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in CD4CN clearly discriminate between the two types of COCH,
groups within the acac ligand, and the Pt-O bond does not break,
even at 70 °C. Lengthening of the Pt~O bond may be caused
by the trans influence of the Pt-C bond across the Pt-Pt bond.
Such a trans influence has been reported for some Pt(I11) di-
mers, 10514

The present two complexes further indicate that platinum(IT)
and platinum(IIT) states prefer to form a Pt~C bond where possible
and that platinum complexes will provide further an interesting
field even for cluster complexes in the border of classical coor-
dination and organometallic chemistry.
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Recently isolated antitumor antibiotics are proving to be ex-
traordinary for their exceptional potency, unusual enediyne bicyclic
structures, and remarkable biradical DNA cleaving mechanisms.
The glycosylated esperamicin,!? calicheamicin®* and neo-
carzinostatin®® variations were the first families extracted from
widely dispersed soil samples. This year a Bristol-Myers/Cornell
team presented another theme with the isolation and structure
elucidation of dynemicin A, 1a.” The violet compound combines
the enediyne moiety and the classical anthracycline quinone
chromophore. Sandwiched between the two funtionalities is a
tetra-substituted epoxide.

Several questions beg for resolution. If the compound disables
DNA similar to its natural enediyne congeners, which end of the
molecule carries the weaponry? Can the two ends act in concert
through a common trigger? What mechanistic intermediates are
consistent with the actions of other antitumor antibiotics?
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Computational methodology offers insights into and projections
beyond these issues.

The force field predicted structure of dynemicin A (1a) is shown
in Figure 1. The calculation assumes hydrogen bonding in the
anthraquinone fragment leading to planarity for the extended
w-system. Geometric features resemble previous enediyne X-ray
structures:*'> r(acetylene C---C) = 3.66 A; C=C—C bonds
are bent with predicted angles ranging from 162 to 169 °C. The
molecule is an almost perfect right-angled elbow. Perched atop
the bicyclic extension of the anthraquinone fragment, the epoxide
ring is poised for interaction with the aromatic framework.
Nothing has been reported concerning the ability of dynemicin
to cleave DNA, but the compound exhibits potent antibacterial
activity and extends the life span of mice inoculated with leu-
kemia.” If as in neocarzinostatin the epoxide opening is a trigger
for biradical formation and subsequent DNA damage,'#7 two
extreme mechanisms for ring opening are suggested: acid-cata-
lyzed ring rupture or base-catalyzed deprotonation of the hy-
droquinone two-electron-reduction product'® (10, Figure 2) ac-
companied by simultaneous epoxide cleavage to give 2a. Both
are stereoelectronically favored by the flat architecture of 1 to
stabilize a carbocation or a C=C double bond, respectively.

The acid-promoted cationic route was evaluated with structures
3-6 by the MM2//PRDDO protocol for calculating AE*(TS—-GS)
described previously.!31°
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Figure 1. The MM2 optimized structures for dynemicin A (1) (a) and
the anthraguinone-supplemented form of 11 (b). The two views of each
emphasize the positioning of the epoxide ring relative to the anthra-
quinone moiety. Hydrogen atoms have been eliminated for clarity.

OH © HO
(-834,120.1)

CH3OH
{-71,965.7)

(-886,341.5 Kcal/mol)

ﬂ AE =-45.2 Keal/mol

Q OH

H OH H OH OH OCH,

(-986,294 4) 2 (-906,178.1}) 8

Figure 2. An isodesmic reaction for comparing the relative ease of
converting dynemicin and menogaril hydroquinones 10 and 8 (R, = R,
= R; = R; = Ry = H) to quinone methides 2 and 9, respectively. The
energies are MM2//PRDDO values predicting 2 and 8 to be favored by
45.2 kcal /mol.

