223
bone disorders caused by, 222
Alzheimer’s disease
aluminum chelation therapy for, 223
due to aluminum, 222
Americium, decorporation of, 226
Amines reaction, 172

Anemia, iron-deficiency, 217
Angiotensin converting enzyme (ACE), 120
protein structures of, 121
Anthrax
lethal factor of, 120
treatment of, 122
B-8'-apocarotenal, 32
Apocarotenoid-15,15-oxygenase (ACO)
active site of, 33
from Synechocystis sp. PCC 6803, 33
Arthritis
3-hydroxy-4-pyridinones for, 222
metalloproteinases inhibition for
treatment of, 227
rheumatic, 107
Aryloxides, 5
Aryl trifluoromethyl ketones,
reduction of, 47
Aspergillus nidulans, IPNS derived
from, 104
Aspergillus oryzae, kojic acid
produced by, 170
Asymmetric transfer hydrogenation (ATH)
to ketones, ruthenium catalyzed, 43-48
with Ru complexes, 48-54
Ru(Il) catalyzed, metal-ligand
bifunctional mechanism in, 46
AuO molecule, 2IT electronic state of, 262
Au-oxo complex
electronic state of, 262
structure of, 257
terminal, TGA of, 256
Au-oxo compounds, synthesis and isolation
of, 255
Azido arylketones, asymmetric reduction
of, 47

B

Bacillus anthracis, lethal factor of, 121

Benzoyl chloride, 16

Benzoylformato complex, 114

Binding, solid phase, in immobilization of
N,N,O complexes, 155

Biotin, biosynthesis of, 34

3,3-bis(1-methylimidazol-2-yl)propionic
acid, as N,N,O-ligand, 147
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Bis(3,5-dimethylpyrazol-1-yl)acetato
(bdmpza) ligand, 108
Bis(3,5-dimethylpyrazol-1-yl)acetic acid
(Hbdmpza), 107
Bis(3,5-dimethylpyrazol-1-yl)methane, 108
Bis(3,5-di-tert-butylpyrazol-1-yl)acetic acid
(Hbdtbpza), synthesis of, 109
Bis(3,5-di-tert-butylpyrazole)acetic acid,
108
Bis(3,5-tert-butylpyrazol-1-yl)methane
(bdtbpzm), 108
equimolar amounts of, 109
reaction of ferric precursor with, 116
synthesis of, 108
Bis-B-cyclodextrin, 41
synthesis of, 42, 44
Bis(carbene)alkenyl complex,
[(TIMEt"Bu)2Cu2] (PF¢)2 synthesis, 8
Bis-cyclodextrin Ru porphyrin receptor,
synthesis of, 37
Bis-maltolato-oxovanadium (BMOV), 183
for diabetes, 224
redox chemistry of, 184
Bisphenol porphyrin, 36
Bis(pyrazol-1-yl)acetato ligands, 108
carbonyl complexes bearing, 133-134
in coordination chemistry and
organometallics, 132-133
ferric complexes bearing, 116
ferrous complexes bearing, 109
rhenium trioxo complexes bearing, 134
ruthenium 2-oxocarboxylato complexes
bearing, 145-147
ruthenium carboxylato complexes
bearing, 143-145
ruthenium cumulenylidene complexes
bearing, 134
Zinc model complexes bearing, 122
Bis(pyrazol-1-yl)acetic acid (Hbpza)
molecular structure of, 109
synthesis of, 108
Bis(pyrazol-1-yl)acetic acids
in N,N,O-ligands, 107-109
with solid phase linkers,
synthesis of, 153
Blood glucose level, lowers, BMOV
for, 224
Blood pressure, causes of, 120
Bmipme
saponification of, 148
synthesis of, 149
Bone cancers, gadolinium for, 225
Bone disorders, due to aluminum, 222

