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Figure 2. Dc cyclic voltammetry of microperoxidase (0.5 mg/mL) in
Mg(ClO,), (0.025 M) and phosphate buffer (0.02 M) at pH 7.0, in the
potential range 0 to —=0.60 V vs SCE; sweep rate: (a) 20; (b) 50; (c) 100;
(d) 200 mV/s. Temperature: 25 °C. Inset shows a plot of i, vs (scan
rate)!/2,

to aggregation of oxidized or reduced microperoxidase was ob-
tained.

It has been reported®’ that Mg?* acts as a promoter for the
electron-transfer process by forming a transient bridge between
a negatively charged macromolecule and the electrode surface.
Since both microperoxidase at neutral pH (pI = 4.7) and the glassy
carbon surface, under the experimental conditions employed,!1
are negatively charged, the role of Mg?* has been investigated.
Dc cyclic voltammograms of microperoxidase in the presence of
25 mM Mg?*, shown in Figure 2, indicate a reversible electrode
process. Under these conditions, both the cathodic and anodic
waves are better resolved with respect to the experiments carried
out in 100 mM Na*, and the electron-transfer reaction is re-
versible, (i/ipc = 1). As expected, these results demonstrate
some role of the electrostatic interactions in controlling the for-
mation of a favorable transient complex between the electrode
surface and the heme-peptide; given the negative charge of mi-
croperoxidase at neutral pH, the presence of divalent ions (e.g.,
Mg?*) surely facilitates electron transfer. Even under these
conditions, the process is diffusion-controlled (see inset of Figure
2); the calculated diffusion coefficient and rate constant have
values similar to those obtained in the presence of 100 mM Na*.
Thus, Mg?* affects only some aspects of the electrochemistry of
microperoxidase, such as the reversibility, while the electron-
transfer rate remains unaffected.

It has been reported® that the microperoxidase-imidazole
complex exists in solution as monomer, independent of pH, while
unliganded microperoxidase tends to aggregate at alkaline pH.
Therefore, cyclic voltammograms were also obtained in the
presence of 50 mM imidazole, which coordinates as a ligand of
the heme iron. The results (not shown) in the presence of Na*
or Mg?* were very similar to those illustrated in Figures 1 and
2, respectively; moreover, in accordance to what was reported by
Harbury and Loach in their potentiometric studies on the same
system,® a more negative value for E, /2 (7200 % 5 mV) was
obtained.

Microperoxidase, the undecapeptide of cytochrome ¢ with
molecular mass of about 1900, represents a good system to study
the reversibility of the reaction at the electrode surface, and it
is a source of information on the electrochemical behavior of the
heme iron when unshielded by a large polypeptide, as it happens
in the case of all hemoproteins. For metalloproteins, rapid electron
transfer at the electrode is best achieved in the presence of ap-
propriate promoters, such as 4-4’ bipyridyl for cytochrome c¢,?
which increase the electron-transfer rate by favoring correct
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(13) Armstrong, F. A,; Hill, H. A, O.; Walton, N. J. Quart. Rev. Biophys.
1986, 18, 261-322.

orientation of the metalloprotein. Cyclic voltammetry of mi-
croperoxidase shows that rapid, reversible electron transfer at the
electrode is achieved even in the absence of mediators or promoters.
Of course, this behavior is to be associated with the simpler and
disordered conformation of microperoxidase in which the heme,
more exposed to the solvent, is facilitated to exchange electrons.
Thus, these results strongly support the notion that, in metallo-
proteins, a buried metal site is the major hindrance to a rapid
reversible electrochemical behavior. Under appropriate conditions,
the exposed heme of microperoxidase may serve the role of a
specific promoter between the electrode surface and metallo-
proteins in solution.

The redox potentials determined for microperoxidase are in good
agreement with previous data obtained by Harbury and Loach®
by potentiometry. Comparison with these results shows that cyclic
voltammetry is extremely rapid, does not require the use of me-
diators or stepwise addition of reductants, and yields additional
information on reversibility and rates of electron transfer.

