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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 Cqq 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 Cy4
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,4 to Cs, 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 Cy, 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 C,, is reached, free valences may
be satisfied by formation of cages which are not trapped (eq 2).!!

/\ < .

Cz0 Cz9 Cage

An interesting alternative explanation for our failure to trap
clusters above C; is a rapid trimerization of a C to fullerene-60
(eq 3). Although such a mechanism is not consistent with mass
spectral studies of laser-evaporated graphite, C, has been observed
to dimerize to Cqq 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.

(7) Burton, N. A.; Quelch, G. E.; Gallo, M. M.; Schaefer, H. F,, IIL. J.
Am. Chem. Soc. 1991, 113, 764-9.

(8) (a) Lijima, S. Nature 1991, 354, 56-8. (b) Lijima, S.; Ichihishi, T ;
Ando, Y. Nature 1992, 354, 776-8. (c) Ebbesen, T. W.; Ajayan, P. M.
Nature 1992, 358, 220-2.

(9) (a) Rohlfing, E. A,; Cox, D. M,; Kaldor, A. J. Chem. Phys. 1984, 81,
3322-30. (b) Kroto, H. W.; Heath, R. J.; O’Brien, S. C.; Curl, R. F.; Smalley,
R. E. Nature 1985, 318, 162. (c) McElvany, S. W.; Ross, M. M.; Callahan,
J. H. Acc. Chem. Res. 1992, 25, 162 and references cited therein.

(10) (a) Labeling studies have shown that, if C, is involved in the formation
of the fullerenes, it must be formed from atomic carbon after evaporation.!0®-<
(b) Meijer, G.; Bethune, D. S. J. Chem. Phys. 1990, 93, 6900. (c) Yannoni,
C. S.; Bernier, P, P.; Bethune, D. S.; Meijer, G.; Salem, J. R. J. Am. Chem.
Soc. 1991, 113, 3190. (d) Hawkins, J. M.; Meyer, A.; Loren, S.; Nunlist, R.
J. Am. Chem. Soc. 1991, 113, 9394, (e) Ebbesen, T. W.; Tabuchi, T.;
Tanigaki, K. Chem. Phys. Lett. 1992, 191, 336.

(11) A recent calculation indicates that fullerene-20 is more stable than
the monocyclic Cy; Parasuk, V.; Almof, J. Chem. Phys. Lett. 1991, 184,
187-90.
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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

(1) (a) Rich, D. H. In Comprehensive Medicinal Chemistry; Sammes, P.
G., Ed.; Pergamon: Oxford, 1990; Vol. 2, pp 391-441. (b) Dingle, J. T.,
Gordon, J. L., Eds. Research Monographs in Cell and Tissue Physiology;
Barrett, A. J., Salvesen, G., Eds.; Elsevier: Amsterdam, 1986; Vol. 12 Pro-
teinase Inhibitors.

(2) Kramer, R. A.; Schaber, M. D.; Skalka, A. M.; Ganguly, K.; Wong-
Staal, F.; Reedy, E. P. Science 1986, 231, 1580-1584.

(3) Kohl, N. E; Emini, E. A.; Schleif, W. A,; Davis, L. J.; Heimbach, J.
C.; Dixon, R. A, F.; Scolnick, E. M; Sigal, . S. Proc. Natl. Acad. Sci. US.A.
1988, 85, 4686-4690.

(4) Huff, J. R. J. Med. Chem. 1991, 34, 2305-2314. It should be noted
that structure 15 in Table III is depicted incorrectly and is actually a sec-
ondary carbocyclic phosphinate.

(5) (a) Bartlett, P. A.; Marlowe, C. K. Science 1987, 235, 569-571. (b)
Bartlett, P. A.; Marlowe, C. K. Biochemistry 1983, 22, 4618-4624. (c)
Thorsett, E. D.; Harris, E. E.; Peterson, E. R.; Greenlee, W. J.; Patchett, A.
A.; Ulm, E. H,; Vassil, T. C. Proc. Natl. Acad. Sci. US.A. 1982, 79,
2176-2180. (d) Jacobsen, N. E.; Bartlett, P. A. J. Am. Chem. Soc. 1981, 103,
654-657.
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9 Reagents and conditions: (a) TMS-Cl, Et;N, CH,Cl,, 5 °C, 3 h; (b) CH,0, 3 h; (¢) (CH;0),P, 90 °C, 3 h, (45%); (d) CF,SO,Cl, DMAP,
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HOBT, ethyl acetate/DMF, 5 °C, 24 h, (75%); (h) H,, Pd(OH),, MeOH/acetic acid, 16 h, (45%); (i) tert-butylamine, 45 °C, 24 h, (25%).
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product formation for amide bond cleavage in mimicking both
the tetrahedral hydrate and departing amine, 3. Its incorporation
into a peptide backbone affords what we term an “exploding
transition-state analogue”.
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In analogy with the hydroxyethylamine surrogate utilized by
Rich et. al..® the scissile P,~P,” bond (notation of Schechter and
Berger”) of the HIV PR p17/p24 substrate sequence was replaced
with Phey[PO,"CH,N*]Pro. An expedient synthesis of the
pseudoheptapeptide is outlined in Scheme I. The compound was
obtained as separated R and S isomers (7R and 7S) at the P,
benzylic position.?

