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of undergoing an internal redox (substitution) reaction. With little
nuclear motion, transfer of an electron (in the limiting case)!? from
the enolate HOMO to the C-1 o* would produce diyl 10 directly
or indirectly through its expectedly short-lived (107810719 5)?
C-I radical anion precursor. Alternatively, enolate-accelerated
heterolysis of the CI bond could produce a zwitterion, differing
from 10 only in electron distribution.'? In either case, the ste-
reochemical information stored in the original C-1 bond would
be lost at this point as the resulting C2 center in 10 would rapidly
invert or be planar.!* As generated in this least motion path, 10
is in a conformation suitable for direct orbital overlap controlled
fragmentation®™ to the (Z,Z)-cyclodecadiene 4. The conversion
of 6 to diyl 10 finds analogy in substitution reactions proceeding
by SET. For such reactions, diradical formation is followed by
cage combination, while in the current case, the analogous diy!
combination is frustrated by the energetic cost of closure to the
strained bicyclo[2.2.0]hexane subunit.'’

As a further test of the above analysis, the fragmentation of
mesylates 11 and 12 was examined. Since the mesylate group
retains the superior leaving-group ability of an iodide but is less
easily reduced, an SET based fragmentation wouid be unlikely
for these compounds. In accord with this expectation, mesylate
11, under the above conditions, gave only (Z,Z)-diene 4 (84%)
and starting material, while the epimeric mesylate (12) proved
unreactive, even at 25 °C for 1.5 h.

12

In summary, a fragmentation reaction is reported that proceeds
in a stereochemical sense completely opposite that expected from
the conventional mechanism. Preliminary evidence is consistent
with this process occurring by a novel SET pathway or an an-
ion-accelerated heterolysis. Either pathway represents a novel
example of a frustrated substitution in which the nucleophile is
positioned suitably close to an electrophilic center to transfer an
electron or to induce heterolysis but closure of the resulting diyl
or zwitterion is frustrated by a faster fragmentation. As it relates
to synthesis, this novel fragmentation creates new opportunities
for regulating the stereochemistry and mode selectivity of frag-
mentation reactions as evidenced by the efficient and selective
formation of cyclodecadienes from readily available lactones.
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Chorismate synthase (EC 4.6.1.4) catalyzes the seventh step
on the shikimate pathway, the conversion of S5-enolpyruvyl-
shikimate 3-phosphate (1, EPSP) to chorismate (2) (Scheme I).!
The reaction involves the removal of the pro-R hydrogen on C-6
and loss of phosphate in what is formally a 1,4-elimination to
generate a diene.2? The overall anti stereochemistry of the
elimination has led to a reluctance to postulate a concerted
mechanism, and consequently several other mechanisms of varying
plausibility have been proposed. These include, inter alia, an
X-group mechanism,? a 1,3-suprafacial shift of phosphate to C-1
followed by an E2 elimination,' and a carbonium ion mechanism
where Joss of phosphate precedes C~H bond breaking.* Each
of these mechanisms avoids the problem that concerted anti
1,4-eliminations are historically disfavored. This conclusion comes
from studies on model systems® and from molecular orbital con-
siderations.® However, these objections to a concerted process
are not soundly based in the context of an enzyme-catalyzed
reaction where the orientation of catalytic groups may well play
a decisive role.

The first step toward elucidating the actual mechanism of the
enzyme-catalyzed reaction is to establish the timing of the two
bond-breaking steps, at C-3 and C-6. This is experimentally
accessible if bond breaking at either position is partly rate de-
termining and proceeds with an associated isotope effect. In this
communication we report the observation of a primary kinetic
isotope effect for cleavage of the carbon—hydrogen bond at C-6.
This result is surprising in the light of a preliminary study, which
failed to detect an isotope effect.’