[(bpy)2Ru(CO2)(CO)], 23
3,5-tert-butylpyrazole, 108
p-tert-butylacetophenone, 55

C
Cancer(s)
bone, gadolinium for, 225
chemotherapy treatments for, 222
metalloproteinases inhibition for
treatment of, 227
Captopril, structure of, 121
Carbene binding, abnormal, 8
Carbenes
monodentate, access to imidazolium
precursors of, 6
TIMEN*™!, 10
TIME"BY, 8
transfer agent, 6
Carbon dioxide (COy)
activation assisted by
[("B"ArO)ztacn)U], 20-22
bent n1-CO,, structural representations
of, 23
coordination and activation assisted by
[(A4ArO)stacn)U], 22-23
metal-mediated multi-electron reduction
of, 20
Carbon monoxide (CO), activation assisted
by [(*BArO)stacn)U], 20-22
Carbonyls
complexes, bearing bis(pyrazol-1-
yDacetato ligands, 133-134
reversible reduction to carbinols, 43
Carboxypeptidases, ‘2-his-1-carboxylate
motif’ in, 118-119
a-Carotene, 33
B-Carotene
central C(15)-C(15’) double bond of,
35, 37
central cleavage of, 32-35
cleavage with bis-B-cyclodextrin Ru
complex, 45
excentric cleavage of, model system
for, 43
and receptor, inclusion complex of, 36
B-Carotene 15,15-monooxygenase, 33
action on non-natural substrates,
regioselectivity of, 41
as catalyst in central cleavage of
carotenoids, 34
enzyme mimics of, design and synthesis
of, 3541
substrate analogue of, 39, 40
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B-Carotene receptor, synthesis and
structure of, 44
Carotenoid double bonds, Crigee-type
mechanism to cleave, 35
Carotenoids
central cleavage of, reaction mechanism
of, 34
excentric cleavage of, 41-42
Cations complexes, 4", 5%, and 6%, 198-200
Cephalosporins, importance of, 102
Cerium(IV) complexes, 183
stability constants for, 202
C-H activation, 5
Chemotherapy, for cancer treatments, 222
Chlorido complex, synthesis of, 127
p-Cl acetophenone, 49, 50
reduction with Ru complexes of
monotosylated 1,2 diamines
linked to B-CD, 50-53
Chromone, formulae for, 170
Cobalt(IIT) complexes, 89
Cobalt(III) imide complexes, synthesis of, 17
Collagen, overproduction of, 107
Comenic acid, 171, 172
Copper carbene complex,
[(TIME"®*")5Cus1(PFy)s
solid-state molecular structure of, 9
X-ray crystallographic analysis of, 8
Copper(]) tris(carbene) complexes, 10
Cu-C and Cu-N distances, 10
Cu(I) NHC complexes, 10
Cumene hydroperoxide, 37
Cyanide anions, 89
B-Cyclodextrin-6-O-monotosylate
(CD-Tos), 36
B-Cyclodextrins (B-CDs), Ru complexes
of amino alcohol complexes linked, ATH
with, 48-53
of a-picolyl amines linked, ATH with,
53-54
B-Cyclodextrin tosylate, 49
[(CysP)eNi(COy)], 23
Cytochrome ¢ reduction, 85

D
2-Decanone, 49
Deferipone, formulae for, 169
Density functional theory (DFT)
calculation, 70, 72, 94, 147, 150, 262
of 1-methylimidazol-2-yl and
pyrazol-1-yl ligands, 148
in structure studies, 95
in studying HOMO contents, 17

Desferrioxamine (DFO)
cytoprotective effect of, 222
for removal of excess iron, 218
for treatment of thalassemia, 221
Diabetes, 223-224
1,2-diamines, chiral monotosylated,
synthesis of, 52
1,2-diethyl-3-hydroxy-4-pyridinone, 221
1,2-dimethyl-3-hydroxy- 4(1H)-pyridinone,
228
1,2-dimethyl-3-hydroxy-4-pyridinone
for manganese overload, 227
solubilities of, 210
Differential scanning calorimetry (DSC),
257
1,2-diamines, chiral monotosylated,
synthesis of, 52
1,2-diethyl-3-hydroxy-4-pyridinone,
221
N,N dimethyl formamide (DMF), 36
1,2-dimethyl-3-hydroxy- 4(1H)-pyridinone,
228
1,2-dimethyl-3-hydroxy-4-pyridinone
for manganese overload, 227
solubilities of, 210
Dimethyl sulfoxide (DMSO), redox
behavior for dioxygen in, 78, 79
(E, E)-1, 4-diphenyl-1,3-butadiene, 37
II-donor, 69
D8 Pt(ID) complex, conventional, synthesis
of, 249

