ceed via hydrolysis of 8a by water associated with the oxidant
or formed during the oxidation.

Although NiQOj; could not be employed for the conversion
8a — 6a, this reagent has also been used for the attempted
oxidation of other partially reduced N-, O-, and S-containing
heterocycles, many of which were dehydrogenated in good
yield. Compounds oxidized successfully with NiQ; included
2-methylthio-A2-thiazoline (60%), methyl 2-methyl-A2-im-
idazoline-4-carboxylate (81%), 1,5-diphenyl-3-(p-bromo-
phenyl)pyrazoline (95%),'4 2,3-dihydrobenzofuran (52%),'3
and several 2,4-disubstituted A2-thiazolines, including
phleomycin A; (83%).16
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Oxidation of 9-Hydroxy- and 9-Methoxyfluorene
Carbanions by Flavin. Proof of Radical Mechanism
Sir:

Flavin mediated dehydrogenation reactions which introduce
unsaturation «,8 to carbonyl groups are of considerable bio-
chemical interest (lactic acid oxidase, amino acid oxidases,
succinic acid dehydrogenase, etc.) and have been the subject
of numerous investigations.!-3 Model studies from this labo-
ratory2b:3bd have firmly established that it is the resonance
stabilized carbanion of the substrate which undergoes oxida-
tion by flavin. Kinetic and other evidence supports a radical
mechanism (Scheme IA) or, less likely, a mechanism involving
a 4a adduct which goes on to product by specific base catalysis
(Scheme IB).2b:34

The mechanism of Scheme A has been favored? on the basis
of free-energy calculations,?¢ arguments centered around the
requirement of specific base catalysis of 4a-adduct decom-
position,3d and the results of studies with 1,5-dihydro-3,5-
dimethyllumiflavin.® However, direct evidence for the for-
mation of a flavin-substrate radical pair, as required by
Scheme IA, has not been obtained. The present study deals
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with the oxidation of the carbanions of 9-hydroxyfluorene (17)
and 9-methoxyfluorene (II7) in methanol solution by 10-
(2,6’-dimethylphenyl)isoalloxazine® (Fl,y). If Scheme IA is
correct, then I~ should yield fluorenone, while I~ should form
9-methoxyfluorene radical (II.) whose-presence is expected
to become evident through the appearance of radical coupling
products.’

When Flox (1 X 1074 M) and either, 9-hydroxyfluorene (I)
or 9-methoxyfluorene (II) (0.10 M) ate combined, in the dark,
in basic methanol (1.0 M.NaOMe, 30 °C} in the absence of
O3, the visible spectrum of Flo disappears and is replaced by
a spectrum characteristic of a reduced flavin. In the case of I,
readmission of O3 at the-end of the reaction leads to restoration
(>99%) of a spectrum characteristic of the original oxidized
flavin in basic methanol (Amax 441 nm, 8900 M~ cm~—1). A
product study under identical conditions, except for flavin
concentration, confirmed the oxidation product to be fluo-
renone (isolated in 93%yield) as wquld be expected from the
results of other studies.!»3 The recovered reoxidized flavin was
shown to be identical with the orlgmal flavin by NMR spec-
troscopy. In the case of I, readmission of Oyat the end of the
reaction regenerated an oxidized flavin, but it was obvious from
its spectrum (Amax 446 nm, € ~ 12 000 M~! cm™!) that it was
not the starting Flox. A series of product studies (Scheme II)
were undertaken in the presence and absence of radical trap-
ping agents which provided products whose formation is as-
cribable to radical coupling processes. Control experiments
showed that the reactions of Scheme II did not occur in the
absence of either Fl,, or sodium methoxide.