For 3(n=0)-5 the predicted energy barriers to the corresponding
biradicaloid transition states (e.g., 7) are AE* = 39 kcal. The
epoxide effectively protects the antibiotic from enediyne cycli-
zation. A smooth reduction in the AE* for cyclization with ring
enlargement is instructive [3 (n = 0-3); AE* = 59.7, 37.6, 23.3,
21.9 kcal]. By the same token, structures with sp? bridgehead
centers similar to esperamicin and calicheamicin (e.g., 4, 5)'">13
are too strained to promote biradical formation. Capture of a
nucleophile to give 6 (R = OCHj,), however, is predicted to al-
leviate bicyclic strain and promote rapid biradical formation at
ambient temperature (AE* = 19.1 kcal).

Alternative assisted release of the epoxide moiety is best de-
scribed by reference to menogaril,'®?® an oxygenated bicyclic
analogue of the well-known anthracycline antitumor drugs dau-
nomycin and adriamycin. Like them, the compound is believed
to experience activation by reductive elimination of methoxide
from hydroquinone 8 to give the reactive quinone methide'#20-25
9 (RI = OH. R2 = N(CH;):, R] = R5 = CH;, R4 = OH, cf.
Figure 2). The latter two menogaril intermediates and their
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-3571,
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(24) Anne, A.; Moiroux, J. Nouv. J. Chim. 1985, 9, 83.
(25) Danishefsky, S. J.; Egbertson, M. J. Am. Chem. Soc. 1986, 108,
4648-4650.
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counterparts for other anthracyclines have been observed spec-
troscopically. The quinone methides likewise capture both elec-
trophiles and nucleophiles'®2*22 including 2-deoxyadenosine® at
the site of alkoxide loss. Accordingly menogaril is reduced in part
to its 7-deoxy derivative (e.g., OCH; — H in 8, Figure 2) in
aqueous medium,'®

A similar series of events is possible for dynemicin A with the
difference that epoxide ring opening of 10 to give quinone methide
alcohol 2 is equivalent to alkoxide loss from 8. To compare the
two series, isodesmic reactions?™?® were constructed as shown in
Figure 2. Each structure was optimized with MM2 and then
subjected to a single-point PRDDO SCF calculation. Reduction
of the dynemicin analogue 1b to its hydroquinone 10 is calculated
to be favored over the same process for menogaril by 3.9 kcal.
Subsequent elimination of epoxide or methoxide giving quinone
methides 2 and 9, respectively, is favored for the dynemicin system
by 45.2 kcal. Sixty percent of this strain-release value can be
attributed to the three-ring moiety,” and the rest, to the bicyclic
system. The final rearrangement of 2 to its quinone tautomer
is PRDDO exothermic by 22.8 kcal. The latter (e.g., 6, R = H)
is in turn posited to cyclize to biradical readily under biological
conditions, AE* = 19.2 kcal.

The picture that emerges is the mechanistic linkage of the
enediyne and anthraquinone fragments through an exquisitely
located three-ring trigger. Other placements of the epoxide ring
can be expected to effect a degree of chemical stability similar
to that observed for 1a.” Structures 11-13 are illustrative with
AE*’s of 64.5, 27.2, and 36.5 kcal, respectively. Removal of the
four-carbon allyl bridge in 11 and 2 causes little change in the
enediyne closure estimates, suggesting bioviability for simpler
stable variants of the full dynemicin structure. Movement of the
epoxide ring outside the antibiotic bicyclic core (e.g., 12) engenders
considerably less molecular strain. The compound would cyclize
to biradical in solution below 100 °C. The stereoisomer of 3 (n
=0), i.e, 13, is predicted to be quite stable, but it cannot, of course,
accommodate the allyl bridge.