E
Epoxidation, 34
Erbium, kojic acid for determination of, 215
Escherichia coli, 2-methyl-3-hydroxy-4-
pyridinones for inhibition of, 221

Ethane-1,2-diamine, monotosylation of, 50
Ethylmaltol

solubility of, 204

uses of, 214

F
Fe(bdmpza)s

formation of, 122

molecular structures of, 110
Fe(bdtbpza),, molecular structure of, 110
Fe(bdtbpza)Cll,, molecular structure

of, 112

Fe(bpza),

IR signals of, 115

molecular structures of, 110
Fe(dapsox)(H30)21C10y, speciation of, 74
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Fe(II) enzymes, 2-oxoglutarate dependent,
in iron oxygenases, 105-107
[Fe'(Hydapsox)(H;0)o]*, crystal structure
of, 81
Fe(III)-peroxo complexes, 93
Fe(III)-peroxo porphyrin, 94
Fe(III)-peroxo species, stability of, 91
[Fe'™(Porph)(DMSO0),]* complex, 93
[Fe'Porph(DMSO),] complex, 94
Ferric complexes, bearing bis(pyrazol-1-
yDacetato ligands, 116
Ferrous bis-ligand complexes, synthesis
of, 115
Ferrous complexes, bearing bis(pyrazol-1-
yDacetato ligands, 109
Ferrous [Fe(bdtbpza)Clly, synthesis of, 111
Ferrous iron, geometry of, 111
Fischer carbene complexes, cyclic,
synthesis of, 138-140
Flavanols
availability of, 171
formulae for, 170
uses of, 214
Food additives, 214, 216

G
6-Gadolinium, structure of, 267, 268
Gadolinium
as contrast agent for MRI, 196, 211, 216
hexadentate complexes of, 196-198
Gadolinium complexes
for MRI, 224-225
relaxivity of, 213
Geranylacetone, 49
Germanium complex, 183
Gluzincins, in structural Zinc models,
120-122
Gold
complexes, 257
determination of, 215
oxidation, XAS for, 260
Greenhouse gas, 19

H
Hbpa*®®™ molecular structure of, 131
HCOOH/NEts, azeotropic mixture of, 46
Heart failure, 218
Hemochromatosis, 218
N-heterocyclic carbene (NHC), 3, 4
protective cavity around, 5
tripodal NHC ligands, synthesis of, 6
3,5,7,3',4,'5'-Hexahydroxyflavone, 171
3,5,6,7,3',4'-Hexahydroxyflavone, 171

2-His-1-carboxylate facial triad’
N,N,O-ligands as mimics for, 107
in non-heme iron oxygenases, 101-102
Holmium, kojic acid for determination
of, 215
HOMO, 17
Host—guest interactions, 76
HOTY, 94
Hydrogen peroxide, release of, 60
Hydrogen transfer reactions, catalyzed by
Ru complexes linked to f-CD
ATH with, 48-54
ruthenium catalyzed ATH to ketones,
43-48
structures of inclusion complexes, pre
catalysts and mechanistic
investigations, 54-56
Hydroxamato complexes, synthesis
of, 129
Hydroxamic acid, 168
3-Hydroxy-4-pyranones, 168, 169, 170
coefficients for, 206
formulae for, 169
inorganic application of, 215
3-Hydroxy-4-pyridinones, 172
for alcohols oxidation, 228
for arthritis, 222
formulae for, 169
inorganic application of, 215
Hydroxypyranones and
hydroxypyridinones, 167-168
ligands and complexes in— synthesis and
structure of, 168
nomenclature and abbreviations
of, 228-229
Hydroxypyranones and
hydroxypyridinones, solution
properties of, 185
kinetics and mechanisms in, 211-213
redox and stability in, 200-202
solubilities, solvation, and partition in,
202
stability constants in, 185
Hydroxypyranones and
hydroxypyridinones, uses and
applications of, 213-214
analysis and extraction, 214-216
in diagnosis and therapy, 216
miscellaneous, 227-228
3-Hydroxy-4-pyridinonate complexes,
solubilities of, 203, 204
1-Hydroxy-2-pyridinone, formulae
for, 169
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Hydroxypyridinones, 221
hexadentate, 175
Hypertension, treatment of, 120