The synthesis of (6R)-[6-2H]EPSP is outlined in Scheme I1.
(6R)-[6-2H]shikimic acid (5) (and enantiomer) was synthesized
from (2Z)-[3-H]acrylic acid® and (E,E)-1,4-diacetoxybutadiene
by the route of Raphael and Smissman.® The resulting (£)-
shikimic acid had 94 £ 2% deuterium cis to the C-5 hydroxyl
group and 5 & 2% in the trans position.!® The minor deuteriated
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(i) Temperature 90 °C, 3 h, 40% after recrystallization to remove
unwanted exo diastereomer. (ii) Six steps as described in ref 9, 22%.
(iii) Shikimate kinase, 1.8 units, 24 h. (iv) EPSP synthase, 0.08 unit,
8 h. Transformations iii and iv were carried out sequentially on 100
mM shikimic acid in 1.0 mL of D,0, pD 7.1 (Tris-DCI, 50 mM) at 25
°C containing 50 mM MgCl,, 50 mM ATP, and 50 mM PEP, and
were followed by 'H NMR spectroscopy. Compounds 4 and 5 are ra-
cemic, and compounds 6 and 1 are homochiral.

isomer comes from a small amount of (E)-[3-?H]acrylic acid
formed in the sodium amalgam reduction of (Z)-3-bromoacrylic
acid to (Z)-[3-*H]acrylic acid.? The Diels—Alder reaction gave
an approximately 80/20 endo/exo mixture of diastereomers, from
which the required endo isomer 4 was purified by repeated re-
crystallization. Failure to remove the exo diastereomer of 4 results
in more deuterium in the pro-S position of (-)-shikimic acid (5).

The (%)-shikimic acid was converted enzymatically to EPSP
using purified Escherichia coli shikimate kinase!! and EPSP
synthase.!> These conversions were carried out sequentially in
an NMR tube, by monitoring the signal for the C-2 hydrogen of
each compound. Addition of shikimate kinase to a mixture of
the (£)-shikimic acid and cofactors in deuteriated buffer gave
essentially complete conversion of one enantiomer of shikimic acid
to shikimate 3-phosphate (6). EPSP synthase was then added
and quantitatively converted the shikimate phosphate to EPSP
(1). The enzyme reaction mixture was treated with apyrase
(Sigma, grade VII) to degrade ATP and ADP in order to facilitate
the purification of the EPSP by ion-exchange chromatography
on Dowex 1-X8. Finally the EPSP was precipitated and stored
as the barium salt.!? Before use in an enzyme assay, the EPSP
was converted to the potassium salt. Labeled and unlabeled
samples were prepared in parallel experiments.

The undeuteriated and deuteriated EPSP were used as sub-
strates for purified Neurospora crassa chorismate synthase!* to
determine any isotope effect on V,, and V,,/K,,. These are
distinct experiments which required different experimental ap-
proaches. The first experiment was to measure V,,, for the labeled
and unlabeled EPSP using a direct UV assay following the ap-
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Figure 1. UV time course for the chorismate synthase reaction followed
at 275 nm (375 = 2630 M™' cm™). The assays were carried out at 25
°C, pH 7.0 (Bis-Tris-HCI, 50 mM), and included 2 milliunits of chor-
ismate synthase, 20 uM NADPH, 10 uM FMN, 50 mM KCl, and 2.5
mM MgCl,, in addition to 50 uM substrate, in a final volume of 1 mL.
(a) EPSP; (b) (6R)-[6-*H]EPSP (47% deuteriated); (c) (6R)-[6-2H]-
EPSP (94% deuteriated).

rate (nM / min)

] 10 20 30 40 50 60

rate (nM / min) / {substrate] (UM)

Figure 2. Eadie-Hofstee plot for EPSP (1) and (6R)-[6-2H]EPSP.
Fluorimetric assays (excitation at 313 nm, emission at 390 nm) were
carried out at 25 °C, pH 7.0 (Bis-Tris-HCl, 50 mM), and included 0.12
milliunit of chorismate synthase, 6 milliunits of anthranilate synthase,
100 uM NADPH, 10 mM glutamine, 10 uM FMN, 50 mM KCI, and
2.5 mM MgCl,, in addition to substrate, in a final volume of 1 mL. The
fluorimeter was calibrated by using anthranilate standards. The data was
analyzed by using Enzfitter.

