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N,0, and product characterizations are in progress. The high
reactivity of 2, as also noted for 3,8 suggests that it should prove
to be a useful synthon for the preparation of other Ta(IV) and,
through oxidative addition, Ta(V) organometallics.
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Structural Model for the Binding of Iron by Anthracycline
Drugs
Sir:

The anthracycline drugs daunorubicin (R = H) and doxorubicin

(R = OH) (structure 1) have been in clinical use for nearly 2
decades in the treatment of various human cancers.!™ Recently,

these drugs have also been found to inhibit the infectivity and
replication of human immunodeficiency virus (HIV) in vitro and
may find applicability as antiviral agents in the treatment of
acquired immune deficiency syndrome (AIDS) and AIDS-related
complex (ARC).>"7 The popularity of these drugs in cancer
chemotherapy stems in part from their potency against a wide
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range of maligancies, but is tempered by toxic side effects, which
include cardiotoxicity.* Despite the widespread use of the drugs
and many years of intensive investigation, little information is
available concerning their in vivo cytotoxicity. One possibility
involves coordination of iron to form a catalyst for the production
of reactive oxygen species including hydroxyl radicals,*!? which
could account for all of the known cytotoxic effects of the drugs
(including damaging DNA14-18 and cell membranes!!*?!) as well
as account for their cardiotoxicity.

The drugs are recognized as good iron chelators,?*-2* capable
of acquiring iron from ferritin?® or from transferrin in acidic
intracellular compartments.? The hydroxyquinone groups found
in both drugs have been shown by resonance Raman spectroscopic
experiments to play a role in binding metals,?’-?* yet no complex
of this type has been structurally characterized. We wish to report
the synthesis of complexes of daunorubicin and doxorubicin with
Fe(salen), their characterization in solution using spectroscopic
techniques, and the structural characterization by single-crystal
X-ray diffraction of a model of these complexes employing 1,4-
dihydroxy-9,10-anthraquinone, or quinizarin (Qz) (structure 2),
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to model the interaction of the drugs with Fe(salen). The complex,
[Fe(salen)],Qz, is the first structurally characterized complex with
direct structural relevance to iron binding by anthracycline drugs.

The combination of anaerobic solutions of daunorubicin hy-
drochloride or doxorubicin hydrochloride in dry acetonitrile
containing 1 mM Et;N with a solution of Fe(salen)OAc in the
same solvent mixture, gives rise to spectra like that shown in Figure
1. In addition to the strong absorbance near 480 nm present in
the solution of the drug itself, new bands at 593 and 643 nm are
observed. These bands are assigned to ligand-to-metal charge-
transfer (LMCT) transitions on the basis of resonance Raman
data (using a 633-nm excitation) that reveal several peaks in the
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Figure 1. Electronic absorption spectroscopic data: (A) 1.0 mM Fe(salen)OAc in CH;CN using a 0.1-cm path length cell; (B) 0.90 mM daunorubicin
hydrochloride in CH,CN using a 0.1 cm path length cell; (C) 1:1 daunorubicin hydrochloride/Fe(salen)OAc mixture (0.1 mM in each) in 1 mM
EtyN/CH,CN solution using a 1.0-cm path length cell; (D) 1.0 mM [Fe(salen)],Qz in CH,Cl, using a 0.1-cm path length cell. The insets are the
Job plots generated from absorbance data at 593 (top) and 643 nm (bottom) for mixtures of Fe(salen)OAc and daunomycin hydrochloride, holding
the total concentration of these two reagents to 0.20 mM in 1 mM Et;N/CH,CN solution.

1200~1300-cm™! region (C-O stretching vibrations) associated
with these absorptions®'~** and in analogy with the charge-transfer
spectra of iron phenolate and catecholate complexes.’>3 The
use of Job’s method?’ reveals that the band at 593 nm is associated
with a 1:1 complex of the drugs with Fe(salen)OAc and that the
643-nm band corresponds to a 1:2 stoichiometry that is suggestive
of a bridging role for the drugs involving binding of Fe(salen) by
both hydroxyquinone groups. In contrast, solutions of simple ferric
complexes of the drugs reveal only one such transition at ca. 600
nm.!0

