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The proton that is lost from C-9 of 4 originates at C-8 of
farnesyl pyrophosphate. To establish the stereochemical course
of this deprotonation step, we prepared both (4R,8R)- and
(45,85)-[4,8-2H,]FPP (1c and 1d) by enzyme-catalyzed con-
densation of (4Z)- and (4E)-[4-?H]isopentenyl pyrophosphate (6a
and 6b),!>'* respectively, with dimethylallyl pyrophosphate in the
presence of avian prenyl transferase'*!> (Scheme IV). After
incubation of each of the stereospecifically deuterated FPPs with
aristolochene synthase, the resulting samples of aristolochene were
analyzed by ZH NMR. As summarized in Scheme III, aristo-
lochene 2¢ (730 nmol) retained both deuterium atoms, as evi-
denced by the presence of signals at § 1.44 and 5.35, corresponding
to D-3a and D-9, while 2d (500 nmol) showed a single peak at
8 1.36, corresponding to D-3b. These results demonstrate con-
clusively that it is H-8; that is lost in the formation of the
9,10-double bond of aristolochene.

On the basis of the known relative and absolute configuration
of (+)-aristolochene,’ it can be inferred that the sequential 1,2-
hydride and methyl migrations take place on opposite faces of
the bicyclic intermediate. Loss of H-8, which becomes H-98
(H-9,;) in 4, establishes that the proton that is lost must be syn
to the migrating methyl group. The sequence of anti migration,
syn deprotonation is readily explained by invoking a chair-boat
conformation for the cyclizing FPP and intermediate germacrene
A. Further experiments to test the proposed cyclization mecha-
nism and to characterize the cyclase itself are in progress.
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Synthetic examples of tetrahedral copper(II) complexes are rare,
despite current interest in their unusual electronic structure from
both physicochemical and biological points of view.! We now
report that a hindered tripod nitrogen ligand,> HB(3,5-iPr,pz);",
stabilizes the tetrahedral coordination geometry with reasonable
durability in the solid state or in noncoordinating solvents.

The reaction of KHB(3,5-iPr,pz), with 1 equiv of CuCl»2H,0O
in dry acetone gives Cu(CI)(HB(3,5-iPr,pz),) (1) as a deep brown
microcrystalline solid in 60-70% yield.* The same reaction with
KHBpz; and KHB(3,5-Me;,pz), yields only the disproportionation
products, Cu(HBpz;),* and Cu(HB(3,5-Me,pz);),,” respectively.
The crystal structure of 1 is shown in Figure 1.5 The copper,
chlorine, boron, and one pyrazole ring lie on a crystallographically
imposed mirror plane. The mean bond lengths of Cu-Cl and
Cu-N are close to one another, 2.13-1.98 A, with the dihedral
angles approximately 90°. Hence, the coordination geometry of
1is described as a tetrahedron that is slightly elongated toward
the chlorine atom. Although several examples’ of tetrahedral
copper(II) complexes have been reported, their dihedral angles
are not comparable to 90°, but lie in the range 50-70°, owing
to significant flattening or elongation.

The absorption spectrum of a solution of 1 in a noncoordinating
solvent (CH,Cl,, toluene, or pentane) is essentially identical with
the reflectance spectrum of the solid sample of 1, implying that
the tetrahedral structure is preserved in these solvents. However,
addition of a slight amount of a coordinating solvent such as
DMSO and DMF into a CH,Cl, solution of 1 causes the im-
mediate formation of the solvent adduct, The DMF adduct
Cu(Cl)(DMF)(HB(3,5-iPrypz);) (3) was isolated, and the
structure was established by X-ray crystallography.? As shown
in Figure 2, the adduct is a pentacoordinated complex of
square-pyramidal geometry with one pyrazole nitrogen as an apical
ligand. Owing to the formation of the adduct, the d—d band of
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Figure 1. ORTEP drawing of Cu(Cl)}(HB(3,5-iPr,pz),) (1). Selected bond
distances (A) and angles (deg): Cul-Cll, 2.125 (6); Cul-N1, 1.980
(13); Cul-N2, 1.985 (11); Cl1-Cul-N1, 122.9 (3); Cl1-Cul-N2, 125.3
(5); N1-Cul-N2, 92.1 (4). Dihedral angles (deg): N1-Cul-N2/
N1’-Cul-Cl1, 89.89; N1-Cul-N1’/Ni-Cul-Cll, 90.00; N1-Cul-
Cl1/N2-Cul-NV1’, 90.12.