The inhibition of synthetic HIV PR® was measured using
Lys-Ala-Arg-Val-Nle-pNO,Phe-Glu-Ala-Nle-NH,!° adapted to
an isocratic HPLC assay (K, = 434 £ 25 uM, k., = 10 £ 0.2
s7!; Table I). It was apparent that 7R was potent in the nanomolar
concentration range. Upon closer examination, the inhibition was
observed to be time-dependent. The initiation of reactions with
either enzyme or substrate gave burst and lag transients, re-
spectively. In light of (1) the chemical nature of the Y[PO,”
CH,N*] functionality, (2) the establishment of equilibrium after
enzyme—inhibitor preincubation, and (3) the equivalence of
steady-state rates attained in burst and lag experiments, it is likely
that the inhibitor binds in a reversible, noncovalent fashion. Hence,
TR was studied as a slow-binding inhibitor.!!

(6) Rich, D. H.; Green, J.; Toth, M. V,; Marshall, G. R.; Kent, S. B. H.
J. Med. Chem. 1990, 33, 1285-1287.

(7) Schechter, L.; Berger, A. Biochem. Biophys. Res. Commun. 1967, 27,
157-162.

(8) The R configuration corresponds to the stereochemistry of the natural
(S)-1-amino acids. The 7R isomer was also independently synthesized from
optically pure 4.

(9) Schneider, J.; Kent, S. B. H. Cell 1988, 54, 363-368.

(10) Richards, A. D,; Phylip, L. H.; Farmerie, W. G.; Scarborough, P. E;
Alvarez, A.; Dunn, B. M.; Hirel, P.-H.; Konvalinka, J.; Strop, P.; Pavlickova,
L.; Kostka, V.; Kay, J. J. Biol. Chem. 1990, 265, 7733-7736.

(11) Morrison, J. F.; Walsh, C. T. Adv. Enzymol. Relat. Areas Mol. Biol.
1987, 61, 201-301.

Table I. Kinetic Parameters for HIV PR Inhibitors®

parameter 7R® 78¢

K* (nM) 8.2+ 04 (54 % 3) x 10°
K; (nM) 82 %8 (585 £ 60) X 103
ks (min™!) 0.15 % 0.025 0.26 + 0.045

k, (min™) 0.017 % 0.0020  0.026 % 0.0031
k/ ke 9% 1 10+ 1

t, (EI*) (min) 40 £ 5 26 %3

“Determined at 23 °C in 100 mM MES, | mM EDTA, | mM DTT,
200 mM NaCl, 0.1% Triton X-100 (pH 6.2), | nM enzyme, and 1500
uM substrate. ®Weighted averages from stepwise analysis of five
progress curves (K;* also evaluated from a complete double reciprocal
experiment). ¢Weighted averages from stepwise analysis of three
progress curves.

The final steady-state levels of inhibition revealed competitive
inhibition. Since the values derived from an analysis of burst—
transient progress curves satisfied required criteria, the mechanism
of inhibition is in accord with the model illustrated in Scheme
IL'2 The data are shown in Table I. The K;* value of 8 nM
for 7R ranks it highly as an HIV PR inhibitor and results in an
inhibited enzyme of relatively long lifetime. Interestingly, K;*
doubled at pH 4.7 in contrast to the pH profile of simple phos-
phinates.!* The 7S isomer, which binds >6 X 10°-fold less tightly,
also demonstrates slow-binding behavior. This is somewhat
surprising given that the slow-binding phenomenon generally shows
a strong stereochemical preference.'® It is premature to speculate
concerning protonation effects or conformations enforced by
Y[PO,"CH,N*] and adopted at the HIV PR active site.

