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Quantities of III sufficient for structural characterization have
been prepared by quenching 500-700 mg of enzyme. The 'H-
NMR spectrum (Figure 2) confirms the presence of a single
shikimate species, as well as the CH,F protons which are non-
equivalent (8 = 3.94 and 4.14 ppm; 9.6 Hz geminal coupling);
coupling of these methylene protons to fluorine is also demon-
strated. The F-NMR resonance appears as a triplet (§ = —230.88
ppm; Jp_y = 45.8 Hz). The 3'P-NMR spectrum (not presented;
& = 0.38 and -5.54 ppm) is essentially identical to that reported
previously for I.# The ES-MS spectrum was dominated by a single
peak with the molecular mass of 439 amu expected for the (M*)
- 1ion of III (C,oHsF,0,4P,).

These observations demonstrate that (Z)-3-fluoro-PEP serves
as a pseudosubstrate of EPSP synthase, resulting in the formation
of a novel enzyme-bound fluoro intermediate III, which does not
proceed further toward product. Thus, (Z)-3-fluoro-PEP is unique
in its ability to support incomplete enzymatic catalysis. Inter-
mediate I1I also provides a new tool to probe the mechanistic and
structural details of EPSP synthase. Studies are underway to
define the geometry of this intermediate when bound at the enzyme
active site.
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Of the many interesting scientific questions generated by the
synthesis and isolation of the fullerenes,' one of the most intriguing
concerns the mechanism of the remarkable reactions which bring
small carbon molecules together to form large hollow cages.
Although several ingenious mechanistic schemes have been pro-
posed,? they suffer from the fact that intermediates have not been
trapped. We now report that addition of hydrogen donors to
systems in which C,; and C,, are generated results in the formation
of polycyclic aromatic hydrocarbons whose carbon skeleton may
represent intermediates in fullerene formation.?

We have modified the standard conditions for fullerene synthesis
by evaporating carbon from an arc in an atmosphere of He to
which have been added propene and other H donors. Analysis
of the benzene-soluble portion of the carbonaceous products by
mass spectrometry reveals, in addition to Cg, and C,q, a series
of peaks corresponding to C,,H;, C,H,, (n = 14-18), and, in lower
yield, C,H,, (n = 20, 22, 24). GC/MS analysis identifies the
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Figure 1. Product yields as a function of added propene: (®) C;4Hq,
(a) CisHyy, (W) total C;H g, + total CigHg, (0) Cgo. The horizontal
axis refers to the total amount of propene added during a 1-h reaction.
Total yields of product ranged from 9.4 X 107 to 4,1 X 10! mmol.

Scheme I. Formation of Cq, and Cy by a Series of C, Additions
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C,,Hj as acenaphthylene and shows that the C,H,, series contains
the compounds in eq 1.° Substitution of H,O or D,O for propene

Graphite ;_c_.\H»e Ceo + Cro + * <®'©© v

(5.0 mmol)

1, Ci4Hio 2, CysHyp
2.74 : 0.67 : 1.03
O @) o
@8@ + + ©{®.©© + @8@ (h
3, CigHio 4, CygHip 5, CigHio 6, CigHio
1.30 : 1.00 : 0.23 : 0.16

(5) Yields of Cg, were determined by 1*C NMR using hexamethylbenzene
as internal standard. The polycyclic aromatics, which could not be detected
in the absence of H donor, were determined by GC using the same hexa-
methylbenzene as internal standard. Fullerenes and polycyclic aromatics
constitute ~20% of the carbonaceous residue. Propene was bled into the
reactor through a calibrated valve.
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in this reaction generates the same polycyclic aromatics with H
replaced by D in the case of D,O. When CH,OD is used as a
trap, the products contain both D and H with H predominating
as expected from a consideration of homolytic bond strengths.

The relationship between H donor concentration and yields is
displayed graphically in Figure 1. Since compounds 4 and §
contain remnants of the ring skeletons found in Cg, it is tempting
to postulate that the decadehydro derivatives of these compounds
are intermediates on the way to the fullerenes and are trapped
by H abstraction. The data in Figure 1, which show an increase
in trapping products with a corresponding decrease in C4y as H
donor concentration is increased, are consistent with this hy-
pothesis. A mechanism for the conversion of a C,4 fragment,
corresponding to 4, to the fullerenes by a series of C, additions
is proposed in Scheme I. Ring closure and cyclization of a C,¢
chain under the energetic conditions of fullerene formation could
lead to dehydrofluoranthrene, 7. Subsequent additions of two C,
molecules to the free valences in 7 would generate the dehydro-
corannulene, 8. Stepwise addition of molecular C, then builds
up the carbon clusters, eventually resulting in the fullerenes. In
the steps leading from C ¢ to Csp, the growing carbon cluster adds
to C, in a 1,2 fashion always generating intermediates with 10
free valences or five benzyne units. Once Cs, is reached, continued
addition to C, in a 1,2 fashion generates open Cg, 9, which could
rearrange to 10, a Cq, with five cyclopentadienylidene carbenes.
Cyclization of 10 yields fullerene-60. Alternately, Cs, could add
to C, molecules in a 1,1 fashion generating 10 directly. Addition
of more C, molecules to 9 would lead to fullerene-70 or to tubules.?

Smalley?® has proposed a “pentagon road” route to Cg, in which
carbon sheets with as many nonadjacent pentagons as possible
reduce the number of dangling bonds to 10 during a large portion
of the cluster buildup. The mechanism in Scheme I, which also
involves intermediates with 10 free valences, may represent a route
to the fullerenes along the “pentagon road”. This mechanism,
in which clusters grow by the addition of C, molecules, builds up
the carbon clusters in even-numbered units, as is observed in mass
spectral studies of clusters arising from laser-evaporated gra-
phite.>10

That the trapping experiments do not show C . H,, with n > 18
may be due to the fact that once Cy is reached, free valences may
be satisfied by formation of cages which are not trapped (eq 2).!!

C:
O _ 5 ye o .
&S =R =6

Czo Czo Cage

An interesting alternative explanation for our failure to trap
clusters above C,3 is a rapid trimerization of a Cy to fullerene-60
(eq 3). Although such a mechanism is not consistent with mass
spectral studies of laser-evaporated graphite, Cy, has been observed
to dimerize to Cgq in the gas phase,'? and it seems possible that

(6) The rearrangement of 9 to 10 is an example of the benzyne to cyclo-
pentadienylidene carbene rearrangement which has been calculated to be
endothermic by 31 kcal/mol.” In the case of fullerene formation, this endo~
thermicity would be compensated by cage formation.
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a trimerization may play a role when Cq is generated in an arc.

These investigations implicate a mechanism of fullerene for-
mation in which linear, monocyclic, and polycyclic carbon clusters
precede fullerene synthesis. !>
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The design and synthesis of peptidomimetic enzyme inhibitors
continue to be active areas of research. Such compounds have
proven useful in elucidating mechanisms of catalysis and as
therapeutic agents.! The discovery that the human immunode-
ficiency virus encodes an aspartic protease (HIV PR) vital for
its propagation has brought this protein under intense scrutiny.?>
In this regard, the development of compounds which inhibit the
HIV PR has been particularly rapid.*

It seemed rational that an effective modification of the phos-
phonamidate structure 1, well-known in protease inhibition,* would
be to include additional features along the reaction coordinate
for amide hydrolysis. The insertion of a methylene spacer between
phosphorus and nitrogen produces the nonhydrolyzable moiety
2, which is likely a zwitterion near physiological pH. This con-
struct could be representative of a late transition state/early
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