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Abstract

A new and versatile synthesis of optically active a-fluoromalonamide derivatives from enantiomerically pure 3-fluoro-2-
azetidinones is described. A fluorinated retroamide isostere based on these a-fluoromalonamides was introduced into a small
peptidomimetic for use as an HIV-1 protease inhibitor. The same strategy was employed in efforts to prepare a novel

trifluorostatone-type peptidomimetic.
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1. Introduction

The incorporation of fluorine into molecules may
result in a profound change in the physical properties
of these molecules. These changes may in turn have
effects on the biological activity of the fluorinated
molecules [1,2]. Of selectively fluorinated molecules,
fluoro-B-lactams are a good example of the effect of
selective fluorination on modifying biological activity.
Fluorinated B-lactams are especially effective not as
antibiotics but in the inhibition of B-lactamases and
human leukocyte elastase [3,4]. The preparation of
fluarinated penicillins and cephalosporins has been
reviewed and their biological activity described [4,5].

2. Application of the fluoro-g-lactams in the
preparation of peptidomimetics

When available, optically active fluoro-B-lactams may
serve as starting materials for asymmetric syntheses.
In a simple example, hydrolysis of the lactam moiety
led to construction of B-amino-acids directly. In this
manner, the difluoro-substituted derivative of B-ami-
nodeoxystatine was prepared [6]. Hydrolysis of the -
lactam under basic conditions and deprotection of
nitrogen atom gives the statine analogue. Such a peptide
was tested as human plasma Renin inhibitor.
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We propose to employ fluorinated B-lactams to pre-
pare a difluorostatone analogue which has also found
valuable use as a synthetic amino-acid. From X-ray
crystallographic data it was established that the pro-
teases isolated from both HIV-1 and HIV-2 are dimeric
structures [7]. The HIV-proteases are thought to act
via a catalytic mechanism similar to that of other aspartyl
proteases, whereby transfer of a proton from an aspartyl
residue to a carbonyl group is accompanied by the
addition of water to form a gem-diol intermediate [8].
Among the transition-state analogues incorporating iso-
steric residues that are not cleavable by the enzyme
are the reduced amide types [9], hydroxyethylene-con-
taining analogues [10], norstatine derivatives [11], dih-
ydroxyethylene [12] and phosphorus esters [13]. How-
ever among all the inhibitors reported the difiuoroketone
types [14] have extraordinarily low MICs, less than 0.1
nmol [14b]. This potency is no doubt related to the
facility with which difluoroketones form gem-diols and
therefore resemble the native transition state in the
proteolysis transformation.

These potent analogues still suffer the distinct liability
of being susceptible to the action of proteases. Our
approach to overcoming this weakness involved the
employment of ‘retro-inverso’ peptide isosteres, a strat-
egy for the preparation of biologically relevant pep-
tidomimetics which has been growing {15]. The reversal
of peptide bonds accompanied by the introduction of
the appropriate enantiomerically configured amino-
acids can result in the construction of a peptide analogue
which is resistant to enzymatic degradation but exhibits
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enhanced potency or improved selectivity. Unfortu-
nately, the preparation of optically pure peptide an-
alogues containing an alkylmalonamide residue, mXaa ',
has been encumbered by the configurational lability of
the malonyl unit under both neutral and basic conditions.
The preparation of optically pure fluorinated malon-
amides, mFXaa, which are configurationally fixed may
overcome this problem. The retroamide functionality
will improve bioavailability without diminishing the
enzyme inhibitory properties of the analogues.

Optically pure fluorinated B-lactams such as 1 may
be converted into mFPhe for incorporation into 2, an
analogue of 2-(benzyloxycarbonylvalylamino)-4,4-di-
fluoro-1,7-diphenyl-3-hydroxy-5-keto-heptane (3), a re-
markably potent HIV-1 protease inhibitor [14a]. Con-
currently we wished to extend this strategy to the
preparation of the trifluoroketone analogue 4 which
may bind more effectively than the difluorostatone types
to both HIV-1 and HIV-2 protease and show lower
ICs, values.
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2.1. Synthesis

B-Lactams have been prepared by the cyclization of
amides, ester enolate-imine condensations or [2+2]
cycloadditions. The most frequently used starting ma-
terials for fluoro-B-lactam synthesis are a-fluoro-sub-
stituted derivatives of carboxylic acids, often commer-
cially available or readily accessible by fluorination of
a-hydroxy- or a-amino-acids.