The negative E, ;, values of microperoxidase provide additional
evidence for the significance of the degree of exposure of the heme
to the solvent in affecting its redox potential. In fact, a higher
degree of heme exposure lowers the redox potential of a hemo-
protein,!* as recently confirmed by an electrochemical investigation
on carboxymethylated cytochrome ¢, whose redox potential (£,
= -250 mV vs NHE) was found to be approximately 0.5 V lower
than that of native cytochrome ¢ (E,/; = +250 mV)."
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Several groups are currently trying to prepare ferromagnetic
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Figure 1. The structure of [Mn;;0,,(0,CPh),s(H,0),]. For clarity, the
phenyl rings are omitted except for the carboxylate-bound carbon atoms.
To avoid congestion, not all oxygen atoms are labeled. See Supplemen-
tary Material for a fully labeled figure and a listing of metric parameters.

proposed a method for preparing ferromagnets based on intra-
molecular ferromagnetic interactions in large molecules.’* Several
organic®® and a few inorganic!? molecules have been reported
which have ground states with large spin values. Very recently
Caneschi et al.!? reported a Mn''¢(radical)s complex which has
the largest ground-state spin value for any molecule, S = 12. In
this communication we report the preparation and characterization
of a Mn!'V,Mn!"; molecule which has a S = 14 ground state.

Mn(OAc),-4H,0 (2.00 g, 8.15 mmol) and benzoic acid (7.50
g, 61 mmol) were dissolved in pyridine (20 mL), and solid
NBu”,MnOj, (1.14 g, 3.15 mmol) was added in small portions with
stirring to give a dark brown solution. After 15 min, the solvent
was removed in vacuo to give a brown oil. This was extracted
with EtOH (100 mL) to give a reddish brown solution and a brown
solid, which after filtration was extracted into a minimum of
CH,CN and filtered, and the filtrate was allowed to concentrate
by slow evaporation to give dark brown crystals of [Mn;,0,,-
(0,CPh);4(H,0),] (1) in 5-10% yield.!*!> Complex 1 does
hydrolyze in water.

Complex 1 (Figure 1) consists of a central Mn!V,0, cubane
held within a nonplanar ring of eight Mn™! atoms by eight us-oxide
atoms.'® Peripheral ligation is by 16 u,-benzoate and four H,O
groups. Octahedral Mn'! should be Jahn-Teller distorted, and
this is apparent in Mn atoms Mn(5-12) with elongation along
the axes parallel to the unique molecular C, axis. The four H,O
ligands are localized on only two Mn atoms, Mn(8) and Mn(12).
Alternatively, the structure of 1 can be considered as the result
of fusing together four [Mn,O,] butterfly units akin to that found!’
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Figure 2. Plot of effective magnetic moment per molecule (ir/molecule)
measured at 10 kG versus temperature for [Mn,,0,,(0,CPh),s(H,0),].

26

21 4

114

6 + t ; f
o] 6 12 18 24 30

H/T (kG/deg)

Figure 3. Plot of reduced magnetization, M/NB versus H/T for
[Mn,,043(0,CPh),s(H,0),], where N is Avogadro’s number, 8 is the
Bohr magneton, and H is the magnetic field. The data are plotted in
three isofield (@, 10 kg; A, 30 kG; and B, 48 kG) lines. The solid lines
illustrate the result of a least-squares fit of the data to the spin Hamil-
tonian for a § = 14 state experiencing axial and rhombic zero-field
splitting.

in the discrete complex [Mn,O,(OAc),(bipy),]*.

Magnetic susceptibility data were measured at 10 kG in the
range of 5.0-300.8 K for a polycrystalline sample of 1. Figure
2 shows that the effective magnetic moment per molecule at 300.8
K is 12.10 ug, which gradually increases with decreasing tem-
perature to reach a maximum of 23.22 uy at 10 K, below which
it drops to 18.48 ug at 5.0 K. In analogy to the data presented
by Caneschi et al.!? the p.;/molecule data for 1 clearly indicate
that there are intramolecular ferromagnetic exchange interactions
present in 1. Furthermore, the shape of the u.;/molecule versus
temperature curve strongly suggests that all of the molecules are
in some large-spin ground state at low temperatures. The drop
in e/ molecule below 10 K likely reflects zero-field splitting in
the ground state. No hysteresis effects were seen.