Observations suggest the driving force for the time-dependent
inhibition is localized in the Phey[PO, CH,N*]Pro subunit.
Remarkably, the dipeptide analogue 8R is a competitive inhibitor
(K;* = 270 uM) which does not equilibrate rapidly with the
enzyme. While the peptide periphery provides specific interactions
which ultimately lead to high affinity, it is not solely responsible
for the changes occurring in the presteady state. The events which
transpire in the slow equilibration to a tightened EI* complex are
not clear, but Y[PO,"CH,N*] seems a powerful design for a
transition state, reaction intermediate, or tetrahedral collected
product.'

Further kinetic characterization, development of potential
pharmacologically useful HIV PR inhibitors, and application of

(12) (a) Morrison, J. F.; Cleland, W. W. Biochemistry 1983, 22,
5507-5513. (b) Duggleby, R. G.; Attwood, P. V.; Wallace, J. C.; Keech, D.
B. Biochemistry 1982, 21, 3364-3370.

(13) (a) Grobelny, D.; Wondrak, E. M.; Galardy, R. E.; Oroszlan, S.
Biochem. Biophys. Res. Commun. 1990, 169, 1111-1116. (b) Dreyer, G. B,;
Metcalf, B. W.; Tomaszek, T. A., Jr.; Carr, T. J.; Chandler, A. C,, III;
Hyland, L.; Fakhoury, S. A.; Magaard, V. W.; Moore, M. L.; Strickler, J.
E.; DeBouck, C.; Meek, T. D. Proc. Natl. Acad. Sci. US.A. 1989, 86,
9752-9756.

(14) (a) Kettner, C. A,; Shenvi, A. B. J. Biol. Chem. 1984, 259,
15106-15114. (b) Bartlett, P. A.; Kezer, W. B. J. Am. Chem. Soc. 1984, 106,
4282-4283.

(15) Hyland, L. J.; Tomaszek, T. A., Jr.; Meek, T. D. Biochemistry 1991,
30, 8454-8463.
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¥[PO,"CH,N*] to other proteolytic enzymes are under investi-
gation.
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Three types of well-defined, homogeneous Ziegler-Natta a-
olefin polymerization systems have been described recently: (1)
two-component catalysts consisting of group 4 metallocene di-
halides and a large excess of methylalumoxane cocatalyst;! (2)
simpler two-component systems based on group 4 metallocene
dialkyls with a stoichiometric (or near stoichiometric) amount
of an activator such as [C,Hs(CH,),NH*][B(CFs),],}
[(C¢Hs)sCHI[B(CeFs)471,* or B(C4Fs)s;° and (3) single-component
catalysts such as Lewis base adducts of cationic group 4 metal-
locene alkyls® or the isoelectronic neutral group 3 or lanthanide
metallocene hydrides or alkyls.” The group 4 metallocene/me-
thylalumoxane and [Cp,MCH,*][B(R)(C¢F;);7] catalysts (M =
Zr, Hf; R = C¢Fs, CH,) exhibit higher activity in a-olefin po-
lymerizations, and with the chiral, C,-symmetric ansa-metallocene
dihalide or dimethyl precursors (M = Ti, Zr, Hf) developed by
Brintzinger, Ewen, Collins, and others, highly isotactic poly-
propylene is obtained.'*8# Unfortunately, the meso (C, sym-
metric) isomer is normally formed along with the preferred chiral
isomer in the synthesis of the metallocene dihalide.®® Since the

(1) (a) Kaminsky, W; Kulper, K.; Brintzinger, H. H.; Wild, F. R. W. P.
Angew. Chem., Int. Ed. Engl. 1985, 24, 507. (b) Ewen, J. A. J. Am. Chem.
Soc. 1984, 106, 6355. (c) Rieger, B.; Mu, X.; Mallin, D. T.; Rausch, M. D;
Chien, J. C. W. Macromolecules 1990, 23, 3559. (d) Erker, G.; Nolte, R.;
Aul, R,; Wilker, S.; Kruger, C.; Noe, R. J. Am. Chem. Soc. 1991, 113, 7594.
(e) Chien, J. C. W,; Llinas, G. H.; Rausch, M. D.; Lin, G. Y.; Winter, H.
H. J. Am. Chem. Soc. 1991, 113, 8569. (f) Soga, K.; Shiono, T.; Takemura,
S.; Kaminsky, W. Makromol. Chem., Rapid Commun. 1987, 8, 305. (g)
Ewen, J. A.; Haspeslagh, L.; Atwood, J. L.; Zhang, H. J. Am. Chem. Soc.
1987, 109, 6544. (h) Ewen, J. A; Elder, M. J,; Jones, R. L.; Haspeslagh, L.;
Atwood, J. L.; Bott, S. G.; Robinson, K. Mackromol. Chem., Macromol.
Symp. 1991, 48/49, 253.