"mXaa is defined according to Ref. [1] as the malonyl residue
corresponding to the indicated amino-acid residue. mFXaa is used
in this article to refer to the fluorinated malonyl residue.

2.1.1. The fluoroketene—imine condensation

In 1968, Brady and Hoff reported [16] that reaction
of fluoroacetyl chloride with diisopropylcarbodiimide
in the presence of triethylamine led to the formation
of 3-fluoro-1-isopropyl-4-isopropylimino-2-azetidinone

(5) [Eq- ]
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The authors postulated the involvement of fluoroketene
in this reaction. However, the [2+ 2] cycloaddition to
cyclopentadiene is the only evidence for presence of
the fluoroketene (vide infra).

We have previously reported the fluoroketene—imine
condensation to be a highly stereoselective process [17].
A number of 3-fluoro-B-lactams have been synthesized
with cis stereochemistry in the ring [Eq. (2)].
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The reaction was very stereoselective, especially in the
case of condensation with the optically active imine 7
derived from (R)-glyceraldehyde acetonide [18]. A single
diastereoisomer of 3-fluoro-2-azetidinone (1) was
formed in fair yield and in a d.e. of not less than 99%

[Eq. (3)].
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While formation of the B-lactams is an essential
prerequisite to further transformation, the ability to
substitute the B-lactam with stereocontrol is also a
necessary requirement for the employment of B-lactams
in synthesis. Optically active a-benzyl-a-fluoromalonic
acid derivatives have been synthesized using the fluoro-
B-lactam 9 as a chiral building block [19].
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Scheme 1. Reagents and conditions: (a) HsIOg, Et,0, 90%; (b) KMnO,, K;CO;, THF/H,0, 90%; (c) lead tetraacetate, DMF/AcOH, 72%;
(d) aq. NaOH, MeOH, 96%; (e) NaBH,, EtOH, 95%; (f) TBDMS-Cl, imidazole, DMF, 100%; (g) NaH, DMSO, Mel, 93%; (h) TBAF, THF,
91%; (i) Jones'reagent, 80%; (j) benzylamine, DCC, HOBt, 79%; (k) DIBAL-H, "BuLi, THF, 88%; (1) Jones’reagent, 77%; (m) (D)-Val-O-
benzyl, DCC, HOBt, 77%.
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Scheme 2. Reagents and conditions: (a) Swern, 85%; (b) Zn(2 equiv.), Ag(OAc)(0.3 equiv.), BrCF,CO,Et, Me,AIC! (1.5 equiv.), THF, 60%;
(c) benzylamine, Me;Al, 85%; (d) DIBAL-H, "BuLi, THF; (e) Dess~Martin 95%.
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Functionalization of 3-fluoro-g-lactam was performed
by alkylation at the C-3 position [18]. Optically pure
B-lactam 1 as well as its diastereomer were deprotonated
with LDA at —90 °C and alkylated to give exclusively
cis-substituted products.

The very high stereoselectivity of this alkylation is
the result of steric effects. The large substituent at C-
4 directs electrophilic attack from the opposite face of
the ring. Only with non-sterically demanding electro-
philes such as D,O or H,O was the cis/trans ratio
attenuated and then only to 5:1.

PMP

2.1.2. Retroamide synthesis

Benzylation was effected in greater than 60% yield
according to the above methods [18]. In a single-pot
transformation, deprotection and oxidative cleavage was
effected with periodic acid {20] to form 10 in 90% vyield
(Scheme 1). Oxidation to acid 11 was followed by
Hunsdiecker decarboxylation to 12 with lead tetra-
acetate [21]in 65% yield for the two steps. Saponification
of acetate 12 revealed the aminal 13 which was readily
reduced to alcohol 14. Protection of the alcohol with
t-butyldimethylchlorosilane formed 15 in nearly quan-
titative yield for the three steps combined. At this point
the termini of the building block must be differentiated
to facilitate the reductive removal of the p-methoxy-
phenyl blocking group. Since the target molecule 20
contains an N-benzyl amide, it was determined that
conversion of the p-methoxyphenyl anilide to a tertiary
amide was necessary to activate that carbonyl toward
reduction in the presence of the secondary benzyl amide.
Conversion of 15 to 16 was effected with methyl iodide
upon deprotonation of p-methoxyphenyl anilide with
sodium hydride in dimethylsulfoxide [22]. Following
deprotection of the alcohol function in the usual manner
with fetra-n-butylammonium fluoride in THF, Jones
oxidation of 17 yielded acid 18. Benzylamine was coupled
to the acid in the presence of dicyclohexylcarbodiimide
and hydroxybenzotriazole to form 19 in 79% yield.
Selective reduction of the tertiary N-methyl-p-meth-
oxyphenylanilide was possible using a complex reducing
agent prepared in situ from n-butyllithium and diiso-
butylaluminum hydride [23]. Complete reduction to the
alcohol was possible by the addition of sodium boro-
hydride to the reaction mixture. Alcohol 20 was formed
in 88% yield. Jones oxidation (77%) and coupling with
the unnatural amino-acid O-benzyl p-valine under the