The partial structure of the new flavin (IV) isolated from
the reaction of II- and Fl,, under anaerobic conditions
(Scheme IIA) was assigned on the basis of NMR, mass, and
UV-vis spectral data.? In particular, the UV-vis spectra of IVa
and IVb are inconsistent with either a 4a or 5 adduct®10 and
the NMR spectrum of IVb is inconsistent with a 4a adduct
since 4a adducts of 10-(2/,6’-dimethylphenyl)isoalloxazines
are known to show splitting of the methyl absorptions of the
2/,6’-dimethylphenyl group in the NMR.10 Products isolated
from the alkaline and HI hydrolysis of IVb were consistent
with the assigned structure. In particular, the reductive hy-
drolysis with HI indicated that the fluorene moiety is attached
to the flavin at the 6 or 8 position.!! The structure of I1I was

Scheme 111
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confirmed by comparison with authentic dimer obtained by
radical oxidation of 9-methoxyfluorene by nitrobenzene in
basic methanol.”

In the presence of radical trapping agents (oxygen or 4-
hydroxy-2,2,6,6-tetramethylpiperidinooxy!? (>N-0O-)) neither
I11 nor IV could be detected as products; only fluorenone could
be isolated. The mechanism of Scheme 11 best explains the
results of the product studies of Scheme II.

The products formed under the conditions of Scheme IIBand
IIC are those expected from the trapping of radical in-
termediates.”122-13 It is well known that oxygen will trap flavin
radicals to reform Flyy,!? and >N-O- has been shown to trap
the radical form of the flavin moiety of glucose oxidase to give
the oxidized enzyme.!22 It is also known that oxygen reacts
with II- in methanol to form fluorenone.” The mechanism by
which II. is trapped by oxygen or >N-0- could involve either
electron transfer or a peroxide or hydroxylamine intermedi-
ate.!¥ The products formed in the absence of radical traps also
indicate a free-radical mechanism. The radical formed from
the reaction of II~ with Fl,, cannot be oxidized to the ketone
by dissociation of H* followed by le™ transfer or by H- transfer
as apparently occurs in alcohol oxidation3®:15 (Scheme 1A);
it must be trapped by Fl. or another 9-methoxyfluorene radical
to form the flavin adduct IVa or the dimer III. In fact, the
dimer III has previously been shown to be the major product
of the free-radical oxidation of 9-methoxyfluorene by ni-
troaromatics in basic methanol.”

The products isolated in the presence and absence of radical
trapping agents and the overall similarity of these reactions
to the known free-radical oxidation of 9-methoxyfluorene in
basic methanol by nitroaromatics’ are overwhelming evidence
for the free-radical nature of the reaction of 9-methoxyfluorene
with Floy. These results also lend credence to the mechanism
of Scheme IA for the oxidation of alcohols such as 9-hy-
droxyfluorene by flavins.

The kinetics of the oxidation reactions were followed in
degassed methanol by monitoring the disappearance of Flox
at 441 nm under pseudo-first-order conditions.!® The disap-
pearance of Fl,, was observed to follow first-order kinetics
under all conditions. If oxidation involves rate limiting le~
transfer from the carbanion to Fly, then the rate law

—d[Flox]

et k[S][NaOMe][Flu] (1)
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Table I. Values of £y and k»/k_1’ for 9-Methoxyfluorene at 30 °C
in Methanol

kafk-v,

[NaOMe|, M  k (av), M—2s7la k) M~1gs71b M-1

0.26 1.91 x 1073 1.72 X 10—4 11.1
0.51 2.59 % 1073 215X 1074 12.0
1.03 3.98 X 1073 2.87 X 10— 13.9

2 These are average values taken from two runs at different con-
centrations of II. See note 17. » Calculated from data in ref 18 and
19.

should be followed where [S] is the concentration of either |
or II. In practice the observed value of k increased with in-
creasing base concentration when S = I or I1.!7 This behavior
has been observed previously for the methoxide catalyzed
formation of I~ monitored by hydrogen-deuterium exchange
of II in methanol-0-d.18 This variation of k with [NaOMze]
is apparently due to an increase in solvent polarity with in-
creasing concentration of the base. The observed kinetics are
therefore consistent with the mechanisms of Schemes IA and
III for 9-hydroxyfluorene and 9-methoxyfluorene, respectively,
with k, being rate determining in both cases so that for either
substrate

k = kiko/k_1[MeOH] = kikofk_y (2)

Comparison of the initial rate constants for the reaction of
9-hydroxyfluorene and 9-hydroxyfluorene-9-d with Flg, at
[NaOMe] = 0.26 and 0.51 M provided ky/kp = 4.7 £ 0.2.
Since k»/k—,’ is independent of the isotope of hydrogen at the
9 position it follows that k;H/k,® =~ 4.7. This result confirms
that the carbanion of I is the active species in the oxidation
reaction and is consistent with the mechanism of Scheme
IA.

