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changed, indicating that IPA binds weakly to these HRP com-
pounds, as has been found for native HRP.*!

In summary, the present study on the incorporation of Mo=—0-
and W==0-substituted porphyrin complexes into apo-Mb and
apo-HRP has revealed that Mb and HRP favor the lower and
higher metal oxidation states, respectively. This appears to parallel
the relative stabilities of higher oxidation states of native Mb and

HRP. These oxometal-substituted hemoproteins are stable and
structurally similar to compounds I and II in their heme envi-
ronments, which allows us to study the substrate binding features
of reactive intermediates of native hemoproteins.
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The novel antibiotic furanomycin (1) was isolated in 1967 from
Streptomyces threomyceticus (ATCC 15795).! The compound
is a competitive antagonist of L-isoleucine, and it inhibits the
growth of T-even coliphage. Furanomycin was synthesized in

NH,

1980 by Joullie and co-workers, who also revised the stereo-
chemistry to that shown in 1.2 Previous experiments carried out
in our laboratory have demonstrated that 1 is derived from two
acetate units and one propionate unit, with the latter serving as
the starter unit.> The specific incorporation of propionate into
1 requires the oxidation of C-2 of the propionate skeleton and
formation of an ether linkage between C-2 of propionate and C-1
of the adjacent acetate unit. Our prior studies revealed that one
hydrogen atom is removed from C-2 of propionate as the result
of this oxidation and that lactate is not an intermediate. Ex-
periments will now be outlined that provide additional insight into
the mechanism of formation of the ether linkage.

The stereochemistry of hydrogen loss from C-2 of propionate
was examined by means of incorporation experiments with (2R)-
and (2S5)-[2-*H]propionate. Attempts to prepare the stereo-
specifically tritiated forms of propionic acid from D- and L-alanine
utilizing a route reported for the synthesis of the chirally deu-
teriated compounds* failed due to the capricious nature of
[*H]lithium aluminum hydride. Consequently, we developed a
new synthesis of chirally tritiated propionate in which the intro-
duction of the isotopic label could be carried out with [*H]-
borohydride. The route devised (Scheme I) employs the vanillyl
moiety as a carboxyl protecting group® and provides stereo-
specifically tritiated sodium propionate in ca. 10% overall yield.
The optical purity and configuration of the labeled propionic acid
obtained from this synthesis was determined by a Parker analysis®
of the [2-2H,]propionic acid obtained from reduction of [for-
myl-*H,]-3-methoxy-4-mesyloxybenzaldehyde with R-Alpine
Borane. The deuteriated propionate had the expected configu-
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Table I. Incorporation of Labeled Propionic Acid into Furanomycin

3H /”C
expt furano- % *H
no. precursor (*H/MC) mycin  retn

1 sodium [1-!4C,2(S)-2-*H]propionate (4.80) 4.37 914

2 sodium [1-'*C,2(R)-2-*H]propionate (4.88) 0.97  21*

4The optical purity of the precursor was ca. 90%. ®The optical pu-
rity of the precursor was ca. 80%.

ration (S) and an optical purity of ca. 90%. Administration of
the (2R)- and (2S)-[2-*H]propionate to S. threomyceticus in
conjunction with [1-14C]propionate yielded samples of radioactive
furanomycin whose tritium to carbon-14 ratios revealed that
propionic acid is converted into the antibiotic with loss of the 2
pro-R hydrogen atom (Table I, expt 1 and 2). Since the absolute
stereochemistry at C-6 of furanomycin is S, it follows that the
introduction of the ether oxygen atom at C-2 of propionate occurs
with overall inversion of configuration.

The stereochemistry of carbon oxygen bond formation having
been elucidated, the question of the origin of the ether oxygen
atom was addressed. A priori, it appeared that the oxygen atom
could be derived either from the carbonyl oxygen of the adjacent
acetate unit or from molecular oxygen. Administration of sodium
[®0,, 1-13C]acetate’ to the fermentation yielded furanomycin
exhibiting '3C enrichment at C-1 and C-3, but no oxygen-18
induced shift® was apparent for either of these carbon atoms.
Appropriate conditions for the administration of '3Q-labeled
molecular oxygen to the S. threomyceticus fermentation were
therefore sought. The experiments utilized a closed system
containing 1-L shake flasks through which molecular oxygen was
circulated with a modified aquarium pump. The system also
contained a concentrated aqueous potassium hydroxide solution
to trap the expired carbon dioxide. All of the initial attempts to
utilize this setup were unsuccessful due to an increase in the pH
of the medium from 7 to ca. 9 during the course of the fermen-
tation. Eventually, we discovered that this behavior was the
consequence of the production of volatile, basic compounds (am-
monia?), and so a 2 N sulfuric acid trap was introduced into the
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Table IL. Incorporation of (**Q,) into Furanomycin?