previously described conditions [24] yielded the target
compound 2 in 77% yield.

It was necessary to employ the unnatural p-config-
uration of the amino-acid in order for the substrate
to retain the topological features of 3 since the normal
N-C progression of the peptide was inverted by the
mFPhe isostere. Introduction of this Phe analogue allows
us to incorporate the P, [25] benzyl side-chain matching
the known selectivity of HIV-1 protease [26] and the
P, valine identified as dramatically improving activity
of the previously described analogues [14a]. This com-
pound as well as the corresponding L-valine analogue
are currently undergoing biological tests.

The attempted oxidation of alcohol 17 to the aldehyde
18 by Collin’s reagent failed (Scheme 2). However
oxidation under the conditions of Swern went smoothly,
forming the aldehyde in 85% vyield. The Reformatsky
reagent drived from ethyl a-bromo-a,a-difluoroacetate
under the conditions of Curran [27] added smoothly
to the aldehyde to give the alcohol (60% yield). The
trimethylaluminum-assisted formation of the benzamide
24 proceeded in 85% yield [28]. Unfortunately at this
point diamide 24 was resistant to reduction with the
ate complex previously employed. We considered that
the presence of the hydroxy residue might be interfering
with the reaction and sought to remove it by oxidation.
Potassium permanganate modified by copper(II) sulfate
was ineffective in oxidizing the alcohol to the ketone.
However Dess-Martin reagent smoothly converted the
alcohol into the target ketone in quantitative yield.
Unfortunately this transformation also failed to facilitate
the desired reduction. Further transformations of the
trifluoro alcohol 25 and the related compound 27 are
currently under investigation.

Acknowledgments

Financial support of this work by the National Science
Foundation Grant No. CHE-8901986, and National
Institute of Health Grant No. AI33690-02 is gratefully
acknowledged.

References

[1] (a) J.T. Welch and S. Eswarakrishnan, Fluorine in Bioorganic
Chemistry, Wiley, New York, 1991; (b) J.T. Welch (ed.), Selective
Fluorination in Organic and Bioorganic Chemistry, Am. Chem.
Soc., Washington, DC, 1991; (c) R.H. Abeles and T.A. Alston,
J. Biol. Chem., 265 (1990) 16 705.

[2] Portions of this work have also been described in A. Abouab-
dellah, L. Boros, F. Gyenes and J.T. Welch, ACH Models in
Chemistry, (1994) in press.

{3] J.B. Doherty, BM. Ashe, P.L. Barker, T.J. Blacklock, J.W.
Butcher, G.O. Chandler, M.E. Dahlgren, P. Davies, C.P. Dorn,
Jr., P.E. Finke, R.A. Firestone, W.K. Hagman, T. Halgren,
W.B. Knight, A L. Maycock, M.A. Navia, L. O’Grady, J.M.



{4
151

(6]
7

i8]

{9

[10]

A. Abouabdellah et al. | Journal of Fluorine Chemistry 72 (1995) 255-259 259

Pisano, S.K. Shah, K.R. Thompson, H. Weston and M. Zim-
merman, J. Med. Chem., 33 (1990) 2513.

G.O. Danelon and O.A. Mascaretti, J. Fluorine Chem., 56 (1992)
109.

J.T. Welch and R. Kawecki, in A. Rahman (ed.), Studies in
Natural Products Chemistry, A. Elsevier, New York, 1994, in
press.