For 11, values of k| can be determined from the known rates
of sodium methoxide catalyzed hydrogen-deuterium exchange
of this compound in methanol-O-d at 30 °C,!2 and the solvent
isotope effect, kmeop/kMeon, for ionization of the 9 hydrogen
which is 2.4.19 Table 1 lists the average values of k at each
concentration of base, as well as the values of k;, and the cal-
culated ratios k»/k—1’. The data in Table I show that at a flavin
concentration of 1 X 1074 M the ratio k»[Flox]/k—)" is ~1 X
1073, This value is consistent with the requirement that
k,[Flox] «< k-’ for Scheme 111 to give first-order kinetics in
[Flox]. The internal consistency of the data is further evidence
in favor of the mechanism of Scheme I11.

The pK, of both 1and I1 in methanol can be estimated to be
22.20 With this value, the pK, of methanol itself (18.3),2! and
the values of k, and k,/k_,’ from Table 1, it is possible to
calculate approximate values for both k, and k_,’ for the ox-
idation of I11.22 At 1.03 M in sodium methoxide this calculation
gives values for k; of 550 M~!s~!and k—," of 40 s~!. The
relatively small value of k indicates that electron transfer from
117 to Floy is not in the thermodynamically favored direction.23
The magnitude of k; for the 9-hydroxyfluorene reaction
(Scheme IA) is expected to be close to that of 9-methoxyflu-
orene owing to the similar configuration of the two carbanions
and the similarity in substituent effects expected for the hy-
droxyl and methoxyl substituents. The near equivalence in the
rate constants!” for the oxidation of the two substrates by Flgx
is, therefore, expected in view of their similar (if not identical)
pK values in methanol if both reactions are proceeding via like
mechanisms with electron transfer to Flo, (k») being the
rate-determining step.

The demonstration of the radical nature of the oxidation of
9-methoxyfluorene by an isoalloxazine is the first direct evi-
dence for the radical nature of carbanion oxidations by flavins.
1t is, therefore, an extremely important piece of evidence in
terms of providing a rationale for deciding between the
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mechanisms of Scheme 1A and IB for the oxidation of other
carbanions.
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Kempene-1 and -2, Unusual Tetracyclic Diterpenes
from Nasutitermes Termite Soldiers
Sir:

The glue-like secretions of nasute termite soldiers play a
crucial role in the defense of these termite species against
predacious ants.! Recently, we have described the structures2:
of the trinervitenes, e.g., 1 (TG-2), and the chemical compo-
sition of the secretion of the termite Trinervitermes gratiosus
from which these compounds were first identified.* In this
communication we reveal the structures of two new diterpenes,
kempene-1 and -2, possessing novel tetracyclic cembrene-
derived carbon skeletons.5

3 (NK-2)

1 (16-2)

Kempene-1 (or NK-1, 2) and kempene-2 (or NK-2, 3) were
isolated from the hexane extract of crushed heads of Nasuti-
termes kempae soldiers by chromatography over Florisil fol-
lowed by HPLC on u-Porasil. Kempene-2 was readily oxi-
dized on standing under ambient conditions to give a substance
containing one extra oxygen, a behavior which led to some
confusion in the initial analysis of the spectral data.” The
physical constants of 3 are as follows: mp 120.5-122.5 °C;
mass spectrum mje 342 (M*) (CpH3005), 282 (M* —
AcOH), 267 (Mt — AcOH — Me); UV (MeOH) 244 nm (e
6330); CD (MeOH), 241 (Ae +0.025, diene), 289 nm (Ae
+1.46, ketone); IR (CCly) 1737 (OAc), 1702 cm~! (ketone).
The nature of all 22 carbons was determined (see 4, Figure 1)
by the 13C NMR techniques of PND, selective decoupling,
partially relaxed Fourier transform (PRFT), and combined
PRFT/selective decoupling.®