Bulk magnetization (M) measurements were performed for
complex 1 in the range of 1.63 to 20 K in fields of 10, 30, or 48
kG to determine the spin of the ground state. The bulk reduced
magnetization (M/NB) is shown in Figure 3, plotted as a function
of H/T. The data are plotted as three isofield lines. For a
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molecule with all of its population in a ground state with spin S,
a plot of M/N@ versus H/ T would follow a Brillouin function'®
and approach a maximum (saturation) value of 2S at large values
of H/T. The fact that the three isofield lines for complex 1 do
not superimpose reflects the presence of zero-field splitting in the
ground state.

Least-squares fitting of the M/NB versus H/ T data for 1 were
carried out. At high fields and low temperatures, a true powder
average of the theoretically calculated magnetization for all
orientations must be made!®? usingeq 1. Ineq 1, 8 and ¢ are

M——-—f_of [i.l(aﬂ)‘”‘p‘ Ei/kn/z

exp(-E;/kT) ]sin 6dode (1)

the polar angle orientations of the field with respect to the mo-
lecular principal axis system and $E;/6H is the change in the
energy of the ith level in response to a change in a magnetic field.
The energies of the various sublevels of the ground state are
obtained by diagonalization of the (2S + 1) X (2S + 1) Ham-
iltonian matrix which includes the Zeeman terms. The derivatives
SE,/8H were calculated from the corresponding eigenvectors with
the Hellman-Feynman theorem.!®»? The integral in eq 1 was
evaluated numerically.

Thus, the magnetization data for 1 were least-squares fit with
the spin Hamlltonlan for S = 14 including axial (DS%) and
rhombic [E(S2 )] zero-field interactions. TIP was assumed
to be 2400 X 1075 cgsu per complex 1. For each setting of the
parameters (g, D, and E) a powder-average of M/NB versus H/T
is calculated, and per the simplex approach a least-squares fitting
was carried out for the S = 14 case which required ~35 h of cpu
time on a VAX/780 computer. The fitting parameters for S =
14 were found to be g = 1.974, D = —0.16 cm™, and E = 0.033

m~!. The solid lines in Figure 3 show that these parameters fit
the data well.

In a similar fashion the magnetization data for 1 were fit with
the Hamiltonian for either S = 13 or § = 15. The parameters
resulting from these fits are in the format (g, D, E) = (2.121,
—0.18, 0.037) and (1.846, —0.138, 0.029), respectively. All three
fits are of comparable quality with only the parameter g varying
appreciably. The g value for the ground state of a Mn!'V,Mn!";
complex should be 2.0 = g = 1.9. We conclude that complex 1
has a S = 14 ground state and the largest spin ground state yet
observed.

The present results indicate that polynuclear manganese com-
plexes are good candidates to exhibit intramolecular ferromagnetic
interactions. In fact, very recently we reported® that a distorted
cubane Mn™Mn'", complex has a S = 9/2 ground state. Clearly
a strategy to prepare molecular ferromagnets would be to chem-
ically link together these ferromagnetic molecular building blocks.
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The South African tree Combretum caffrum (Combretaceae)
has been found to contain a series of biosynthetically related
substances that significantly inhibit growth of the U.S. National
Cancer Institute’s murine P-388 lymphocytic leukemia cell line
(PS system). Some of these dihydrostilbenes, cis-stilbenes,
phenanthrenes, and dihydrophenanthrenes, especially combre-
tastatin A-1 and A-4, were also found to strongly inhibit tubulin
polymerization.2 We now report the isolation and structural
elucidation of an unexpected and unusual macrocyclic lactone
designated combretastatin D-1 (1) with PS cell line activity
corresponding to EDsg 3.3 ug/mL.