NH

13

Apart from what appears to be increased bending strain in 11
and 13 relative to dynemicin, another important difference is the
relationship of the three-ring system to the extended anthraquinone
w-system. Neither struture presents the epoxide favorably oriented
for interaction during ring opening as depicted for system 11 in
Figure 1. A corresponding adjustment in biological behavior can
be anticipated for molecular geometries incorporating this feature.
Considerations of mechanism and strain for other antitumor agents
have stimulated the synthesis of a diverse collection of novel
entities, 10:11:25.30-37

In summary, dynemicin A is structurally and energetically
designed for biradical-mediated DNA capture by a cooperative
interplay between anthraquinone and enediyne fragments. The
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chemical lability of the intervening epoxide and the overall mo-
lecular strain induced by bridgehead O-oxidation appears to be
an essential element for the antibiotic’s function. Epoxide relo-
cation offers novel opportunities to examine and alter it.
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A number of instances of fragmentation (or cleavage) have
recently been noted for certain electron donors when activated
by photoinduced single electron transfer (SET) reactions.!® In
some cases the occurrence of fragmentation is attributed chiefly
to a greatly reduced carbon-carbon bond energy in the donor
cation radical compared to the corresponding neutral molecule.?’
Studies in our laboratories have focused on electron-transfer
quenching of excited singlet acceptors by amino alcohols and
diamines in nonpolar solvents. For the former we have shown that
moderately efficient (in some cases) and chemically clean reaction
occurs in nonpolar solvents within contact ion pairs in which both
donor cation-radical (dcr) and acceptor anion-radical (aar) play
important roles. The crucial step competing with reaction-limiting
back electron transfer is the concerted fragmentation and de-
protonation of the dcr with the aar acting as a base. Herein we
report a novel reaction in which scission of a strong carbon—carbon
bond in an unexcited donor can be brought about via quenching
of an excited acceptor. In this case, the aar seems to function
as a nucleophile in a displacement within the contact ion pair;
the net reaction involves a chemically clean and yet unprecedented
ketone to amide interconversion. This kind of reactivity fits well
into an emerging pattern of contact ion pair reactivity.

Irradiation (with a high-pressure mercury lamp filtered to pass
light from 400 to 440 nm) of 9,10-dicyanoanthracene (DCA) in
the presence of amino ketone 1 in deuterated benzene (freeze~
pump~thaw vacuum degassed solution) with a trace of water
(0.011%) leads to a bleaching of the long-wavelength absorption
of DCA together with formation of photoproducts, which are
indicated by NMR and GC~MS analysis to be acetone, mor-
pholine, and an acylated form of DCA (eq 1). In a subsequent
dark reaction over several hours, 2 and morpholine undergo further
reaction to produce 4-acetylmorpholine and 9,10-dihydro-9,10-
dicyanoanthracene, DCAH, (eq 2). The overall result of the
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reaction is a net two-electron reduction of DCA concurrent with
an oxidative conversion of the amino ketone to an amide and a
ketone. The reaction occurs relatively cleanly with the indicated
stoichiometry and overall 90% chemical yield and a modest
quantum efficiency (® = 0.038) under conditions where quenching
of the fluorescence of DCA is nearly complete. The initial
photolysis produces a singlet at 1.69 ppm in the NMR spectrum,
consistent with either structure 2a or 2b.
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A reasonable mechanism for the overall conversion described
in eq 1 is given below: The initially formed amino radical has

(cis and trans)
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a low oxidation potential and would be expected to undergo a
second electron transfer.®

While an unassisted cleavage of 1** could be proposed to yield
the same products, thermochemical cycle estimation of the car-
bon—carbon bond energy in 1°* of ca. 30 kcal/mol suggests that
the aar-assisted path is more probable.?

In contrast to the amino alcohol cleavage processes mediated
by photoinduced electron transfer which occur in a wide range
of solvents, the present reaction has been found to occur cleanly
in benzene, but in more polar solvents, such as acetonitrile and
methanol, both the quantum yield and the chemical yield are
decreased. Thus, in the present case, the reaction is evidently
governed both by the generation of reactive partners as a contact
ion pair or exciplex and also by the absence of appreciable solvent
stabilization of the potential nucleophile and substrate. Other

(8) The bond-dissociation energy for the radical cation was taken to be
equal to the ionization potential of the radical (5.7 eV: Wayner, D, D. M,;
McPhee, D. J.; Griller, D. J. Am. Chem. Soc. 1988, 110, 132) minus the
ionization potential of the neutral (7.9 eV) plus the bond-dissociation energy
of the neutral (81 kcal/mol).
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