Figure 2. ORTEP drawing of Cu(Cl)(DMF)(HB(3,5-iPr,pz),) (3). Se-
lected bond distances (A) and angles (deg): Cul-Nl1, 2.041 (6); Cul-
N2, 2,027 (5); Cul-N3, 2.184 (6); Cul-0l, 2.063 (5); Cul-Cll, 2.260
(2); N3—Cul-N1, 92,3 (2); N3—Cul-N2, 90.8 (2); N3-CulOQl, 94.8 (2);

N3-Cul-Cll, 101.9 (2).
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1 at 996 nm in CH,Cl, is shifted to 758 nm in DMF and the EPR
spectrum changes drastically as shown in Figure 3. The spectrum
of 1 obtained in CH,Cl, shows the reverse signal (spectrum A),
which implicates the characteristic electronic state of 1, the d,
ground state, as predicted from the coordination structure. On
the other hand, the spectrum obtained in DMF exhibits an axially
symmetric signal typical for a square-pyramidal copper(II) com-
plex (spectrum B). In THF or acetone, 1 does not form the adduct
at room temperature; however, below -78 °C, the color of the
solution turns green and the frozen solution in liquid nitrogen
shows an axial EPR signal ascribed to the formation of the
pentacoordinated adduct (Scheme I).
Previously, with HB(3,5-Me,pz);” as a ligand, efforts were made
to prepare a tetrahedral thiolato copper(1I) complex to mimic the
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Figure 3. EPR spectra of mononuclear copper(11) complexes ligated by
HB(3,5-iPr,pz),~ at 77 K: (A) Cu(Cl)(HB(3,5-iPr,pz),) (1) in CH,Cly;
(B) 1 or Cu(Cl)(DMF)(HB(3,5-iPrypz);} (3) in DMF; (C) Cu-
(StBu)(HB(3,5-iPr,pz);) (5) in CH,Cl,.
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physicochemical characteristics of blue copper proteins.® Although
the p-nitrobenzenethiolato complex obtained showed a strong
absorption band at 588 nm assignable to a S — Cu LMCT band,
the EPR spectrum (g, = 2.29, g, = 2.07, 4, = 160 G) was not
similar to those of blue copper proteins. Rather, it resembled those
of tetragonal copper(II) complexes. The formation of the pen-
tacoordinated solvent adduct of 1, as described above, prompted
us to reconsider the experimental result since the synthesis was
accomplished in THF. In order to prevent formation of the solvent
adduct, we attempted the preparation of the tetrahedral thiolato
copper(II) complex in CH,Cl, with the present hindered pyra-
zolylborate. Although the reaction of 1 with NaSR in CH,Cl,
resulted in the reduction of 1, the reaction of Cu[HB(3,5-
iPrypz);],(OH),!° (4) with 2 equiv of tBuSH was found to proceed
smoothly at —20 °C (Scheme II). The resulting deep-blue solution
showed a strong absorption band at 608 nm (e, 23500, at -16
°C) and also gave rise to an unusual EPR signal that is similar
to those of blue copper proteins (Figure 3C).!'  Although the
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redox!2 potential (-540 mV vs Ag wire at -20 °C in CH,Cl, under
argon) is considerably lower than those of blue copper proteins,
the present experimental result clearly proves that the striking
spectroscopic characteristics of blue copper proteins (a strong
absorption band at ca. 600 nm (¢, 1500-5000) and an unusually
small hyperfine constant (4, < 70 G)) can be mimicked by a
simple synthetic model, a tetrahedral thiolato copper(1l) complex
in the absence of the coordination of a thioether.!?
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Extensive studies with simple precursors (e.g., acetate, pro-
pionate) labeled with stable isotopes support the hypothesis that
polyketide biosynthesis resembles fatty acid formation except that
particular reductive steps are absent during assembly of the carbon
chain.»? This results in incorporation of keto, hydroxy, or olefinic
functionality in the growing enzyme-bound polyketide that can
lead to further transformations (e.g., cyclization) or provide sites
for post-assembly processing (e.g., oxidation, alkylation) by other
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Figure 1. Arrangement of bonds derived intact from acetate during
biosynthesis of dehydrocurvularin (1) and proposed sequence of its as-
sembly by a polyketide synthase. In between each addition of two car-
bons (+C,) from malonyl-CoA (with CQ, loss), functionality changes
can occur: (a) reduction of B-hydroxy thiol ester; (b) dehydration to
a,S-unsaturated thiol ester; (¢) reduction to saturated thiol ester.

enzymes.>* Key support for this proposal is provided by recent
experiments in which functionalized propionate-derived di- or
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by the synthase enzyme complex: Oikawa, H.; Ichihara, A.; Sakamura, S.
J. Chem. Soc., Chem. Commun. 1988, 600—602.
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