C B3C shift (ppm) % enrchmnt A8* (ppm)
3 86.46 25 0.024
6 86.39 25 0.031

4Carbon spectra were measured in D,0 at 75.47 mHz with Gaus-
sian multiplication with LB = -1.0 Hz, GB = 0.40, SW = 20000, 64
K data points. ®!3C'®Q isotope shift.
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system. When both the base and acid traps were present, and
when the fermentation was carried out for 72 h under normal
conditions before connection to the closed system, then significant
production of furanomycin was observed. Administration of
180.]abeled molecular oxygen (52.8 atom % !#0) under these
conditions yielded furanomycin whose '*C NMR spectrum ex-
hibited 80-induced shifts for both C-3 and C-6 (Table IT). It
can therefore be concluded that the oxygen atom comprising the
ether linkage of furanomycin is derived from molecular oxygen.

On the basis of the findings described above, two mechanisms
can be considered for the formation of the ether linkage of fu-
ranomycin. On the one hand, an oxygen atom could be introduced
by hydroxylation of C-2 of the propionic acid moiety after its
incorporation into the growing polyketide chain. Ether formation
could then take place by attack of the oxygen-derived hydroxyl
group upon the carbonyl carbon of the adjacent acetate unit. The
plausibility of this mechanism is limited by the fact that hy-
droxylations at a saturated carbon atom generally take place with
retention of configuration.” Alternatively, an oxygen could be
introduced by epoxidation of a double-bond generated between
C-5 and C-6 of the furanomycin skeleton as the result of a
“processive” polyketide assembly process.!® A likely substrate
for this epoxidation would be trans,cis-2,3,5,6-heptadienoic acid
(2) which could undergo epoxidation to give the diepoxide 3.
Ring-opening of the 5,6-epoxide followed by attack of the resulting
hydroxyl group on the adjacent epoxide would then yield the
a-hydroxy acid 4 that could be readily converted into furanomycin
(Scheme II). This second mechanism for the formation of the
ether linkage of furanomycin is of particular interest since it bears
a close resemblance to that suggested for the formation of the ether
linkages in the polyether antibiotics.” Support for the second
mechanism is provided by studies of the allylic rearrangements
catalyzed by 8-hydroxydecanoylthioester dehydrase,!! an enzyme
involved in the anaerobic synthesis of unsaturated fatty acids.
These studies suggest that the 5,6-double bond of 2 could arise
by isomerization of a trans-2,3-pentenoate thiol ester intermediate
to a cis-3,4-pentenoate thiol ester with loss of the 4 pro-R hy-
drogen. Since the 2 pro-R hydrogen of propionate corresponds
to the 4 pro-R hydrogen atom of the putative 2,3-pentenoate thiol
ester, the observed loss of the 2 pro-R hydrogen atom of propionate
during furanomycin biosynthesis is consistent with such an isom-
erization and with the cyclization mechanism shown in Scheme
IL.
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Investigations of the photochemistry and photophysics of excited
states of short-lived organic species in solution are increasing in
number as experimental methods are developed which permit the
study of these intermediates.! Recent ns-resolved fluorescence
and absorption studies of arylmethyl radicals revealed that the
lifetime of the excited-state diphenylmethyl (DPM) radical in
solution at room temperature is ~250 ns.!!316  Ttoh and co-
workers'” published the emission spectrum of benzyl radical (Bz*)
in room temperature hexane solution and reported a fluorescence
lifetime of ~1 ns. Meisel and co-workers!%!12!¢ reported that
excitation of the triphenylmethyl (TPM) radical in solution re-
sulted in no detectable emission on the ns time scale at room
temperature. For excitation of TPM" (eq 1),'%!% an absorption
band at 490 nm that appeared within the 10-ns excitation pulse
was assigned to the 4a,4b-dihydro-9-phenylfluorenyl (DHPF)
radical which persisted with a lifetime greater than 100 us.

! _hv, )
JU0 D
TPM' DHPF"

We have performed a series of novel three-pulse ps-resolved
absorption experiments which provide information about the
excited-state TPM radical prior to the formation of DHPF*. For
these experiments, three 30-ps pulses of light are generated from
a single 1064-nm pulse emitted from an actively—passively
mode-locked Nd:YAG laser.?! The time of arrival of each of
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