pearance of the diene chromophore at 275 nm."* Figure 1 shows
the trace obtained for protio, 94% deuterio, and a 1/1 mixture
of the two. The initial concentration of each substrate was 50
uM, well above the reported K, value of 2.7 uM.!6 The increase
in absorbance is abruptly terminated on exhaustion of EPSP.
These traces clearly demonstrate a pronounced isotope effect on
Vioar Analysis of the linear portion of each curve gives
(Vmax)H/(Vmax)D =27+ 0.2.17

The second experiment was to measure the isotope effect on
Vax/ K- This experiment involves assaying chorismate synthase
at substrate concentrations close to K, a range that is below the
sensitivity of the UV assay. Chorismate synthase was therefore
coupled with anthranilate synthase!8 to convert chorismate (2)
to anthranilate (3), which can be detected fluorimetrically.'® This
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assay is sensitive down to submicromolar concentrations of EPSP.
Figure 2 is an Eadie~Hofstee plot of the data obtained by per-
forming the coupled assay over a range of EPSP concentrations
from 0.5 to 16 uM. The K, of unlabeled EPSP was determined
to be 2.2 £ 0.2 uM, in close agreement with the published value
of 2.7 uM.'¢ The line for the (6R)-[6-2H]EPSP has a different
gradient and intercepts on both axes, showing a change in both
Voax @and K. The ratio (Viee/ Kmdu/(Vinax/Km)/p is 1.6 £ 0.1,
with (K,)p = 1.4 £ 0.1 uM. From this data the ratio
(Vmawn/ (Vmax)p is 2.5 £ 0.2, which agrees, within experimental
error, with the value obtained directly from the UV assay.

The experimental data clearly show a primary kinetic isotope
effect for carbon—hydrogen bond cleavage at C-6. Values of ky/kp
of 2-3 are typical for enzymic reactions involving carbon-hydrogen
cleavage where this step is partially rate limiting.* The reduced
isotopic discrimination in the ratio (Vipe/Km)u/(Viax/ Km)p of
1.6 indicates a high commitment to catalysis.?!

This result is important as it opens up the way for a detailed
kinetic analysis of the chorismate synthase reaction which can
address the question of concertedness of bond breaking at C-6
and C-3. It has been reported that pre-steady-state experiments
did not detect a burst of phosphate release, showing that loss of
phosphate is not a fast step prior to the rate-determining step.*
The absence of a burst of phosphate release and the isotope effect
at C-6 together can best be accommodated by a concerted
mechanism, and this mechanism must now receive serious con-
sideration.
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Photoinduced electron transfer reactions play an important role
in chemical and biochemical processes.! Experimental investi-
gations have shown that this reaction may occur between species
separated by distances far greater than the sum of their van der
Waals radii.2 Theoretical analyses are consistent with these
findings.> Of particular relevance to the present investigation
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Figure 1. The absorption spectra of N,N-dimethyl-4-biphenylamine
(MBA) and cyclohexyl-substituted (CHA), N-phenylpiperidinyl-substi-
tuted (PHA), and N-biphenylylpiperidinyl-substituted (BPA) benzoyl
azides in CH,CN solutions at room temperature.
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are the efficient intramolecular photoinduced electron transfer
reactions reported for acceptor-substituted N-arylpiperidines.* In
previous work in this field, through-bond electron transfer has been
detected spectroscopically. The systems examined were selected
for study particularly because electron transfer does not initiate
an irreversible chemical change. Herein we report the first ex-
ample® of unique photochemical reactivity associated with
through-bond electron transfer in aroyl azide substituted N-
arylpiperidines (see Chart I).5 In methyl alcohol solution, light
absorbed by the biphenylamine chromophore of BPA initiates
reaction of an aroyl azide radical anion formed by through-bond
electron transfer.

The absorption spectra of N,N-dimethyl-4-biphenylamine
(MBA) and cyclohexyl-substituted (CHA), N-phenyl-
piperidinyl-substituted (PHA), and N-biphenylylpiperidinyl-
substituted (BPA) benzoyl azides in CH;CN solutions are shown
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