The methylene chloride~methanol extract obtained from 77 kg
of Combretum caffrum stem wood was initially separated as
previously described,?*® and the fraction that led to combretastatin
A-2 was further separated guided by PS bioassay with a sequence
of gel permeation, partition (Sephadex I.H-20, hexane—toluene—
methanol, 3:1:1), and silica gel flash chromatography employing
hexane—chloroform—-acetone (3:2:0.25) as eluent to afford com-
bretastatin D-1 (1) in 2.3 X 107% yield: 180 mg as needles from
acetone-hexane: mp 180-181 °C, R,0.44 (SiO, plate; 1:1 hex-
ane—ethyl acetate); [a]p —100° (¢ O. 015 CHCl,), HREIMS (m/z)
312.0998 (M*, 100%, for C,3H,40s, calcd 312.0998), 267.1015
(M*, —CO,H, 22%), 253.0862 (M* — CH;CO,, 42%), 227.0712
(M* - C,H;0,, 66%), 131.0496 (15%), 122.0368 (6%), and
119.0497 (10%). UV (CHCl3) Apax 224 (e 15215), 278 (3068)
nm; IR (NaCl) v, 3439, 3431, 3422, 3415, 1735, 1518, 1507,
1438, 1362, 1288, 1216, 1159, and 1142 cm™!. Consult ref 3 for
the 13C NMR and 'H NMR assignments.

Mass spectral analysis of lactone 1 revealed molecular formula
C,3H 1605 with eleven double bond equivalents. Because of the
absence of any isolated or conjugated double bonds, with the
exception of two aromatic rings, it became apparent that this
molecule possessed two additional rings and a lactone (IR: 1735
cm ). One ring was located as an epoxide, while the other formed
the skeletal cyclic system. The 'H NMR spectrum was assigned
by using 'H,'H COSY techniques. Four isolated coupling patterns
were observed. Long-range (five bonds) coupling was observed
between H-16 (both « and 8) and H-13. All the protons were
further assigned on the basis of NOE experiments (cf. 1; mag-
nitude of observed NOE’s were 1 — 6%). Proton-20 (6 4.940)
was correlated to § 112.24 in the carbon spectrum (*H,*C COSY).
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1987, 65, 2390. (c) Pettit, G. R.; Singh, S. B.; Niven, M. L.; Schmidt, J. M.
Can. J. Chem. 1988, 66, 406. (d) Pettit, G. R.; Singh, S. B.; Schmidt, J. M;
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(3) 1*C NMR (100 MHz, 8, CDCl;) 26.97 (C-15), 31.24 (C-16), 52.99
(C-3), 55.84 (C-4), 62.56 (C-2), 112.24 (C-20), 115.38 (C-12), 122.03 (C-13),
123.14 (C-19), 123.95 (C-7), 126.34 (C-18), 128.83 (C-6), 131.90 (C-5),
132.44 (C-14), 142.62 (C-11), 149.09 (C-10), 156.01 (C-8), and 172.53
(C-17) ppm; 'H NMR (400 MHz, 4, CDCl;) 2.134 (1 H, ddd, J = 17.5, 12.5,
1.5 Hz, H-160), 2.398 (1 H, ddd, J = 17.5, 6.0, 1.50 Hz, H-168), 2.583 (1
H, dd, J = 16.8, 6.0 Hz, H-15a), 3.112 (1 H, dd, J = 16.8, 12.5 Hz, H-158),
3.483 (1 H,ddd, J = 9.2, 4.5, 4.5 Hz, H-3), 3.871 (1 H, dd, J = 12.0, 9.2
Hz, H-22), 4.264 (1 H, dd, J = 12.0,4.5 Hz, H-28), 4.355 (1 H,d, J = 4.5
Hz, H-4), 4940 (1 H, d, J = 1.8 Hz, H-20), 5.486 (1 H, br s, OH), 6.617

(1 H, ddd, J = 8.2, 1.8, 1.5 Hz, H-13), 6.836 (1 H, d, J = 8.0 Hz, H-12),
7.081 (1 H, dd, J = 8.0, 2, 0 Hz, H-19),7.104 (1 H, dd J = 8.0, 2.0 Hz, H-7),
7362 (1 H, dd, J = 8.0, 2.0 Hz, H-18), 7.549 (1 H, dd, J = 8.0, 2.0 Hz, H-6).
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