The complex 'H NMR spectrum (see 5, Figure 1) was an-
alyzed in detail at 100 MHz and 220 MHz. With the aid of
Eu(fod)s, it was possible to separate, at least in part, practically
all proton signals (see §). Decoupling of the separate peaks,
in conjunction with correlation of proton signals to carbon
signals by selective heteronuclear decoupling, clarified most
of the molecular structure (indicated by thick lines in 5) except
for the linkages between C-1 and C-15 and between C-12 and
C-13 and those extending from C-11.8 The chemical shifts of
some overlapping peaks shown by approximate values in § were
estimated by comparisons with the Eu(fod);-shifted spectrum.
Assignments of 'H NMR signals were also aided by compar-
isons with the signals of kempene-1. The ddd shape (each J
being 3 Hz) of the 14-H peak defines the axial nature of OAc
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Figure 1, 13C NMR data (4), JEOL PS-100 with microprobe, and 1H
NMR data (5), Varian HA-100 and HR-220, of NK-2 (3), both in CDCl;.
Negative lH NMR values shown in brackets in § denote downfield shifts
occurring upon addition of Eu(fod)s.

as well as the spatial relation between 14-H and the three ad-
jacent protons. The large Jgem of the 2-H’s (20 Hz) indicate
the methylene to be adjacent to the ketone. The doublet nature
(J = 2 Hz) of the isolated 16-H shows that it is long range
coupled, probably to 5a-H, through overlap of the 5-H and
16-h o bonds with the 6-ene 7 bond.

Kempene-1 (2) had mass spectrum m/e 386 (MT)
(C34H13404); UV (MeOH) 245 nm (e 85);° CD (MeOH), 245
(Ae +0.058); IR (CHCl3) 1730 cm™1 (OAc). The 13C NMR
resonances for C-2 and C-4 of kempene-2 (4, 36.06 and 53.89
ppm) are shifted to the high fields of 28.75 and 44.96 ppm,
respectively. In the '"H NMR spectrum, an additional carbinyl
acetate proton (3-H) appears at 5.08 ppm (brd, J = 9 Hz), and
hence the 3-one is replaced by a 3-acetate. Reduction of 4 mg
of kempene-2 (3) with LiAlH4 followed by acetylation and
HPLC separation (u-Porasil, 12% ether in hexane) afforded
an ~1:1 mixture of 2 and its C-3 epimer: UV (MeOH) 243 nm
(¢ 85);° CD (MeOH) 244 nm (Ae +0.069); 'H NMR (CDCl;)
5.17 ppm (br d, J = 8 Hz, 3-H). The 3-H signal of 2 and 3-
epi-2 merely indicated that in both compounds the 3-acetoxyl
group is equatorially oriented (owing to conformational in-
version), and hence it was not possible to assign configurations
to this center either by NMR or other evidence.

The structure of 3 was solved by single-crystal x-ray dif-
fraction experiments. Kempene-2 crystallized from olefin-free
pentane under an argon atmosphere in the orthorhombic
crystal class. Cell constants, determined by least-squares fitting
of 15 high angle reflections, were a = 10.370 (3), b = 9.671
(2), and ¢ = 19.817 (7) A. Systematic extinctions combined
with the chirality of 3 indicated space group P2,2,2; with one
molecule of composition C22H3003 per asymmetric unit (p =
1.14 g cm~3). All unique data with 26 < 114° were collected
on a computer-controlled four-circle diffractometer using
graphite monochromated Cu Ka (1.54178 A) x rays. Of the
1596 diffraction maxima surveyed, 1258 (79%) were consid-
ered to be observed (F 2 = 30(F,2)) after correction for Lo-
rentz, polarization, and background effects.

The angular dependence of the scattering was eliminated
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