I
Imidazolium precursors [H;TIMENT 3",
10
Imidazolium salt [HsTIME'B"](PFg)s,
deprotonation of, 8
Indium complexes, comparison of, 205
Insulin, effects of, 224
Ir(I) dihydrooxazole complexes, 44
Iron
See also compounds listed under Fe
kojic acid for determination/titration of,
214, 215
mobilization, 219
in other disorders, 221-222
overload of, 218
supplementation of, 217-218
Iron complex(es), 73
catalytic SOD by, 61
stability constants and redox potentials
for, 201-202
for studying interaction with superoxide,
86-88
Iron-deficiency anemia, 217
Iron-heme complexes, activation of
superoxide by, 61
Iron(III) complexes, stability constants
for, 192
Iron(III) tris ligand complex, 182
Iron(II) sulfate, use of, 218
Iron oxygenases
2-oxoglutarate dependent Fe(II)
enzymes, 105-107
isopenicillin N synthase in, 102-104
non-heme, ‘2-his-1-carboxylate facial
triad’ in, 101-102
Iron-porphyrin complex, reversible binding
of superoxide to, 86
Iron—sulfur clusters, 102
Isopenicillin N synthase (IPNS), in iron
oxygenases, 102-104

K

a-Keggin, 268

Ketones
aliphatic, reduction of, 49-50, 51
aromatic, reduction of, 48-49
ruthenium catalyzed ATH to, 43-48

Kinetics and mechanisms, in solution

properties, 211-213

Kojate complexes, stability constants
for, 188
Kojic acid, 228
availability of, 171
characterization of, 168
for determination of neodymium,
holmium, and erbium, 215
formulae for, 169
production from Acetobacter sp., 170
uses of, 214

L
Lanthanide
complexes, 213
use of, 225
Larch bark, maltol from, 170
Ligand(s)
abbreviations for, 228-229
amino alcohol derived, 44
availability and synthesis of, 171
bidentate, 188
and complexes, synthesis and structure
of, 168-170
hexadentate, 192-193
hexadentate, advantages of, 194
hexadentate, chelating properties
of, 221
HLB of, 173
occurrence of, 170-171
solubility, solvation, and partition
properties of, 202
structures of, 175
tetradentate, 191-192
tripodal, advantages of, 1, 2
tripodal hexadentate, pGd and pFe
values for, 197
N,N,O-ligands
3,3-bis(1-methylimidazol-2-yl)propionic
acid as, 147
homochiral bis(pyrazol-1-yl)acetato
ligands in, 129
immobilization of N,IV,0 complexes in,
151, 155
tripodal, for metalloezyme models and
organometallics, 101
N,N,O-ligands, as mimics for ‘2-his-1-
carboxylate facial triad,” 107
bis(pyrazol-1-yl)acetic acids, 107-109
ferric complexes bearing bis(pyrazol-1-
yDacetato ligands, 116-118
ferrous complexes bearing bis(pyrazol-1-
yDacetato ligands, 109
Lisinopril, structure of, 121
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Listeria inocua, inhibition by 2-methyl-3-
hydroxy-4-pyridinones, 221