S. Thaisrivongs, H.J. Schostarez, D. Pals and S.R. Tumer, J.
Med. Chem., 30 (1987) 1837.

(a) A.M. Mulichak, J.O. Hui, A.G. Tomasselli, R.L. Heinrikson,
K.A. Curry, CS. Tomich, S. Thaisrivongs, T.K. Sawyer and
K.D. Watenpaugh, J. Biol. Chem., 268 (1993) 13 103; (b) P.L.
Darke, C.-T. Leu, L.J. Davis, J.C. Heimbach, R.E. Diehl, W.S.
Hill, R.A.F. Dixon and 1.S. Sigal, J. Biol. Chem., 264 (1989)
2307; (c) A. Wlodawer, M. Miller, M. Jaskolski, B.K. Sath-
yanarayana, E. Baldwin, L.T. Wever, L.M. Selk, L. Clawson,
J. Schneider and S.B.H. Kent, Science, 245 (1989) 616; (d)
M.A. Navia, P.M.D. Fritzgerald, B.M. McKeever, C.-T. Leu,
J.C. Haimbach, W.K. Herber, LS. Sigal, P.L. Darke and J.P.
Springer, Nature (London), 337 (1989) 615; (e) R. Lapatto, T.
Blundell, A. Hemmings, J. Overington, A. Wilderspin, S. Wood,
J.R. Merson, P.J. Whittle, D.E. Danley, K.F. Geoghegan, S.J.
Hawrylik, S.E. Lee, K.G. Scheld and P.M. Hobart, Nature
(London), 342 (1989) 299.

J.J. De Voss, Z. Sui, D.L. DeCamp, R. Saito, L.M. Babe, C.S.
Craik and P.R. Ortiz de Monellano, J. Med. Chem., 37 (1994)
665.

(a) M. Miller, J. Schneider, B.K. Sathyanarayana, M.V. Toth,
G.R. Marshall, L. Clawson, L. Selk, B.H. Kent and A. Wlodawer,
Science 246, (1989) 1149; (b) P. Majer, J. Urban, E. Gregorova,
J. Konvalinka, P. Novek, J. Stehlikova, M. Andreansky, J.
Sedlacek and P. Strop, Arch. Biochem. Biophys., 304 (1993) 1;
(c) L. Tong, S. Pav, C. Pargellis, F. Do, D. Lamarre and P.C.
Anderson, Proc. Natl. Acad. Sci. USA, 90 (1993) 8387.

(a) A. Krohn, S. Redshaw, J.C. Ritchie, B.J. Graves and M.
Hatada, J. Med. Chem., 34 (1991) 3440; (b) D.H. Rich, C.-Q.
Sun, J.V.N. Prasad, A. Pathiasseril, M.V. Toth, G.R. Marshall,
M. Clare, R.A. Mueller and K. Houseman, J. Med. Chem., 34
(1991) 1222; (c) N.A. Roberts, J.A. Martin, D. Kinchington,
A.V. Broadhurst, J.C. Craig, 1.B. Duncan, S.A. Galpin, B.K.
Handa, J. Kay, A. Krohn, R.'W. Lambert, J.J. Merrett, J.S.
Mills, K.E.B. Parkes, S. Redshaw, A.J. Ritchie, D.L. Taylor,
G.J. Thomas and P.J. Machin, Science, 248 (1990) 358; (d)
TJ. Tucker, W.C. Lumma, Jr., LS. Payne, JM. Wai, S.J. De
Solms, E.A. Giulani, P.L. Darke, J.C. Heimbach, J.A. Zugay,
W.A. Schleif, J.C. Quintero, E.A. Emini, J.R. Huff and P.S.
Anderson, J. Med. Chem., 35 (1992) 2525; (e) M. Sakurai, S.
Higashida, M. Sugano, T. Nishi, F. Saito, Y. Ohata, H. Handa,
T. Komai, R. Yagi, T. Nishigaki et al., Chem. Pharm. Bull., 41
(1993) 1378; (f) M. Sakurai, M. Sugano, H. Handa, T. Komai,
R. Yagi, T. Nishigaki and Y. Yabe, Chem. Pharm. Bull., 41
(1993) 1369.