(2) Sinn, H.; Kaminsky, W.; Vollmer, H. J.; Woldt, R. Angew, Chem., Int.
Ed. Engl. 1980, 19, 390.

(3) (a) Hlatky, G. G.; Turner, H. W.; Eckman, R. R. J. Am. Chem. Soc.
1989, 111, 2728. (b) Turner, H. W. European Patent Application 277004,
1988.

(4) (a) Ewen, J. A; Elder, M. J. European Patent Application 426,638,
1991. (b) Chien, J. C. W.; Tsai, W.-M.; Rausch, M. D. J. Am. Chem. Soc.
1991, 713, 8570.

(5) (a) Ewen, J. A; Elder, M. J. European Patent Application 427,697,
1991. (b) Yang, X.; Stern, C. L.; Marks, T. J. J. Am. Chem. Soc. 1991, 113,
3623.

(6) (a) Jordan, R. F.; Bradley, P.; Baenziger, N. C.; LaPointe, R. E. J. Am.
Chem. Soc. 1990, 112, 1289. (b) Jordan, R. F.; LaPointe, R. E.; Bradley, P.
K.; Baenziger, N. Organometallics 1989, 8, 2892. (c) Eshuis, J. J. W,; Tan,
Y. Y.; Meetsma, A,; Teuben, J. H.; Renkema, J.; Evens, G. G. Organo-
metallics 1992, 11, 362,

(7) (a) Watson, P. L. J. Am. Chem. Soc. 1982, 104, 337. (b) Burger, B.
J.; Thompson, M. E,; Cotter, W. D.; Bercaw, J. E. J. Am. Chem. Soc. 1990,

112, 1566. (c) Jeske, G.; Lauke, H.; Mauermann, H.; Sweptson, P. N,;

Schumann, H.; Marks, T. J. J. Am. Chem. Soc. 1988, 107, 8091.
(8) Collins, S.; Gauthier, W. J.; Holden, D. A,; Kuntz, B. A ; Taylor, N.
J.; Ward, D. G. Organometallics 1991, 10, 2061.
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Figure 1. Molecular drawing of rac-Me,Si(2-SiMe;-4-CMe,CsH,), Y-
(u-C1),Li(THF),. All unlabeled atoms are carbon.
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Figure 2. (a) 'H NMR spectrum (400 MHz) (o-dichlorobenzene/
benzene-dg, 9:1 viv, 100 °C) with tentative assignment of resonances. (b)
13C NMR spectrum (100 MHz) (o-dichlorobenzene/benzene-d, 9:1 v:v,
100 °C) of poly(1-butene) obtained by polymerization of neat 1-butene
at 25 °C with [rac-BpYH],.

meso isomers generally produce atactic polypropylene and exhibit
lower activity, a tedious separation of the meso isomer from the
racemic isomer is normally required.

Herein we report the synthesis of the first iso-specific, single-
component Ziegler-Natta polymerization catalyst, [rac-Me,Si-
(2-SiMe;-4-CMe,CsH,),YR]. Its simplicity makes it particularly

(9) (a) Gutmann, S.; Burger, P.; Hund, H. U,; Hofmann, J.; Brintzinger,
H. H. J. Organomet. Chem. 1989, 369, 3343, (b) Wiesenfeldt, H.; Reinmuth,
A.; Barsties, E.; Evertz, K.; Brintzinger, H. H. J. Organomet. Chem. 1989,
369, 359. (c) Collins, S.; Hong, Y.; Ramachandran, R.; Taylor, N. Or-
ganometallics 1991, 10, 2349. (d) Collins, S.; Kuntz, B. H.; Taylor, N. J;
Ward, D. J. Organomet. Chem. 1988, 324, 21. (e) Rheingold, A. L.; Rob-
inson, N. P.; Bosnich, B. Organometallics 1992, 11, 1869. In favorable cases
(e.g., Wild, F. W. P.; Wasiucionek, M.; Huttner, G.; Brintzinger, H. H. J.
Organomet. Chem. 1988, 288, 63) the desired racemic isomer preferentially
precipitates from solution.
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