Lithium bdmpza salt, 108

Liver failure, 218

M
Magnetic resonance imaging (MRI)
gadolinium as contrast agent for, 196,
211, 216
gadolinium complexes for, 224-225
Malonitrile, 16
Maltol, 228
availability of, 171
characterization of, 168
formulae for, 169
from larch bark, 170
solubility of, 203
solution of, 178
uses of, 214
Maltose, reaction of, 174
Manganese
1,2-dimethyl-3-hydroxy-4-pyridinone for
overload of, 227
complexes, 61, 82-84
immobilization of, 156
Manganese(I) complexes, water exchange
on, 65
Manganese(III) complexes, preparations
of, 178
McCord-Fridovich assays, for
demonstrating complex
SOD activity, 84
M-CO; complexes, mononuclear,
coordination modes in, 20
Meconic acid
characterization of, 168
formulae for, 169
isolation of, 170
Melanization, causes of, 214
Mercaptopropyl silica,
grafting on, 157
Merrifield resin
grafting on, 156
uses of, 155
Mesitylene-anchored tris(carbene)
ligand, 4
Metal(II) complexes, 179-180
Metal(IV) complexes, 211-213
Metal ions, stability constants and redox
potentials for, 200
Metalloenzyme models
and organometallics, tripodal
N,N,O-ligands for, 101

Metalloenzyme models, structural Zinc
models in, 118
‘2-his-1-carboxylate motif” in zincins and
carboxypeptidases, 118-119
bis(pyrazol-1-yl)acetato ligands
in, 122
classification of, 120
gluzincins in, 120-122
Metalloenzymes, 246
chiral models for active sites of, 125
Metalloporphyrin, 37
Metal-organic frameworks (MOF's),
use of, 265
Metal-oxo complexes, late transition,
246
linearity of, 255
physicochemical properties of, 264
stability of, 251
Metal-oxo compounds, late transition, and
open-frameworks materials,
245-246
Metal-oxo wall, concept of, 247
2-Methyl-3-hydroxy-4-pyridinones,
inhibition of Escherichia coli and
Listeria inocua by, 221
1-Methylimidazol-2-yl ligand, 148
4-Methyl-cyclohexanone, 49
Mimosine, 171
complexes, 187
formulae for, 169
kojic acid - iron(III) for determination
of, 214
synthesis of, 172
Mn(bdmpza)(CO)s, molecular structures
of, 133
Mn(bpa*™™h) (CO);, synthesis of, 132
[Mn"(Hsdapsox)(H;0)(CH;0H)1(C10,)s,
crystal structure of, 81
Mn(L)Cl,, ORTEP drawing for, 67
Molybdenum(VI) complexes, 185
Morin, 171
uses of, 214
MPV (Meerwein, Ponndorf and Verley)
reactions, 43, 44

N

Neodymium, kojic acid for determination
of, 215

Neurotoxicity, due to aluminum, 222

Neurotoxin, audiovisual, 218

Nitroblue tetrazolium (NBT) assays,
for demonstrating complex SOD
activity, 84
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Ocular toxicity, 220
Open-framework
design and study of, 268
Open-framework materials, 264
LTMO compounds and, 245-246
synthesis of, 266
treatment of, 267
Oral care, 227
Organometallics
bis(pyrazol-1-yl)acetato ligands in
coordination chemistry and, 132-133
tripodal N,N,O-ligands for metalloezyme
models and, 101
ORTEP drawing, for Mn(L)Cl,, 67
Oxidations and reductions, pB-cyclodextrin-
linked Ru complexes for, 31
Oxidations and reductions, B-cyclodextrin-
linked Ru complexes for, hydrogen
transfer reactions and
Ru catalyzed ATH to ketones, 43-48
Ru complexes of amino alcohol
complexes linked B-cyclodextrin,
ATH with, 48-53
Ru complexes of a-picolyl amines linked
B-cyclodextrins, ATH with, 53-54
structures of inclusion complexes, pre
catalysts and mechanistic
investigations, 54-56
Oxidations and reductions, B-cyclodextrin-
linked Ru complexes for, mimicking
enzymatic cleavage of carotenoids
B-carotene 15,15-monooxygenase,
enzyme mimics of, design and
synthesis of, 35-41
B-carotene, central cleavage of, 32-35
carotenoids, excentric cleavage of, 41-42
Oxocations, 198
Oxovanadium (IV) hydroxypyronate
complexes, stability constants for, 199