[11]

[12]

[13]

[14]

(15]
[16]

(17]
[18]
(19}

[20]
[21]

[22]
[23]
{24]
(25)
[26]

{27
(28]

(a) T.F. Tam, J. Carriere, I.D. MacDonald, A.L. Castelhano,
D.H. Pliura, N.J. Dewdney, E.M. Thomas, C. Bach, J. Barnett,
H. Chan and A. Krantz, J. Med. Chem., 35 (1992) 1318; (b)
S. Kageyama, T. Mimoto, Y. Murakawa, M. Nomizu, H.J. Ford,
T. Shirasaka, S. Gulnik, J. Erickson, K. Takada, H. Hayashi
et al.,, Antimicrob. Agents Chemother., 37 (1993) 810.

(a) S. Thaisrivongs, A.G. Tomasselli, J.B. Moon, J. Hui, T.J.
McQuade, S.R. Turner, J.W. Stronback, J.B. Howwe, W.G.
Tarpley and R.L. Heinrikson, J. Med. Chem., 34 (1991) 2344,
(b) A.M. Mulichak, J.O. Hui, A.G. Tomasselli, R.L. Heinrikson,
K.A. Curry, C.S. Tomich, S. Thaisrivongs, T.K. Sawyer and
K.D. Watenpaugh, J. Biol. Chem., 268 (1993) 13 103; (c) S.
Thaisrivongs, S.R. Turner, J.W. Strohbach, R.E. TenBrink,
W.G. Tarpley, T.J. McQuade, R.L. Heinrikson, A.G. Tomasselli,
J.O. Hui and W.J. Howe, J. Med. Chem., 36 (1993) 941; (d)
B. Zhao, E. Winbome, M.D. Minnich, J.S. Culp, C. Debouck
and S.S. Abdel Meguid, Biochemistry, 32 (1993) 13 054.

(a) K.T. Chong, M.J. Ruwart, R.R. Hinshaw, K.F. Wilkinson,
B.D. Rush, M.F. Yancey, J.W. Strohbach and S. Thaisrivongs,
J. Med. Chem., 36 (1993) 2575; (b) S.S. Abdel Meguid, B.
Zhao, K.H. Murthy, E. Winborne, J.K. Choi, R.L. DesJarlais,
M.D. Minnich, J.S. Culp, C. Debouck, T.A.J. Tomaszek et al.,
Biochemistry, 32 (1993) 7972.

(a) D. Schirlin, S. Baltzer, V. Van Dorsselaer, R. Weber, C.
Weill, J.M. Altenburger, B. Neises, G. Glynn, J.M. Remy and
C. Tarnus, Bioorg. Med. Chem. Lett., 3 (1993) 253; (b) H.L.
Sham, D.A. Betebenner, N. Wideburg, A.C. Saldivar, W.E.
Kohlbrenner, A. Craig Kennard, S. Vasavanonda, D.J. Kempf,
J.J. Clement, J.E. Erickson et al., FEBS. Lert.,, 329 (1993) 144.
M. Chorev and M. Goodman, Acc. Chem. Res., 26 (1993) 266.
W.T. Brady and E.F. Hoff, Jr., J. Am. Chem. Soc., 90 (1968)
6256.

K. Araki, J.A. Wichtowski and J.T. Welch, Tetrahedron Lett.,
32 (1991) 5461.

J.T. Welch, K. Araki, R. Kawecki and J.A. Wichtowski, J. Org.
Chem., 58 (1993) 2454.

A. Abouabdellah and 1.T. Welch, Tetrahedron Asymm., (1994),
in press.

W.-L. Wu and Y.-L. Wu, J. Org. Chem., 58 (1993) 2760.
G.I. Georg, J. Kant and H.S. Gill, J. Am. Chem. Soc., 109
(1987) 1129.

R.A.W. Johnston and M.E. Rose, Tetrahedron, 35 (1979) 2169.
S. Kim and K.H. Ahn, J. Org. Chem., 49 (1984) 1717.

M. Bodanszky and A. Bodanszky, Practice of Peptide Synthesis,
Springer Verlag, Berlin, 1984, p. 143.

I. Schechter and A. Berger, Biochem. Biophys. Res. Commun.,
27 (1967) 157.

J. Kay and B.M. Dunn, Biochem. Biophys. Acta, 1048 (1990)
1.

T.T. Curran, J. Org. Chem., 58 (1993) 6360.

A. Basha, M. Lipton and S.M. Weinreb, Tetrahedron Lett.,
(1977) 4171.