Quinizarin is a molecule that has been used to model the
chelation of metals by the anthracycline drugs.2? To explore the
nature of the complexes formed between the drugs and Fe(salen),
we also employed Qz to model the dihydroxyquinone group found
in the drugs. The preparation of [Fe(salen)],Qz was carried out
in flame-dried glassware under N, by using dry, anaerobic solvents
and standard Schlenk techniques. A solution of Qz (1.45 g, 6.0
mmol) in room-temperature ethyl acetate was added to a solution
of Fe(salen)OAc (1.0 g, 2.6 mmol) in refluxing acetonitrile. When
the mixture was cooled overnight, a black microcrystalline product
was obtained. The product was ground to a fine powder and dried
in vacuo over P4O,o.% The electronic absorption spectrum ob-
tained for CH,Cl, solutions of this compound strongly resemble
those obtained from mixtures of Fe(salen)OAc and the drugs
(Figure 1). Crystals suitable for X-ray diffraction studies were
obtained via vapor-phase diffusion of benzene into dichloromethane
solutions of the complex.
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The structure of [Fe(salen)],Qz is summarized by Figure 2.7
Both iron centers display distorted octahedral geometry with the
best equatorial planes defined by the oxygen atoms of the quin-
izarin and an oxygen and a nitrogen atom from a salen. Coor-
dination to the quinizarin causes the salen ligands to adopt a
nonplanar cis-g configuration.® The idealized molecular sym-
metry is C,, with the iron centers displaying opposite handedness.
For both centers, the shortest bonds are to the salen oxygen atoms
(average = 1.926 (5) A), while the longest bonds are to the
nitrogen atoms (average = 2.133 (6) A). The bonds to the
quinizarin oxygen atoms have an intermediate value (average =
2.033 (5) A). Angles about Fe(1) between cis ligands range from
74.2 (2) to 105.0 (2)°, while angles involving trans ligand atoms
range from 159.7 (2) to 165.8 (2)°. The corresponding values
for Fe(2) are 75.6 (2)~112.4 (2)° and 157.0 (2)-164.8 (2)°.

While the geometry about the iron atoms is very similar for
both iron centers, their dispositions relative to the quinizarin group
are different. Fe(2) is in the plane of the quinizarin group, where
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Figure 2. ORTEP plots of [Fe(salen)],Qz with thermal ellipsoids at the
30% probability level with hydrogen atoms omitted for clarity: (a) plot
showing the geometry of the complex; (b) plot showing the stacking
interaction between the quinizarin moieties of inversion-related pairs of
complexes.

the atoms of the six-membered chelate ring with quinizarin are
coplanar to within £0.048 (6) A. However, Fe(1) is displaced
0.627 (1) A from the plane defined by the other five atoms
(£0.011 (6) A) of its corresponding six-membered chelate ring
in a direction toward N(1). This displacement can be viewed as
a result of rotating the equatorial plane defined by atoms O(1),
0(9), O(19), and N(2) by ca. 24° about an axis containing O(1)
and O(9).

The difference between the disposition of the iron centers ap-
pears to be due to the fact that inversion-related pairs of molecules
exist in the solid state as stacked dimers. The quinizarin planes
of the dimers, required by symmetry to be parallel, are separated
by a distance of slightly less than 3.4 A, where the overlap involves
the non-oxygen bearing ends of the fused ring systems. The
equatorial plane of each Fe(l) atom is tipped away from the
inversion related molecule. Even in the presence of this distortion,
there are van der Waals contacts between the halves of the dimer,
which involve atoms of nonequivalent salen ligands. Thus, the
stacking interaction appears to preclude equivalence of the two
iron centers. The association of two quinizarin ligands may be
similar to the self-association of molecules of daunorubicin that
has previously been observed for solutions of this drug.’*# The
m-complex described is apparently strong enough to drive Fe(1)
out of plane and may be responsible for the observation of two
LMCT transitions in the electronic absorption spectrum of the
compound if it persists in solution.
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Synthesis and Characterization of a Trinuclear
Polyoxomolybdate Containing a Reactive [MoO,] Unit,
[(n-C4Hg)N[M0;07(CH;C(CH;0)3),], and Its
Conversion to the Methoxy Derivative
[(n-C4H,)4NJ[M0;04(0OCH;) (CH;C(CH;0)3)]

Sir:

The effectiveness of early-transition-metal oxides as hetero-
geneous catalysts,!™ together with the difficulty of characterizing
surface-bound intermediates for these systems, has prompted a
number of investigations of the coordination chemistry of anal-
ogous polyoxoanion derivatives with organic substrate molecules.*
Structurally characterized examples of polyoxomolybdate com-
plexes incorporating simple organic substrate units include
[Mo0g0,6(HCO,),]%,” [M0gO,(OCH;),]*,t [Mo,0,,(OH)-
CH,]*? and [Mo,05(OC,Hs),(CH;C(CH,0)5),],'° while detailed
studies of polyoxoanion interconversions have been reported for
systems based on [Nb,W,0,sH]?>"!! and [MoO,(OR)(P;0,)]*".1?
In common with the vast majority of polyoxometalate structures,'
the metal centers of these coordination complexes exhibit ligation
to a number of bridging oxygen donors and either to two terminal
0X0 groups or to a single terminal oxo unit, to give the [MQ,]}**
or [MOI** core, respectively. Although molybdenum bound to
three terminal oxo groups ([MoO;]) and weakly bound to the bulk
by additional bridging oxo interactions provides a reasonable
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