P
Palladium(II) kojate complex,
stability of, 186
Pancreas failure, 218
Pd-oxo complex, terminal, 253
Pd-oxo polyanion, X-ray crystal structure
of, 252
Penicillin, biosynthesis, 102, 103
Penicillium, kojic acid
produced by, 170
3,5,7,2',4'-pentahydroxyflavone, 171
[(PhBP3"™)Fely(u-Ny), 3

279

[o-phenylene
bis(dimethylarsine),Ir(CO,)(C1)], 23
Phosphate oxygens Og; repulsion, 258
1-[2'-(pivaloyloxy)ethyl]-2-methyl-3-
hydroxy-4-pyridinone, 221
Platinum(II), behavior reminiscent of, 212
PLATON calculations, 267
Plutonium, decorporation of, 182, 226
Polyhydroxyflavones, formulae for, 170
Polyolefins, 39
Polyoxometalates (POMs), 245, 248
Poly(phosphine) ligand, 9
Poly(pyrazolyl)borate ligand, 9
Polytungstates, 254
Porphyrin, 36
metal-free, 37
ruthenium porphyrin, 37
K7Ho[Au(O)(OHg)PaWo5079(OHy)s]
purity of, 256
reaction of, 260
K;5Ho[Au(O)(OHg)PaW 15065l
purity of, 256
X-ray structure of, 258
K;oNas[Pd"(0)(OH)WO(OH,)(PW4034)s]
170 enrichment of, 253
Pd-oxo polyanion of, 252
stability of, 251
K7Nag[Pt(O)(OHz)(A-a-PWg034)2],
stability of, 251
Potassium ions repulsion, 258
Proline hydroxylation, 107
Pt(IV)-oxo compound, crystal of, 249
a-pycolyl amines, 53
ATH with, as ruthenium ligands, 54
Pyrazol-1-yl ligand, 148
Pyrazoles, sterically hindered, 108
Pyridin-2-ylmethanamine, 53
Pyromeconic acid, formulae for, 169

R
Racemic acetic acid, synthesis of, 126
Radioisotopes, 225
Re(bdmpza)(O);
formation of, 134
molecular structures of, 133
Re(bpa®™e*h)(CO); synthesis of, 132
Re(bpza)Og, formation of, 134
Redox and stability, in solution properties,
200-202
Redox chemistry, iron for, 217
Renal imaging, technetium(IV) complexes
for, 225
Retinal, 32, 35, 42, 45
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Retinoic acid, 32
Retinol, 32
Rhenium trioxo complexes, bearing
bis(pyrazol-1-yl)acetato ligands, 134
Rheumatic arthritis, 107
Ru(bdmpza)(Cl)2(PPhjs), molecular
structure of, 148
Ru(bdmpza)Cl(CO)(PPhjs), molecular
structure of, 138
Ru(bdmpza)Cl(PPhs)s, reaction of, 145
Ru(bpa*™°™™)C1(PPhg),, synthesis of, 132
Ru(Il) catalyzed ATH, metal-ligand
bifunctional mechanism in, 46
Ruthenium 2-oxocarboxylato complexes,
bearing bis(pyrazol-1-ylacetato
ligands, 145-147
Ruthenium allenylidene complexes,
formation of, 141
Ruthenium carbene complexes, syntheses
of, 139
Ruthenium carbonyl complex,
formation of, 138
Ruthenium carboxylato complexes, bearing
bis(pyrazol-1-yl)acetato ligands, 143-145
Ruthenium complexes, 181
of amino alcohol complexes linked
B-cyclodextrin, ATH with, 48-53
B-CD-linked, ruthenium catalyzed ATH
to ketones, 43-48
B-CD-linked, structures of inclusion
complexes, pre catalysts and
mechanistic investigations, 54-56
B-CD-linked, synthesis of, 48
he N-H group significance to reactivity
of, 56
of a-picolyl amines linked
B-cyclodextrins, ATH with, 53-54
Ruthenium cumulenylidene complexes,
bearing bis(pyrazol-1-yl)acetato
ligands, 134
Ruthenium(II) complexes, 179
Ruthenium, oxidation states of, 31
Ruthenium porphyrins, 37, 41, 42
B-CD-linked, 42

S

Sickle cell disease, 218

Sickle cell disorders, DFO for
treatment of, 221

Small-molecule activation, tripodal
carbene and aryloxide ligand
precursors for, synthesis and
characterization of, 1

Solid phase binding, in immobilization of
N,N,O complexes, 155
Solid phase linkers, bis(pyrazol-1-yl)acetic
acids with, 153
Solution behavior, in Mn(II) SOD
mimetics, 66-67
Solvent extraction, ligands applications
in, 168
Stability constants, determination of, 190
Streptomyces pilosus, DFO from, 218
Superoxide
in aqueous solutions, reaction with,
84-85
catalytic dismutation vs reversible
binding of, 59-61
dismutation of, 77
Fe(III)-peroxo species and reversible
binding of, 91
iron complex for studying interaction
with, 86-88
to iron-porphyrin complex, reversible
binding of, 86-88
Superoxide dismutation (SOD)
activity, 69-70, 84
catalytic, by manganese and iron
complexes, 61
enzymes, 62
Superoxide dismutation (SOD), mimetics
acyclic and rigid seven-coordinate
complexes as, 73
manganese and iron complexes as, 61
Mn(II), mechanism of, 65

T
Tacn, See 1,4,7-triazacyclononane
Taurine dioxygenase, active site of, 113
Technetium(IV) complexes, 183
for renal imaging, 225
Ternary complexes, 179
2,4,6-tri(tert-butyl)phenol (TBPH),
utilization of, 93
supramolecular catalyst generated
in situ from, structure of, 40
Tert-butyl hydroperoxide (TBHP), 37
Tetracyanoethylene, 16
B-Thalassemia, treatment of, 220
Thalassemia, 218
DFO for treatment of, 221
Thallium(I) cation, 4
Thermogravimetric analysis (TGA), of
terminal Au-oxo complexes, 256
Thermolysin, active site Zentrum of, 119
Thiolato complex, synthesis of, 124, 129
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Thorium(IV) complexes, 183
TIMEM®
group 11 metal complexes of, synthesis
of, 6
synthesis and metalation of, 5
[(TIMEMe)zAg3]3+, solid-state molecular
structure of, 7
[(TIMEM®),Ag;1(PF¢)s, 6
[(TIMEM®);Au31(PFe)s, 6
[(TIME®),Cul(PFe)s, 6
TIMEN=" 10
[(TIMENA")Co]Cl, synthesis of, 11
TIMEN** ligands, aryl-substituted, 28
[((TIMEN®%)Cul*, 10
[(TIMEN™**)Co(N(p-PhOMe))]*, molecular
structure of, 17, 18
TIMENE, 4
[(TIMEN®)Co] complexes, reactivity of,
15-17
[(TIMEN®)Cul* complexes, 10
[(TIMENt'Bu)Cu]+, solid-state molecular
structure of, 10
[(TIMEN"®")Ni], 11
solid-state molecular structure of, 10
[(TIMEN"P")Ni]Cl, 11
[(TIMEN*")Co(CO)T*, 15
with molecular structure,
synthesis of, 16
[(TIMEN*")Co(0,)1*
formation of, 15
molecular structure of, 16
nucleophilic character of, 16
TIMEF, 4
TIMEF ligand, synthesis and metalation of,
9-12
[(TIME"®"),Cuy](PFe)s
solid-state molecular structure of, 9
X-ray crystallographic analysis of, 8
[(TIME'B"),Cu,] (PFg),, synthesis of, 8
TIME"BY, synthesis and metalation of, 5-7
N-tosylethane-1,2-diamine, 50
Triazacyclononane, 14
derivatives, synthesis and metalation of,
12-15
ligand derivatives, synthesis of, 12
Trinuclear complexes, formation of, 7
Tripodal carbene and aryloxide ligand
precursors for small-molecule
activation, synthesis and
characterization of, 1
Tripodal ligand systems
geometries of, 3
NHC ligands, synthesis of, 6

N,N,O-ligands, for metalloezyme models
and organometallics, 101
tris(amido)amine ligands, 2
Tripodal N-heterocyclic carbene chelators
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